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CHAPTER I
INTRODUCTION

It is well known that hydrazobenzenes can react with acids in
four different ways to produce products. They can give benzidines,
dlphenylenes, semidines or they may disproportionate.

The following

diagram illustrates the rearrangement starting with hydrazobenzene.
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The products which are obtained from rearrangement of a given
hydrazo compound depend mainly on the substituent groups which are
attached to the molecule. Different groups may be attached to one or
both rings or to one or both nitrogen atoms.

Ingold and Kidd have

shown that the rearrangement of hydrazobenzene compounds is intramolecular since they obtained no methoxyethoxybenzidine 3^ when hydrazoo-anisole _1. ^i^d hydrazo-o-phenetole 2^ rearranged quite independently

0CH3

°^"6

OC.H3

OCgHg

in admixture (1).
Unequivocal evidence for the intramolecular nature of the benzidine rearrangement was later provided by Smith, Schwartz and Wheland
(2) who rearranged 2,2'-dimethylhydrazobenzene in the presence of a
comparable amount of 2-methylhydrazobenzene in which •'•^C had been substituted in the lone methyl group. They were able to effect a separation of the two substituted benzidines by a chromatographic procedure
and to show that the 3,3'-dimethylbenzidine contained no radioactivity,
thus ruling out the formation of any cross product.
Jacobson (3) has investigated the nature of the various products
from a great number of rearrangements. Few hydrazo compounds rearrange
to give all four types of products, but two or more products are com-
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monly observed with each hydrazo compound.

Few p-substituted hydrazo

compounds undergo rearrangement without suffering some accompanying
disproportionation.
Whether or not a p-semidine is actually a reaction product of pure,
acid catalyzed hydrazoaromatic rearrangements has important implications concerning the correctness of the various mechanisms for the reaction which have been proposed.

Work has just been done which sheds

light on the p-semidine formation, and the results of this work elucidate the mechanism.

Statement of the Problem
The inclusion of a p-semidine as one of the rearrangement products
from the reaction of a hydrazoaromatic compound with acid has been the
subject of much controversy.

Some experimenters have, however, excluded

p-semidines when considering the products of rearrangement, because
consideration of transition-state bond length necessary for p-semidine
formation is too great for bonding to take place (see page 8 ) .

Yet

other workers have produced p-semidines in yields up to 507. (3).

In

these experiments a heavy-metal ion was present during the reaction
and on this basis the former (4) experimenters state that p-semidines
may arise from catalyzed interactions of Friedel-Crafts type.
The question, then, is whether p-semidines have a proper place
among the other well accepted benzidine rearrangement products, or do
the p-semidines belong outside this family of products?

Do they belong

to a more complex class in which Friedel-Crafts mechanisms or other
complex intermolecular actions play a part?
The answer to this question can play an important part in the
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elimination of some of the reaction mechanisms which have been proposed
for the benzidine rearrangement because these mechanisms are based on
the assumption that p-semidines are not formed in reactions between
hydrazoaromatic compounds and acid.
4-Methoxyhydrazobenzene was chosen as the compound to investigate
for two main reasons. Jacobson reported (3) this compound gave a
fair amount of the p-semidine (reports were based on the reaction
under heavy-metal ion conditions).

Since the methoxy group is electron

donating the products should consist more of the semidine type rather
than the well-known diphenylene type products. The reason for this
selectivity will be discussed on page 6.

In this study the rearrange-

ment of 4-methoxyhydrazobenzene was carried out in the presence of an
acid and to the exclusion of any heavy-metal ions.

The products were

analyzed to see if a p-semidine was present in the product mixture,
and if so, to what extent.

Literature Survey
The benzidine rearrangement and rearrangement products
The benzidine rearrangement describes a group of rearrangements
which occur among aromatic hydrazo compounds. Benzidine itself is
4,4'-diaminobiphenyl 5^ and is obtained when hydrazobenzene 4^ is

+
4_
treated with an acid.

_f"2
1

i

This reaction was discovered by Hofmann in

1863 (5). In 1878 diphenylene 6_ was found along with benzidine by
Schmidt and Schultz (6). It is now well established (7'!-9) that

5
rearrangement of 4^ leads to about 707. of ^ and 307. of i6. The re-bonding
which takes place during the reaction may occur in various ways.

In 5

the re-bonding was between the 4- and 4'-carbon atoms. Re-bonding
between 2- and 4'-carbon atoms gives ^.
diaminobiphenyl 2.» called o-benzidine.

2,2'-Bonding would give 2,2'A carbon atom and a nitrogen

atom may bond together in two different ways; N,2'- to give the o-semidine 8^ and N,4'- to give the p-semidine 9^.

in, NHo

1

NH,

0^"0 0^"0^"=
1

1

However, in practice most workers have found only benzidine and diphenylene as products from 4^. Vecera has detected, by paper chromatography, 2.» 8^ and 9^ as products of rearrangement from hydrazobenzene
in ethanol (10). Lukashevich (11), in 1948, and later Vecera (12)
have shown that the o-benzidine 2, is formed in non-polar solvents.
For example Lukashevich reports 77. o-benzidine from hydrazobiphenyl
and hydrogen chloride in toluene. Under ordinary circumstances it
is generally well agreed that in polar solvents benzidine and diphenylene comprise almost 1007. of the products of the reaction of
hydrazobenzene with acid.
Products analagous to 2.» ^ ^^^ 2. ^^y

account for a consider-

able part of the products of rearrangement of other hydrazo compounds.
The hydrazonaphthalenes give o-benzidine type products. For'example
2,2'-hydrazonaphthalene 22, reacts completely to yield 2,2'-diaminol,l'-binaphthyl 11 which corresponds to the o-benzidine product (13).

19.

ii

The semidine type products are obtained from hydrazobenzenes
which contain various substituents. p,p'-Disubstituted hydrazobenzenes 22. give o-semidines.

