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INTRODUCTION

The bengidine rearrangement is the rearrangement of substituted and
unsubstituted hydragobenzenes to the corresponding benzidines. For the

unsubstituted coumpounds the reaction is formulated:

@ ~NHeNH- @ HoN~ @ - @ -NHg .

This change can sometimes be effected by application of heat alons,
but is generally produced by use of acids as ocatalysts. In the latter
case the formation of benzidine is accompanied by formation of wvarying

amounts of diphenylins (I), o-semidine (II) and p-semidine (III).

2-(O0-0 OO OO
i

Nty
1 1I I11

The relative proportions of these proaucts are determined by the particular
hydrazobenzene used and by the experimental conditions.

It has been known for some years that the acid catalysed reerrange-
ment is intremolecular. It is this fact which lends special intersst to
& study of the mechanism involved. Intramolecularity suggests a continuous
binding together of the two sections of the molecule., Thus while the new
carbon - ocarbon linkege is being formed there must be partial bonding of
the two residues, either directly through the nitrogen atoms, or by some
secondary valence involving the arometic Tiweleotrons. In particular, the
configuration of the transition-state for the rearrangement has been the

subject of much speculation; for a benzene ring is known to have considerable



®thickness™, yet it seemed necessary for there to be simultenecus partial
bonding between the nitrogen atoms and between the carbon atoms.

During the twenty years prior to 1950, a large number of descriptions
of the nature of the transition-state were formulated. All these were
based on the assumption that the reaction-was of first order in hydrogen
ion. Thus, most workers in this field postulated that the first cﬁnjugato
acid of hydrazobenszene rearranges in the rate-determining step.

In 1950 1t was shown by Hemmond and Shinol

that the hydrogen ion
dependence was a seoond order one, in fact. These authors therefore
suggested that the second conjugate acid of hydrszobenzene might be the
species which rearranges. There remained the question of whether

(1) the transfer of the second proton to the first conjugate ecid
of hydragobengene, or

(i1) the rearrangement of the diconjugate acid,
is the rate-determining step. The former case would be of partiocular
interest in that the transfer of hydrogen from an acid, or a protolytic
solvent, to nitrogen usually takes place extremely rapidl, 2,

The rearrangement is catalysed by mineral acids and by acids which are
incompletely dissociated in solution. In the latter oase the active
catalytic species could be hydrogen ion, or molecular acid, or béth.
Catalysis by molecular acid, called general acid catalysis, is only

kinetically observeble when transfer of the proton from acld to resctant

lﬁammond and Shine, J. Am. Chem. Soc., 72, 220 (1960).

21ngold and Wilson, Z. Elektrochem., 44, 62 (1938).



takes place in the rate-determining step.

It was declided to investigate more closely the type of catalysis
involved in this rearrangement. If the catalysis proved to be specifice
ally by hydrogen ion then no choice could be made between the possibilities
(1) and (41). If the rearrangement proved to be subject to general acid
catalysis, however, it would indicate that the transfer of a proton to the
first conjugate acid of hydrazobenzene occurs in the rate-determining step.

For the most general type of acid catalysis, the specific rate constant

may be expressed in the form
k = k [5*] +§1ki [y ] .

The first term on the right represents the contribution to the overall
rate by the hydrogen ion catalysed reaction. The terms in the swummation
are the contributions of the various molecular aclids, where the ki's ars
the catalytioc constents of the acids. It was decided to employ two
methods of testing for general acid catalysis. Both require constant
ionic strength and constant hydrogen ion concentration. Then the acid
oatalysis is general 1f there is a variation in the specific rate on re=-
placing the aclid HA; by acid Hnj, or if there is a ohange in rate with
variation in the concentration of undissoolated acid.

Additional evidence on the identity of the rate~controlling step
ocould be obtained if the individual steps were isolable and their specific
rates measurable. It was therefore desided to attempt to lsolate the

dioonjugate acid of hydrazobenzene and to determine its rate of rearrange-

ment in a suitable solvent.