Unsymmetrical p,p'-disubstituted hydra-

zobenzenes may give two o-semidines, j3 and _lft., depending on the
electron donor properties of the R groups.

22

'^

_13

^

2i

The R group which is the better electron donor will be found para to
the unsubstituted amino group; for example, when R is -OMe and R' is
H the product is 13.
The dlphenylenes are formed from hydrazobenzenes which have a
single p-substituent, however an o-semidine may be formed also, or in
preference to the diphenylene.

Thus, the p-substituted hydrazobenzene

15 may give J^ if R is an electron donor or _1Z ^^ ^ ^^ an electron
acceptor:

15

16

17
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When R is -CO2H or -SO^H the major product is benzidine, because
the substituent is displaced as CO2 and H^, during the rearrangement.
p-Semidines were first obtained by Jacobson (3).

He cites many

examples and in some cases the p-semidine accounted for as much as 517.
of the total product. Jacobson carried out his reactions in the presence of tin ions in that he reduced the corresponding azo-compounds
with stannous chloride and hydrochloric acid.

The resulting hydrazo-

benzenes then immediately rearranged in the acidic solution.
Whether or not p-semidines are products of acid catalyzed rearrangement of hydrazobenzenes has been controversial.

Hammick and

Munro (4) believed that the large distance which separates the 4- and
N'- positions in a molecule which is undergoing N-N scission was much
too great to allow rebonding to take place to produce a p-semidine.
They pointed out that p-semidines had never been reported from purely
acid catalyzed rearrangement, but only from rearrangements in which
heavy-metal ions were present. To test this proposal they studied the
acid catalyzed rearrangement of 4-ethoxyhydrazobenzene, since by
treatment of the corresponding 4-ethoxyazobenzene (with stannous
chloride and hydrochloric acid) Jacobson had obtained the p-semidine
(4-amino-4'-ethoxydiphenylamine) in 147. yield.
only intractable tars.

However they obtained

This was not the best test they could have

used for p-semidine formation because Jacobson had reported only a
small yield of the p-semidine in this case, while he reported up
to 507, yield in some other reactions. Unfortunately, Hammick and
Munro's experimental conditions were not described.

The isolation

of semidines may be difficult due to the ease with which semidines
can undergo oxidation.

For example it can be shown spectrophoto-
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metrically that p-hydrazotoluene rearranges to the 6-semidine in about
407. yield (14, 15), yet the pure o-semidine has been isolated in only
about 2.37. yield (14). The result obtained by Hammick and Munro is
probably attributable to oxidation of both the p-semidine and the
o-semidine.
It should be pointed out here, as mentioned recently (16), that
Jacobson (17) obtained 4-amino-4^;hlorodiphenylamine from 4-chlorohydrazobenzene in methanol solution containing only hydrogen chloride.
The isolation of p-semidines has also been accomplished in more recent
work (16, 18, 19).
There are other reports of p-semidine formation to be found in
the literature, although they deal mainly with rearrangement carried
out in immiscible solvents or with solid hydrazo compounds (19, 20),
Chromatographic detection of p-semidines, obtained from rearrangements
in ethanolic hydrogen chloride solution has been reported; however,
the quantities were too small for isolation (ID).
Some years ago Hammick and Mason proposed a mechanism for the
benzidine rearrangement in which N-N'- bond scission was concerted
with the formation of the new bond of the rearrangement product (21).
Hammick and Munro (22) noted the difficulty of fitting the p-semidlne
rearrangement into this theory because the concerted bond-breaking and
making over the large distance of about 4.93A which would be required
for the rebonding would make the transition state unacceptable.
Hammick and Munro concluded (23) that the p-semidine rearrangement
was not a part of the acid catalyzed hydrazobenzene rearrangement.
Other authors accept this view (13) and p-semidines are therefore
excluded from considerations as rearrangement products.

9
Thus the p-semidine has a particularly important part in considerations of the benzidine rearrangement.

The view has been put forward

that if the p-semidine rearrangement is found to be.a genuine acidcatalyzed one, schemes for the mechanisms for the rearrangement should
be modified to provide for the rate-determining formation of an intermediate In which the problem of the concerted-type transition-state
geometry can be avoided (24).

Proposed Mechanisms
Three main mechanistic descriptions of the benzidine rearrangement have been proposed:

the ir-complex theory, the cation-radical

theory and the polar-transition-state theory.

Each description has

had some degree of support.
The ir-complex theory was first proposed by Dewar (25). This
theory has been quite widely accepted for about 15 years, but has more
recently come under attack (13), point by point. The theory was first
applied to the benzidine rearrangement.

Since that time it has been

used in other mechanisms. At that time the benzidine rearrangements
were thought to be kinetically first-order in acid (25). According to
this theory the rate-determining step was scission of the N-N bond to
form a tr-complex 2£ rather than the final product.

When it became

known that the rearrangement of hydrazobenzene was kinetically secondorder in acid (26) under nonnal rearrangement conditions, the view was
modified so that the diprotonated hydrazobenzene formed the tP-complex
19 which then collapsed to products. Dewar did not consider the
dipositive ir-complex 22 to be a good explanation of second-order acid
kinetics, but suggested that the first proton caused the formation of
the tr-complex 16^, then in a rate-determining step a second proton

10
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ii

caused the ir-complex to "unfold" into products (27'),
When more recent events showed that rearrangement may be mixed
order in acid (28, 29), it became necessary to explain how rearrangements could be kinetically first- and second-order in acid.

The

formation of ir-complexes and their reaction with a second proton became the basis of the overall theory to account for the family of
aromatic rearrangements.

The present position (30) is that the hydra-

zoaromatic compound is converted to a tr-complex after it becomes monoprotonated.

This iT-complex can then collapse to products or.isomerise

to other ti-complexes which can then collapse to products.

-^^Ho

HN NHp
^

HN-N H

1 1 ^

\

r

Kill

The formation and isomerizations of the ir-complexes are reversible,
and each type of tr-complex has its own precursor.
this kind would be first-order in acid.

Rearrangements of

Where a rearrangement is

second-order in acid, the second proton is utilized in attacking a
particularflT-complexwhich corresponds to the particular product
which is formed.

However, it has been pointed out that none of the

proton transfers in the family of benzidine rearrangements is slow
enough to be rate-determining (31). Moreover a rate-determining
proton transfer would characterize general acid catalysis (32), whereas

II
the rearrangements are specific acid-catalyzed

as has now been demon-

strated by Banthorpe, Hughes and Ingold in a most elegant fashion (13).
Another defect in the theory predicts that compounds which are capable
of rearranging by both first-and second-order acid kinetics (33-36)
will show first-order kinetics at high acidities and second-oVder kinetics at lower acidities.

One prediction of the theory was that under

the usual rearrangement conditions the semidine rearrangement should be
first-order in acid (37). Also it was proposed (38) that in 4,4'-disubstituted hydrazobenzenes, the bulkier the substituents, the greater the
likelihood that the rearrangement would show first-order kinetics in
acid.

The facts are that compounds with groups even as bulky as t-butyl

do not rearrange with a first-order acid dependence.

4,4'-Di-t-butyl-

hydrazobenzene reacts with second-order acid kinetics (39) while notso-bulky 4-chloro-4'-t-butylhydrazobenzene has mixed order kinetics (40).
Finally the n-complex theory predicts that 4,4'-diphenylhydrazobenzene
will not rearrange under normal acid conditions because steric hindrance
by the terminal phenyl groups will prevent the protonated hydrazobiphenyl from folding into the n-complex (41). However, Shine and
Stanley (42) have shown that p-hydrazobiphenyl (4,4'-diphenylhydrazobenzene) does rearrange, and furthermore, with a second-order dependence
of acid in spite of the very bulky 4,4'-diphenyl groups.
In view of the inconsistancies of theory with observed experimental fact mentioned here and others (13), the n-complex mechanism is
not well accepted.
Another mechanism, which was first proposed by Tichwinsky (43),
is the cation-radical mechanism.

According to this theory a pair of

cation-radicals, held in a solvent cage, is formed at an intermediate
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stage in the benzidine rearrangement.
ance in recent years.

This theory has had some accept-

It has been particularly attractive because,

while recombination of the cation-radical in the cage can lead to a
rearrangement product, escape of the cation-radicals from the cage and
reaction with nearby hydrazo molecules offers a good way to explain the
disproportionation reactions. The cation-radical theory is usually
proposed in connection with a two-proton rearrangement:

homolytic

scission of the N-N bond to form the pair of cation-radicals and recombination of the radicals after relocation of the odd electrons, to
produce products as shown below for the formation of benzidine.

—

NH.

4•NHg 'IsiHg

This theory has been severely criticized (46) on the basis that
a homolytic scission would not be expected to show the solvent and
salt effects which are observed in the benzidine rearrangement.

These

effects can be associated with a development of polarity in a transition state much more easily than with the formation of cation-radicals.
The cation-radical theory is not satisfactorily applicable to the oneproton rearrangements where analogous hemolysis of the N-N bond should
produce a cation-radical and a neutral radical. Attempts to detect
radicals by e.s.r. spectroscopy in the rearrangement of hydrazobenzene
(two-proton type) and l,l'-hydrazonaphthalene (one-proton type) were
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unsuccessful (44, 45). The general conclusion, then, is that attractive
as the cation-radical theory may seem, it has little in its favor.
Much of the kinetic and product data for benzidine rearrangements
which is known comes from Banthorpe, Hughes, and Ingold.

These workers

have proposed a theory for the benzidine rearrangement named the polartransition-state (46). This theory attempts to explain all features
of the rearrangement of hydrazoaromatics to benzidines, dlphenylenes
and o-semidines.

The theory does not cover foinnation of p-semidines,

as they were not regarded as being pure acid-catalyzed products (47).
This conclusion was made in agreement with Hammick and Munro's observation that p-semidlnes are not produced when heavy-metal ions are
absent.

We have pointed out, on page 8> the.fact that this conclusion

was not justified; p-semidines had been reported for heavy-metal free
conditions (17).
The polar-transition-state derives its name from the description
of the transition state through which the protonated hydrazo-compound
supposedly goes on its way to products.
There are two main differences between the polar-transition-state
theory and the other two. First, this theory describes the formation
of a transition state between the protonated hydrazocompound and the
products as the rate-determining step, with no intermediate between
protonated reactant and products. The tr-complex and the cation-radical
are the intermediates for the tr-complex theory and the "cation-radical
theory, respectively.

The second difference between the polar-transition-

state theory and the other theories is that, partly as a consequence of
the first difference, bond breaking and bond making are considered to
be a concerted process. The important feature of this mechanism is that
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in the stage which is reached after going through the polar-transitionstate, final carbon-carbon or carbon-nitrogen bonding has been accomplished, so that the structural skeleton of the product has already been
formed.

Only proton redistribution needs to follow, and it does so rapidly.

There are two different types of transition states in the polartransition-state theory, one for the first-order kinetic path and the
other for the second-order kinetic path. They are described as the
transition states for the one-proton and two-proton mechanisms, respectively.

This theory requires that heterolytic scission of the N-N bond

occurs and is concerted with the formation of new bonds. The process of
heterolysis is believed to be aided by delocalization of the positive
charge into the ring. This forms a semi-quinonoid type of structure
in one half of the transition state, and, using the normal distribution
4

of charge in the aniline-like half of the transition state, the observed
products may be predicted from the most probable positions of attraction
between the two halves. The two proton process is illustrated below
using hydrazobenzene as an example:

NH,

<y<y

NH.

HgN

-NHg

H^M^^Q^a
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It is interesting to note how closely this transition state for
the two-proton mechanism resembles the tr-complex 22 shown on page 10,
In so far as rearrangements leading to benzidines, dlphenylenes,
or o-semidines are concerned, the polar-transition-state theory is satisfactory.