HISTORICAL

In 18456 Zinin studied the reduction of azobenzene in aoid media.
Almost twenty years later Fittiga showed that the product, bengidine, is
a diaminodiphenyl. Hoffman®, soon after, discovered hydragobengene and
showed that it was the precursor of bengidine in the acid reduction of
azobengene. Schultz and his coworkers were tﬁe first to isolate some
diphanylincs from the rearrangement products., They were also able to
establish the structures of bon:idinee and of diphonyline7.

8ince that time the rearrangements of a considerable number of ago~
snd hydragow-bsngzenes have been studied. Partioularly as a result of the
work of Jacoblone and his students the scope and limitations of the re-
arrangement have been fairly clearly established. The main purpose of
these early investigations was to establish the effect of substituents in
positions in the aromatic nuclei at which carbon - carbon linking might
otherwise have been expected to ocour.

The knowledge thus aocumulated may be summariszed, as follows. 1In

all cases a certain amount of disproportionation ocours:

2C eusna-umeus —C 6B5n-m 6354»20 eﬂsﬂﬂz .

Spittig, Ann., 124, 282 (1862).

“Hoffman, Proo. Roy. Sec., 12, 576 (1863),

Sgohmidt and Schults, Ber., 11, 1764 (1678).
€schults, Ann., 174, 227 (1874).
"Sohmidt, Schults snd Strasser, ibid., 207, 348 (1861).

8Jacobsen, ivid., 428, 76 (1922).



When both para positions ars free the main product is the benzidine, with

smaller amownts of the diphenyline and of the ortho and para semidines,

provided the appropriate positions are free. Thus
Q) wm e (-Oom,
X X X X

as the main product, where X = -Nﬂz, -CQ0H, -SOSH or -Cﬁs. This is also

true if the hydrasobenzene 1s both ortho« and meta-substituted. From

hydrasonaphthalene® (IV), for example, the main product is the correspond-
ing p,p'-disubstituted compound (V). However, in this oase there is also
formed the 0,0' product (VI), or the corresponding carbazole (VII), while

no o,p' product analogous to diphenyline is isolated.

C:;J::;[Hﬂnﬂﬂfql!nlii !ilnlgz !qggm!i

Setee

The case of hydrazobenzenes with one para position substituted is of
some interest. Usually the prinocipal product is the diphenyline.
However, when the subtituent is -Cl, -SOSH, -GOZH or -0000&5 the rearrange-

ment often gives benzidine, with elimination of the substituent. Thus

Yesely, Ber., 38, 136 (1906).



hydrazobenzene~4~carboxylic acid (VIII) yields mainly unsubstituted

bonsidinolo.

@ -NH~NE- @ ~COOH

VIII
Several examples of N-substituted hydrazcbenzenes have been studied.
Some of their reactions are illustrated below, the products shown being

the main ones but not being formed exclusively.

Hc |
(CgHg ) BeB(C By )o _l.csas.sa.cens.

(CgHy ), N-N(CGHy), ©-H2804 c p _NE- @ -Q ~NH-C H

in small yi.eldsn.

(CgHg )gH=NE-C Hy HCL, CgligeNEn O - O ~UH, .

An interesting case is the rourrangementla

O — o

Hughes and 1’.:1501«1:"3 have summmrized Jacobsen's results in tabular form.

14

Dewar™ ™ has developed genersl rules whioh describe the various direce

tive influences. C(onsidering the system A-NH-NHe-B, where A is the more

105061ting and Werner, Ber., 23, 2366 (1890).
llyieland and Gambarjan, ibid., 39, 1499 (1908).
12yieland and Hass, ibid., 63, 1336 (1920).
13hughes and Ingeld, Quart. Rev., 6, 34 (1962).

Mpewar, Nature, 176, 784 (1945).



basic aromatic ring, he formuleted the rules as followsl4:

(i) The ease of reaction is in the order beneidine>diphenyline>
semidine.

(11) Only the para position in A can take part in diphenyline
formation. Thus in 4-chlorohydrazobenzene, where the unsub-~
stituted ring is A, benzidine formation does not take place
unless elimination occurs. The main product is 2,4'=diamino-
b-chlorobiphenyl (IX),

(111) In semidine formation A carries the =il in the product.
Thus, for 4~methoxyhydrazobenzene, bengidine cennot be formed and
diphenyline is not formed as the para position of A 1ls substituted.
The product found is 2e-amino-5emethoxydiphenylemine (X).

(iv) Disproportionation probably occurs in all omses but is
independent of the rearrangement.

NHp NHp
0= -
c1 ~0CHz
IX X

In recent years the search for new synthetic applications of the
rearrangement has deoressed in intensity. Instéad émphasis has been
placed on the question of the mechanism « a question which has aroused
considerable interest end controversy.

An early suggestion was that semidines, often isolated from the re-

action mixtures, are the precursors of the obrresponding benzidinosls.

However, Robinson16 showed that somidines do not form benzidines under the
conditions of the rearrangement. Thus semidine and bensidine formetion
appear to be independent and simultaneous.

It is conoceiveble that the rearrangement proceeds by initial fission

of the hydrasobenszens into fragments which then recombine to give the

1opgpworth, J. Chems Soc., 73, 451 (1898).

lsRobinaon and Robinson, ibid., 113, 639 (1918).



products. It has been suggested, in turn, that radicals®’

» ions and
molooulos18 ares the reactive fragments. There 1s strong evidense that no
such fission ie involved in the reaction. Jacobsen® studied the re-
arrangement of a large number of molesules C-NHeNHeD, where C and D are
different aromatic systems. In no case was any product sontaining two
C nuclei, or two D nuclei, isolated.

This failure to find cross-products is not valid proof against initial
heteropolar fission., If

C-NE-NH-D —> (CHH)* + (DNEH)",

the absence of cross-products may be due to eleotrostatic repulsion
between ions of like oharge. For this reason Ingold snd Kiddl? studied
the rearrsngement of 2,2'-dimethoxy~ and 2,2'«diethoxy~hydrazobenzenes,
which undergo the reaction at comparable rates and with formetion of
bensidines, mainly., They found no evidence for crosss=products. Simlilarly,
Wheland and Bchuurtzzo. using a tracer method, concluded that if there are
any oross~products they constitute less than one percent of the total
products of the rearrangement.

Further evidence ageinst initial fragmentation is obtained from
studies of molecules such as tetraphenylhydrazine, which are known to be

partially dissocisted into free radicals under certain conditions. Under

17jones and Kenner, J. Chem. So0., 1848 (1931); 711 (1932).
18gteiglite, J. Am. Chem. Soc., 25, 62 (1903).

191ngold and Kidd, J. Chem. Soc., 984 (1933).

20pneland and Schwarts, J. Chem. Phys., 17, 426 (1949).



the game conditions no rearrangement occursil., Evidence against inter-
molecularity was obtained by Bloink and Puuauukerzl in thelr studies of

the rearrangemente of 2« and 3-carboxyhydrazobenzenes. Finally, molecular
pairs like CGHBHHZ and GGHENHDH, which might be postulated as intermediates,
do not react to give bengidine.

Identification of the products of the rearrangements of various
substituted hydrazobenzenes thus led to the conclusion that the rearrange-
ment is an intramolecular one. In subsequent work the centres of interest
have been the questions of the nature of the transition-state and of the
driving foroe for the rearrangement.

During the initial period of study of the mechanism kinetic evidence
was scanty. In 1904, van Loon®? found that the rate is of first order in
hydrazobengene and suggested that the hydrogen ion dependence was & second
order one. However, the latter aspect of the work is of doubtful value
since ionic strengths were not controlled. Twenty years later Biilman
and Blom®> measured the rate electrometrically end suggested that there
was a one-half order dependence on hydrogen ion.