The difficulty with this theory is that it excludes from

the benzidine rearrangement both p-semidlne formation and disproportionation.

p-Semidlnes are excluded because their formation would

require unreasonable bond lengths in the transition state. As shown in
the above diagram, the bond distance required for formation of the N-4'o
bond would be about 4.93A (4).

Other evidence for justifying the

exclusion of p-semidines is not convincing.

It appears that,- until

very recently, few workers have searched for p-semidines as products.
Also, for the most part, the compounds which have been studied such
as the 4,4'-disubstituted hydrazobenzenes are not capable of giving
p-semidines as products. The hydrazo compounds which gave p-semidines
in Jacobson's hands have not been studied until recently.

When any of

these compounds were studied, they were used for kinetic studies rather
than product analysis studies.
As Shine has pointed out (31), if subsequent investigations show
that p-semidines are indeed formed under ordinary acid conditions, the
benzidine rearrangement will not be as well fitted by the polar-transition-state theory as by the other theories. If one can extend the
polar-transition-state theory to Include the formation of an inteirmediate, such as for example, the tr-complex 28. or 19, in which rotation of
two dissimilar portions could occur, there would be no stereochemical
barrier to p-semidine formation.

CHAPTER II
EXPERIMENTAL
Preparations
4-Aminohydrazobenzene
Reduction of 4-amlnoazobenzene to the hydrazobenzene derivative
was attempted by two different methods; however, neither proved to be
too successful.
Following the method of Shine and Trisler (48), 2 g. of 4-aminoazobenzene, m.p. 127.2°C,, (p-phenylazoaniline, Eastman Organic Chemicals) were refluxed in 250 ml. of acetone until completely dissolved,
then the solution was cooled to 0°, and added to a stirring suspension
of 2 g. of zinc dust in 300 ml. of 1.0 N, ammonium chloride at 0".

The

orange color disappeared and the reduction was complete in two hours.
Filtration into dilute ammonium hydroxide at 0° gave a solid which quickly turned yellow, then darker brown, and then finally to an orange-brown
color, these color changes indicating that oxidation had taken place.
In another attempt to reduce 4-aminoazobenzene 0.2 g. of the azo
compound were dissolved in 50 ml. of 957. ethanol to which 0.05 g. of 107.
palladium on charcoal had been added.

Hydrogen gas was then bubbled

through this mixture for one hour, or until the solution was no longer
yellow-orange in color.
Bindschedler's Green, (page 21), was used to test for the presence
of a hydrazo compound; however, a negative test was obtained.
16
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Azobenzene (49)
Five milliliters of nitrobenzene and 110 ml. of methyl alcohol
were placed in a 250 ml, round bottom flask which was equipped with
a reflux condenser.

Three grams of magnesiimi turnings were added with

a small crystal of iodine. The reaction rate was controlled by cooling
the flask momentarily in ice water. When most of the magnesium had
reacted, 3 g. more of magnesium were added and the reaction was allowed
to go to completion.

The flask was then heated on a water bath for 30

minutes and cooled in an ice bath, then poured into 200 ml. cold water.
Glacial acetic acid was slowly added with stirring until the solution
was slightly acidic to litmus paper. The dark red globular crystals
of azobenzene were collected by suction filtration.

Recrystallization

from aqueous ethanol gave orange leaflets, melting at 67-8°, Lit: 68°
(49).

4-Methoxyazobenzene (50)
Two grams of sodium metal were allowed to react with 30 ml. of
absolute methyl alcohol in a reflux system to retain the hot methanol.
To this sodium methoxide solution were added 10 g. 4-hydroxyazobenzene
(p-phenylazophenol, Eastman Organic Chemicals) which had been dissolved
in 60 ml. of absolute methanol. This was refluxed for a short time to
speed up the reaction. The flask was then cooled to room temperature
and 11.8 g. (5.18 ml.) of methyl iodide were added.

After refluxing for

45 minutes the flask was again cooled to room temperature and then
placed in an ice bath. The red-orange crystals of 4-methoxyazobenzene
which formed in the reaction flask were filtered with suction and
washed with aqueous basic solution, any unreacted hydroxyazob^nzene
dissolved easily, leaving the desired 4-methoxyazobenzene on the filter.
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Recrystallization from aqueous ethanol gave orange colored flakes,
melting at 56-56.5°. Lit: 53.5-54" (50).

Potassium azodicarboxylate (PADA) (51)
Ten grams of azodicarbonamide (Columbia Organic Chemicals) were
added pinch-wise to cold concentrated potassium hydroxide (1:1) contained in a 400 ml. beaker which was sitting in an ice bath. The
azodicarbonamide dissolved with the evolution of ammonia and stirring
was required to prevent the mass from foaming up over the sides of the
beaker and into the ice bath. After sitting at room temperature for
one hour the crystals were pressed free of mother liquor on a porous
plate.

The crystals were then quickly dissolved in a small amount

(about 20 ml.) of ice water at 0° by rubbing and this was poured
into a 4-5 fold volume of absolute ethanol at 0°. The salt precipitated out as a fine bright-yellow powder.

It was then separated from

the ethanol filtrate by suction and much care was taken to make sure
that all the mother liquor was pressed out of the crystals.

(In the

event that some liquid remained with the crystals, a reaction between
the PADA and mother liquor took place as the mass warmed up which was
very exothermic. When this happened, the vacuum desiccator became very
hot and pressure built up. The salt took on a whiteish-yellow appearance
and had a tough rubber-like consistancy.

It is not known what would

have happened if the reaction which was taking place had continued.)
The dry crystals were kept.in a vacuum desiccator over anhydrous
calcium chloride for short periods of time. When the PADA was over
3 or 4 days old it did not have the reducing capabilities which it
initially had.
required.