Some thirty-five years ago Robinsonl® was interested in the synthesis
of highly substituted pyrroles. He arrived at a synthesis through
application of a series of analogies and by postulabting a mechanism for
the benzidine rearrangement. It is of interest that his mechanism

allows for intramolecularity.

2lp1oink and Pausacker, J. Chem. Soo., 950 (1950).

zzvan Loon, Rec. Trav. Chim., 23, 162 (1904).

23p141man and Blom, J. Chem. Soc., 126, 1719 (1924).




10

Robinson first considered the Fischer indole synthesis which, he

suggested, might take plece through some such path as:

@-mu—c(ca ) & @-nmm-c-cn LN @-cx-c.caa
372 CH, 2 NH,_ 501
NE,

the whole reaction proceeding under the influence of hydrochloric acid and
heat. Here step b utilizes an o-bengidine type rearrangement, which
Robinson compared with the formation of carbagoles from hydrazonaphthalenes.
He treated this as a specific case of the rearrangements of the system
A=bwc~D, where A and D are unsaturated groups and either b, or both b and
o, can atiain a higher valence state by salt formetion. This system, on
sctivation by sold, ean undergo the following series of changes:

(1) form A=b...0=D, where dotted lines represent "partial bonds®,

(11) these partial bonds conjugate with A and D, to give

Lssepeceozcch, which

(111) can close to form a ring.
This treatment is reminiscent of that of Thiele for conjugated unsaturated
systems. Thus Kobinson's mechanism for the indole synthesis was

formulated as:



11

I { H
'CM’&H.QQ.&M‘CH‘ — ‘-CH.......-..--CH——-r-CHn....éE-

: 3

wC2 o NHeo oHNo 220w «ColH HN=Cw

|

[

-g Ca «C=NH Hi=Ce

l
NH, Ny

It is noted that the partial bonds allow for the continuous binding together

«l——Ce — «CH

of the two sections of the molecule. Finally, by analogy, Robinson suggeste
od that the following reaction sequence might be feasible for the pyrrole
synthesis:
1 ] { }
~CHyoG=0 —» wCliymCmMuloCoCH e =  =GHACoNEnNEnb=CEn

In faoct, he obtained tetraphenylpyrrole, in almost quantitative yield,
by treating bisephenylbensylketazine (XI) with dry hydrogen chloride.

C gBgCHy (C gH JOmNBe0 (C gHg )JOE,C gHy
X1
Robinson's synthetic procedure has recently been extended by
Thoilackorzé. This worker showed that acetophenonephenylhydrazone
yields 2-phenylindole on heating with strong acid. Bensophenone-

phenylhydrazone, however, apparently undergoes the following series of

Z‘Huekol. "American F.l1.A.T. Review of German Science, 1939-1946",
Vol. 34, Leibiger Research Laboratories, Petersburg, N.Y., 1961,
p. 182.
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changes:

(C gl )oC=N-NH-CgHy — (CgHg ), C=N- @"“2 — (C4H,),C0 + H,N- @ -¥E, .
When the appropriate para position is substituted the products are mainly
ammonia and tar.

Qther work25’26'27

in this direction has produced an unusual varietion.
It was shown that rearrangement of a di-ortho-substituted phenylhydragone
may lead to elimination of an ortho substituent. Thue, 2,6~dichloro-
phenylhydrazones (XII) have been found to give 5,7-dichloroindoles (XIII),

on treatment with zine chloride.

¢l
Ccl <R
@-NH—N=C(R' )CHR J R
Tl Cl g

XII XIII

That non~benzenoid unsaturated systems can participate in the re-
arrangement has been long esteblished. A glyoxaline nucleusze, for

example, can replace a benzene ring, and rearrangement still occurs:

NH NH -@-Nﬂz
>—N=N-C 6H5 .J_,H <

N - THAL y—I .

It has been suggested that for the rearrangement to take place the

bengene rings must become parallel in the course of thermal motion.

26Carlin and Fisher, J. Am. Chem. Soc., 70, 3421 (1948).
26parnes, Pausacker and Badrock, J. Chem. Soc., 730 (1951).
27Garlin, Wallace and Fisher, J. Am. Chem. Soc., 74, 990 (1952).

28pyman and Ravald, J. Chem. Soc., 117, 1428 (1920).
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This is considered very improbable unless allowance is made for the
participation of at least one proton ir the transition-state. It is
known from studies on the structures of orystalline benzene complexes,
for example, that it is difflcult for two arometic nuclel to epproach
face to face to a distance less than three times the normal carbon -
carbon single bond distance. Further information is derived from cases
in which the benzene rings are constrained to lie in such a position.
Thus, in p,p'-dimethylene-1,2-diphemylethane (XIV), in which the two
arometic "planes™ are 3,004 apart, the overlap of T-electrons introduces
such a strain as to cause puckering of the bensene ringszs‘ao. In
addition, it is probable that if the rearrangement proceeded by such a
mechenism the activation energy would be very high, whereas the experimen~

tal value®l is only about 18 Kcals. per mole.
CHé-G
CE nCH

XI1v
A series of workers have formulated hypothetical mechanisms based on
the assumption that the species which rearranges is the first conjugate
acid of hydrasobenzene.

Robinson?a suggested that in this reaction, as in others, a series of

298rown and Farthing, Nature, 1684, 915 (1949).
%0%ram and Steinberg, J. Am. Chem. Soo., 73, 5691 (1951).
Slpewar, J. Chem. Soc., 777 (1946).

S2pobinson, ibid., 220 (1941).
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partially compensating electron oscillations is involved. In simplified

form his theory oan be represented as follows:

HZ,—— H (S...) H‘Z NH H2 Hp
Sd—0 00— |

(S4)E (S+)B

Rébinlon‘l theory, as stated, is both complicated and obscure. It tends
to overemphasize the loscation of specific electrons and the chronology of
electron-movement., It has the advantage that it allows for partial
quinoid ltructurokin'the transition~state. A suitable buckling of the
rings might allow the steric problem involved to be partially overcome.
Bughes and Ingoldas objected to the fact that Robinson's mechenism
required a recession of electrons from positively charged nitrogen.
They therefore suggested that the process is e concerted one:

C gHgB=NEC B + n"‘—»csnsm...xmsaﬁ...a*—— benzidine + H*,
(7+) ()

The dotted lines indlcate that the ionic residues are continuously held
together by electrostetic forces. The cationic portion then attaches to
the negatively charged nucleus in an electrophilic aromatic substitution
reaction.

Such a mechanism cannot be kinetically differentiated from that in
which the firast conjugate acid of hydrazobenzene rearranges in the rate-
determining step. Both of these mechanisms require s mono-positively-

charged transition~state in which, it 1s implied, there is participation

55Bughes and Ingold, J. Chem. Soc., 606 (1941).



1b

by structures such as

Both the mechanism of Robinson and the mechanism of Hughes and Ingold
postulate simulteneous nitrogen - nitrogen and carbon - carbon bonding.

Hammick and Mason34

pointed out the unattractive steric aspecﬁs of such
transition~states. These authors suggested that it is the first conjugate
acid of hydrazobenzene which rearranges, and that thls acid is a reso-

nance hybrid receiving appreciasble contributions from such structures as

WH—— NH+ +RH;—— N
00— 00
+ L]

Such a charge distributlon would allow for a weeskened nitrogen -~ nitrogen

bond while there is an electrostatic attractlion between the para carbon
atoms, which can be operative over a distance large compared to the co-
valent bond length. It is noteworthy that such a charge distribution now
eppears more naturally, as a result of reognt kinetic studies., Contri-
butions from quinoid structures, es shown, also allow for closer approach
of the terminsl carbon atoms.

Attractive as such a schome is, for the above rzasons, it must be
consldered highly improbable insofar as energy factors are concerned.