It was therefore prepared just before its use was
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Hydrazobenzene
Azobenzene was used to test the reducing capabilities of potassium
azodicarboxylate before the reducing agent was used on other compounds
which were to be reduced.
Four grams of azobenzene were dissolved in 50 ml, methanol and 6 g.
of PADA were added.

The suspension was stirred magnetically while

5.3 ml. of glacial acetic acid were added drop-wise over a period of
2 hours. The orange color of the azobenzene gradually became less
orange and more yellow during that time. After the addition of the
glacial acetic acid was complete,there were no yellow solids in the
reaction flask, indicating that the PADA had been completely used up.
The yellow color of the solution did not completely disappear which
was thought to be unreduced azobenzene. Addition of water to the
solution caused the hydrazobenzene to precipitate out. The slightly
creamy colored hydrazobenzene was collected by suction filtration and
dried over calcium chloride in a vacuum desiccator.

The dry crystals

gave a melting point at 125°. Lit: 126° (54).
Thin layer chromatography of the hydrazobenzene gave a very faint
spot which corresponded to azobenzene; however the intensity of the
spot and the melting point indicated that the hydrazobenzene was for
all practical purposes completely reduced.

4-Methoxyhydrazobenzene
Two grams of 4-methoxyazobenzene were dissolved in 50 ml, of 957..
ethanol to give a clear orange solution. PADA was added pinch-wise
while the solution was being magnetically stirred.

A heavy white aqueous

layer separated out when the upper organic layer was almost colorless,
so the upper layer was gently poured off the lower layer. A small
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pinch more of PADA completely decolorized the solution and the flask
was then placed in an ice bath.

Constant stirring with a small amount

of PADA present maintained the colorless solution in the redu'ced state
while addition of a small amount of cold water caused the 4-methoxyhydrazobenzene to precipitate out in small white flaky crystals. These
crystals were filtered by suction and dried over anhydrous calcium
chloride in a vacuum desiccator under a nitrogen atmosphere. The
melting point was 74-5°.

Acetanisidine
Five grams of 4-methoxyaniline (p-anisidine), 4.6 ml, of concentrated hydrochloric acid and 125 ml, of water were placed in a 250 ml.
beaker, and the contents were stirred until solution was complete. The
slightly colored solution was warmed to 50°, after decolorizing charcoal
had been added, and then filtered by gravity to give a clear colorless
solution. Acetic anhydride (6.9 g., 6.4 ml.) was then added and the
contents again stirred. As soon as solution took placej 8.3 g. of sodium
acetate in 25 ml. of water were added, the reaction mixture was stirred
in an ice bath and then filtered to give 5.6 g. of white crystals melting at 124-7°.

Recrystallization from methylated water (3 ml, in 125 ml.)

gave a melting point at 125-125.5°.

Para-semidine (52)
The hydrochloride salt of 4-methoxy-4'-aminodiphenylamine is known
as Variamine Blue and was obtained from Eastman Organic Chemicals. The
commercial Variamine Blue hydrochloride salt as obtained from Eastman
was a black salt. This salt was dissolved in hot water with decolorizing charcoal present and filtered while hot. The filtrate was light
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blue in color and, when treated with charcoal and heated again before
filtration, gave an almost completely colorless solution. When the
Variamine Blue hydrochloride salt solution was placed in an ice bath,
the light blue crystals precipitated out. They were filtered by suction.
The crystals gradually turned to a darker blue color but after several
weeks they were still bright blue. The crystals had a melting range
at 220-252°.

The range was expected for a hydrochloride salt. The

acetyl derivative was prepared according to Erdey, Zalay and Bodor's
method (56). By this method, 1 g. of Variamine Blue hydrochloride salt
was dissolved in hot water and 1.38 g. of acetic anhydride were stirred
in.

When solution took place, 1.66 g. of sodium acetate in 5 ml. of

water were added and a precipitate was formed.

The acetyl derivative of

the p-semidine was filtered by suction and dried over anhydrous calcium
chloride to give 1,12 g. melting at 136°. Lit:

138° (52).

Para-nitroso-N,N-dimethylaniline hydrochloride (53)
Para-nitrosodimethylaniline hydrochloride was prepared according
to Chamness. Thirty grams (31.5 ml.) of dimethylaniline were dissolved
in 105 ml. of concentrated hydrochloric acid in a 500 ml. beaker
immersed in an ice bath. The solution was mechanically stirred while
18 g. of sodium nitrite dissolved in 30 ml. of water were added slowly,
keeping the temperature below 3°. The mixture was allowed to stand for
one hour, and was then filtered, and the residue triturated twice with
1:1 hydrochloric acid and twice with anhydrous ethanol. The orange
product was dried in air,

Bindschedler's Green (54)
The method of preparation of Bindschedler's green was that used
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by Snell. Six hundred milliliters of concentrated hydrochloric acid
were diluted to 1020 ml. with water for use throughout the preparation.
A slurry of 25 g. of p-nitrosodimethylaniline hydrochloride in 100 ml.
of acid was added portion-wise, and alternately with 100 g. of zinc
dust to 100 ml. of acid in a three-neck flask fitted with a magnetic
stirrer.

Seventy milliliters of acid were used to make the final

transfer of slurry.

The excess zinc was filtered and washed on the

filter with an additional 55 ml. of acid.
acid were added

Fifty more milliliters of

to the combined filtrates. Dimethylaniline (17,4 g.)

was added to the filtrate and the solution was held below 18° while
24 g. of technical sodium dichromate in 200 ml. of water were added
drop-wise.

The green precipitate was filtered by suction and washed

with a small amount of water. The residue was removed from the funnel.
The residue was similarly treated again with absolute ethanol and twice
with absolute ether, or until the ether filtrate was colorless. After
drying in air, the fluffy bright green solid was stored under vacuum.
The nature of the Bindschedler's Green test has been discussed by
Shine and Trisler (48).

Solvents
Absolute ethanol was used for all product analysis and came from
stock. All the solvent for a series of analysis came from a single
container and was not purified further.

Rearrangement in Aqueous Ethanol

Product isolation and identification
4-Methoxyazobenzene (0,578 g.) was dissolved in 10 ml. of 957.
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ethanol, and 10 ml. of a solution made by dissolving 40 g. of SnCl2 in
100 ml. of 367, hydrochloric acid were added slowly with magnetic stirring in an ice bath. The color changed from the yellow of the 4-methoxyazobenzene to light pink and then to light brown. The reaction
mixture was made alkaline after about 30 minutes by adding 307. aqueous
sodium hydroxide until the reaction solution was basic to litmus. The
basic solution freed the amino groups from the hydrochloride salts.
The solution was then extracted with carbon tetrachloride by shaking;
the CCl^ layer was light brown as soon as it was allowed to settle down.
The organic layer turned a darker and darker brown color until it became black.

This was expected because "intractable tars" had been

obtained by Hammick and Munro from the reaction of 4-ethoxyhydrazobenzene with acid (4). . The oxidation of the products of rearrangement of
4-methoxyazobenzene took place in the dark even though the extraction
solution was kept at 0°. Flash evaporation of the organic layer gave
a heavy black oil which was spotted on a thin layer chromatogram.

The

TLC plate had been prepared using silica gel (Brinkmann's GF254).

A

solvent mixture of 27. absolute ethanol in chloroform gave 4 major spots,
leaving a large amount of material at the origin.

The spots were of

various colors, the top one, Rf 0.69, had a reddish color, a yellowred colored spot was located at Rf 0.52, a blue spot at Rf 0.38, and
a brownish black spot at Rf 0.17.

The material which did not move was

a rusty brown color. The variety of colors and large number of spots
demonstrated the ease of oxidation of the products of rearrangement
of 4-methoxyazobenzene, and it was evident that a method was needed
that would prevent the oxidation of the rearrangement products before
they could be studied. Acetylation of the free amino groups was

24
chosen because the acetyl derivatives of the expected p-semidine and
cleavage products are known (page 21).

''

A solution of 957. ethanol was placed in a 100 ml. two-neck, roundbottom flask with ground glass fittings. A fine capillary was prepared
which just touched the bottom of the flask from the side neck.

Helium

entered the flask through this attachment and was bubbled through the
ethanol solution to sweep out any dissolved oxygen. Another fine
capillary was fitted to the remaining neck to allow the gasses to escape,
and to prevent an excess of atmospheric oxygen from entering the flask.
About two hours was considered to be enough time to remove the excess
oxygen from the reaction flask and all rearrangements were carried out
using this technique to flush the ethanol.
One tenth of a gram of 4-methoxyhydrazobenzene was placed in a
100 ml. round bottom flask fitted with a 24/40 ground glass neck.

A

magnetic stirring bar was placed in the flask and the flask was clamped
in an ice bath over a magnetic stirrer. Fifty milliliters of He flushed
ethanol which had been cooled to 0° were then pipetted carefully into
the reaction flask to prevent excessive agitation^because the bubbling;
and rolling would allow oxygen to redissolve in the ethanol. The
reaction flask was stoppered with glass stoppers and the solution was
magnetically stirred slowly until all the hydrazo compound dissolved.
The clear solution usually had very faint yellow tinge at this stage
which was due to the air oxidation which had taken place on the hydrazo
compound either as it was weighed out or when it was dissolved in the
ethanol.

In cases where the ethanolic solution of 4-methoxyhydrazo-

benzene was allowed to stand for any length of time^the solution became more and more yellow due to oxidation of the 4-methoxyhydrazobenzene
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to the corresponding 4-methoxyazobenzene.

For this reason rearrange-

ment was carried out as soon as solution of the hydrazo compound in the
ethanol was achieved.
The rearrangement was carried out by adding hydrochloric acid in
ethanol which had been standardized against standard sodium hydroxide
solution, which had in turn been standardized against primary standard
potassium acid phthalate. The hydrochloric acid was added such that
the final acid concentration in the reaction flask was 0.001 N.

This

concentration of acid is high enough for the rearrangement of 4-methoxyhydrazobenzene.

(It has been shown to rearrange in acid concentra-

tions as low as 7X10"°m (59); the solvent in this case was 607. aqueous
dioxan.) The solution turned yellow as soon as the acid was added
which was probably due mainly to disproportionation and to some oxidation.

The solution was stirred magnetically for 5 minutes which was

several half lives, then 30 ml. of acetic anhydride were sloWly added
while the stirring at 0° was continued.

During the addition of the

acetic anhydride the reaction mixture gradually turned to a clear light
brown color. After the acetic anhydride addition was complete a solution of 0.2 g. of sodium acetate in 5 ml, of water was added. The
reaction mixture immediately turned much lighter; to a clear yellow
color.

The reaction mixture was extracted 3 times with 50 ml, portions

of diethyl ether, and the ether layers were combined and dried over
anhydrous magnesium sulfate. Flash evaporation of the ether solution
gave a yellow oil which on cooling gave red crystals of an ill-defined
melting point indicating a mixture of components. This was expected
because several compounds were probably present. Thin layer chromatography was considered to be a useful means of separating the products
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of rearrangement.

The red oil from the evaporation of the ether solution

was washed into a 10 ml. volumetric flask with successive 2 ml. portions
of absolute ethanol and benzene. The flask was then filled to the mark
with absolute ethanol. Aliquots from this flask were carefully spotted
on a TLC plate and the plate was developed using a suitable solvent.
The aliquots taken were 0.5 ml. quantities and were removed from the
volumetric flask and spotted on the TLC plate with a 0.5 cc tuberculin
syringe fitted with a very fine 6 cm. needle. The best solvent system
which was used was a solution made by adding 1 ml. absolute ethanol and
10 ml. of acetone in a 50 ml. volumetric flask and filling to the mark
with benzene.
The products of rearrangement were monitored by spotting authentic
samples along with the rearrangement products. Authentic samples of
4-methoxyazobenzene (disproportionation), 4-methoxy-4',N-acetamlnodlphenylamlne (p-semidine), acetanilide and p-acetanisldine (disproportionation) were all spotted along with the products of rearrangement.
The TLC plate took one hour to develop completely and it was then removed
from the developing tank and examined under uv light using a small hand
uv lamp.

Examination revealed a pair of yellow bands at Rf 0.77 and

0.70 which were parallel to the spots of authentic 4-methoxyazobenzene.
The two bands were probably caused by the cis and trans forms of the
4-methoxyazobenzene and it was felt that some study of this pair of
bands would clarify the matter. When a drop of an authentic sample
of 4-methoxyazobenzene was developed by TLC using the above solvent
system, the two spots were obtained at Rf 0,77 and 0.70.

The authentic

sample was then placed in the dark for 24 hours by covering the sample
vial with foil and placing it in a cabinet. A spot of this solution
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was then developed and the redlilt was only one spot at Rf 0.77. The
test for cis-trans isomerism was complete when the solution which had
been in the dark and gave only the top spot was placed in the sunlight
for 2 hours and a drop of this solution developed.

The result was

again 2 spots, at the same levels of the original spots. An attempt
was made to take the ultraviolet spectra of these two spots but the
spectrum of each spot merged to the spectrum given in Figure 1 so
quickly that good spectra could not be obtained.

On the basis of the

result obtained when the sample had been placed in the dark, the top
line is probably due to the trans conformation, while the bottom spot
is probably the cis conformer. Comparison of the absorption spectrum
of 4-methoxyazobenzene with 4-ethoxyazobenzene (56) was favorable.
There were 4 other bands which were revealed by the uv lamp:

the

Rf values were 0.41, 0.34, 0.25 and 0.14. The band at Rf 0.25 was about
1,4 cm wide and was even with the two spots of the scission bases, acetanilide and p-acetanisidine.

It was not possible to separate these

two bases as shown by the use of authentic samples. The acetanilide
was slightly higher than the p-acetanisidine, but not enough higher
to be separated in the products. The band at Rf 0,14 was at the same
level of the authentic acetylated p-semidine and it was completely
separated from all other bands. This band turned a dark brownish color
when left exposed to light and it was the same color of the authentic
spot of the acetylated p-semidine after the plate which contained both
spots was left out in the air and light for some time. The discolorization of the acetylated p-semidine spot must have been due to oxidation of the acetylated p-semidine. The bands at Rf 0.41 and 0,34 were
not on the level of any authentic samples.

Figure 1, Ultraviolet Spectra of 4-Methoxyazobenzene (R. 0.77
and 0,70) and of acetanilide (Rf 0.25).
'
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The different bands were marked off using a sharp pointed instrument and the silica gel in each band was carefully scraped off the
plate.

The silica gel was then thoroughly washed with absolute ethanol

into a 25 ml, volumetric flask and the flask was filled to the mark.
The content of each flask was then assayed by ultraviolet spectroscopy
using a Beckman DK-2A instrument between 360 and 210 millimicrons.
Since ultraviolet spectra of the azo compound, cleavage bases and
p-semidine were obtainable, a direct comparison could be made. The
spectra of the 4-methoxyazobenzene and of acetanilide are given in
Figure 1. The spectra of the p-semidine and of p-acetanisidine are
given in Figure 2. The spectra obtained from the authentic samples
and the spectra obtained from the rearrangement products (Figures 1
and 2) appear to be the same. The spectra given in Figure 3 warrant
special consideration.

It is interesting to note that the wave length

of the major peak in A (at 283 nj^) corresponds quite closely to the
wave length of a "tail" of B while the wave length of the major peak
of B (at 238 mp) corresponds more or less to the wave length of the
end of A,

One of these spectra is probably due to the ortho-semidine,

2,N-acetamino-5-methoxydiphenylamine, and it is possible that the other
spectrum is due to an oxidation product of the o-semidine.

This consid-

eration is made because of the similarities pointed out in the wave
lengths of the peaks. On the basis of communications with a collegue,
Mr. C. M, Baldwin, it is assumed that the o-semidine is probably A and
that B is some other product, perhaps derived from A and therefore a
derivative of A or perhaps a different product.

Other products have

been obtained besides the cleavage bases, the azo compound and the psemidine from rearrangements of some hydrazo compounds. From the

Figure 2. Ultraviolet Spectra of the Acetylated p-Semidine (Rf 0,14)
and of p-Acetanisidine (Rf 0.20).
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rearrangement of N,N'-dimethylhydrazobenzene White

has obtained the

expected benzidine (N,N'-dimethyl-4,4'-diaminobiphenyl), the expected
diphenylene (N,N'-dimethyl-2,4'-diaminobiphenyl) and the expected
disproportionation product (N-methylamiline); however, he also obtained
an o-benzidine (N,N'-dimethyl-2,2'-diaminobiphenyl) (57). Compound B
may be the diacetylated o-benzidine.
amount gave a melting point at 74-6°.

Recrystallization of a small
It was soluble in benzene, acetone,

chloroform and alcohols but insoluble in petroleum ether and heptane. A
trial sublimation did not produce any crystals on the cold finger but
when the cold finger was rinsed with absolute ethanol and a spectrum
was taken the exact duplicate was obtained as for B in Figure 3. The
present study did not warrant further work with B.

Quantitative product analysis
The amount of products which one obtains can be calculated by use
of the Beer-Lambert equation, Absorbance=(.c) (c) (1), where (•©) is the
molar absorbtivity coefficient, (c) is the concentration in moles per
liter and (1) is the cell length in cm. Known samples were made up
and the extinction coefficients were calculated.

The results are tab-

ulated in Table I. Note that the logs of the extinction coefficients
are given.
From the data in Table I, the following equation was derived to
be used to calculate the percentage composition of the products of
rearrangement,

(Abs.) (Vol.) (Dilutions) (Aliquot) (7.)
1
1000
(mol.Hz)

= 7 of oroduct A
^

where (Abs.) represents the absorbance of a particular product, (Vol.)
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Table I
Extinction Coefficients of the Products from
4-Methoxyhydrazobenzene
Compound

A max mu

log-C

4-Methoxyazobenzene

343

4.242

Acetanilide

243

4.161

p-Acetanisidine

248

4.174

o-Semidine

283

4.240^

X

238

4.301^

p-Semidine

297

1,428

^These values are approximate, see page 29,

represents the volume to which the product was diluted when washed
from the TLC plate, the (Dilutions) factor takes care of the dilutions
needed to bring the absorbance down to range, and (Aliquot) was the
part of the total reaction mixture spotted on the TLC plate, -e is
the extinction coefficient of product A from Table I and (mol. Hz) is
the number of moles of hydrazo compound used in the reaction. The results of three analysis are summarized in Table II.
In the first run a longer time was taken before the acid was added
to the ethanolic solution of the hydrazo compound, and consequently a
greater amount of the 4-methoxyhydrazobenzene oxidized to the 4-methoxyazobenzene to result in the larger percentage of azo compound.

Since

the extinction coefficient for B is not known the percentages given
for B have meaning only so far as being relative to each other. From
material balance after including amounts of cleavage bases equal to
the azo compound to account for disproportionation it is obvious that
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Table II
Summary of Product Analysis
of 4-Methoxyhydrazobenzene^
P-•Semidine

Run

Azo

o-Seraidine

1

14.94

40,3

43,2

4,80

2

8.40

28,6

12.4

5.56

3

9.60

34,2

20.8

5,76

X

^The percentages for the cleavage bases are not included
because it was not possible to separate them during the
TLC runs,

not all the products are accounted for. Again, B may be the responsible
factor here.

CHAPTER III
DISCUSSION AND INTERPRETATION OF RESULTS
Product Analysis
The products of reaction of 4-methoxyhydrazobenzene in aqueous
ethanol with acid are due to disproportionation and to rearrangement.
Even though the scission bases (acetanilide and p-acetanisidine) were
not isolated they were present as shown by TLC which was monitored
using authentic samples of these two compounds.

The other product of

disproportionation, 4-methoxyazobenzene, was present in the reaction
product mixture in the average amount of 117.. The products of rearrangement are the o-semidine, the p-semidine and one other unidentified
product.

It should be stressed that proof of the presence of the o-

semidine has not been obtained.

The p-semidine is definitely a rear-

rangement product, its average yield being 5.47., The presence of the
p-semidine was confirmed by TLC and by analysis using ultraviolet
spectroscopy.

The structure of the third product of rearrangement is

not known. There are two possible structures one may consider, the

HNCOCHj

CHjCONH HNCOCHg

H/^.
21

20
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o-benzidine (5-methoxy-N,N'-diacetyl-2,2'-diphenyl-diamine) ^

or the

other possible o-semidine (4-methoxy-2',N-acetaminodiphenylamine) 22.
o-Semidines of this kind, 22 are not reported in the literature as
products of benzidine rearrangements.

Rearrangement

During the rearrangement process the N-N bond of the hydrazo compound must become well enough dissociated so that N-4' bonding can take
place.

Product data obtained in the present study of the rearrangement

of 4-methoxyhydrazobenzene strongly favor a mechanism of the benzidine
rearrangement In which the nitrogen-nitrogen bond of the hydrazo compound is broken before the carbon-carbon or carbon-nitrogen bonds in
the products are formed.

These data suggest that the tr-complex theory

has features which cannot be taken lightly.

The important feature of

the tr-complex theory is that scission of the N-N bond takes place
4

early in the rearrangement reaction sequence and this feature may
account for the formation of the p-semidine. The following diagram
may serve as a useful description of p-seraidine formation.

HN—^Hg

CH^O NHg

Note that the methoxy group serves to stabilize the two intermediate
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steps by donating electrons to the positive rings. Since the polartransition- state serves to correlate known data so well it is possible
that both mechanisms are involved:

the hydrazo compound becomes bent

as Hammick and Munro have Indicated (page 15), and the molecule may
come to a position described above for tr-complex formation.
The type of mechanism suggested here accounts for all the data
which have been discovered for the family of benzidine rearrangements.
The p-semidines are indeed formed under ordinary acid conditions. If
the polar-transition-state theory described the formation of an intermediate in which rotation of two dissimilar portions could occur, there
would be no objection to p-semidine formation.

However, since the p-

semidine 2£ formed, such an intermediate probably does exist. Therefore a tr-complex intermediate in the context of the polar-transitionstate is favored.
It has recently been theoretically shown (58) that there is only
one activated complex between an initial state and the final state.
This activated complex cannot exist at the intersection of valleys
for two or more final states.

In a case such as the benzidine rear-

rangement where several products are formed, one must consider an intermediate for the reaction process and not only a transition state.
A single transition state may lead to the intermediate, but several
energy pathways must be available to the intermediate for the formation
of the products.

CHAPTER IV
SUMMARY AND CONCLUSIONS
1. The products of the reaction of 4-raebhoxyhydrazobenzene in
acid solution after acetylation are acetanilide, p-acetanisidine,
4-methoxyazobenzene, the p-semidine, a product believed to be the
o-semidine and another rearrangement product which may be the obenzidine.
2.

The main reaction of 4-methoxyhydrazobenzene in acid solution

is rearrangement, with disproportionation accounting for a significant
amount of the starting material.
3.

The mechanism of the rearrangement of hydrazo compounds

seems to be fairly well explained with the polar-transition-state
theory except for its inability to include p-semidine formation.
4.

On the basis of multiple product formation from an initial

state, the existence of a n-complex intermediate in the polar-transition-state theory is strongly favored.
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