36

Dewar®" proposed to overcome the stereochemical difficulties by an

34famnick and Mason, J. Chem. Soc., 638 (1946).

35 ewar, ibid., 406 (1946).
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alternative approach. As in the Hughes-Ingold treetment, heteropolar
fission occurs with neutralization of the charge on the negative fragment
by a protons. The difference between the two treatments lies in the type
of partial bonding envisaged to hold the segments together. Dewar
suggested that the bonding is not localized between the nitrogen atoms but
that the aromatic.gystems oan be linked along their lengths. This type
of bondix;g;, yioldiné a “"mecomplex", involves the w~electrons of the
neutral fragment and Fhe vaoant Ti=orbital of the cation. The concept of
ﬂbcompioxou has been developed extensively by Dewar®6 and these\oomplexos
have been postulated, by him, as intermediates in electrophilic aromatic
substitution reactions. Thus the nature and proportions of the products
formed in the renrrangoﬁent oan be predicted, by this token, on the basis
of the rules for normal electrophilic substitution.

Dewar's quantum mechanical treatment of systems involving T-complexes
is, perforce, based on a large number of simplifying assumption337.
Nevertheless, the concept is a useful one on which can be based formula-
tions of meny reaction paths. It seems surprising that workers of the
calidbre of Hughes and Ingeld, Robinson and Dewar should have pondered
at such length on the mechaniem of the benzidine rearrangement without
esteblishing the correctness, or otherwise, of the assumption of first
order hydrogen ion dependence.

That this assumption might be incorrect, in fact, was suggested by

36pgwar, "The Eleotronic Theory of Organic Chemistry®, Oxford
University Press, London, 1949.

37Coulson and Dewar, Disc. Farad. Soc., No. 2, "The Labile Molecule",
54 (1947).
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ths work of Pongreats and his co-workorsaa’sg. These workers hested
agzobengene and, separately, hydrazobenzene with methyl iodide in a sealed
tube, with or without methanol as solvent. 1In all cases they obtained
methylated benzldines as products. They formulated the reaction with
hydrazobengzene as:

C GHENH-NB} 635

OB, I
y
O gHg (CHg NH-NH(CHy JCgHg (17),

C gl (cns)s.u(cn )o He N C g Nﬂz-lmzc s (1),

|

+ + -
¢ H (CH ) NeH(CH JC H (I CH ) B0 HwC H = 1
6 5( 3)8 ( 3)2 8 5( )z ( 3)31 634 on4 ?(cﬁs)s 4

I
} :
+ b A -
CH ) X H -C H N(CH 1 .
( 3)3 € 4 ( 5)8 ( )8

6 4

Compound B could probably be more aocurately represented as

(cas)smen‘-cen 4hi(cn ) (I )

The authors stated that compound A cen actually be isolated from solution
after a short while at a comparatively low temperature. Similerly they
obtained crystals of the dihydrobromide of hydraszobenzene from methyl

bromide solution at room temperature. It was suggested that these salts

38Pongratz and Wustner, Ber., 73, 423 (1940).

®%pongratz and Soholtis, ibid., 75, 2369 (1942).
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of the diacid are functional intermediates in the rearrangement, since on
sclution in a suitable solvent they are converted into fully methylated
bengidine. Pongrats suggested that the course taken by the rearrangement
might be
BX . + o+ - + + -
OgHgNE-NECHg = C ggNE=NE,Colly (X )p —NECqH,~CoHNH, (X7),.

Finally, in 1950, the hydrogen ion depsndence of the acid catalysed
benzidine rearrangement was established unequivocally by Hammond and
Shinel. These workers found that the rate varies with the square of the
hydrogen ion concentration, under conditions of constent ionic strength.
They therefore suggested that the overall mechanism is:

. o + .
CGHENK-thGHB + 0 = Caﬂﬁﬂﬂznﬂﬂﬂeﬂs

+ + £+
CgligNtp=NilCglly + H' = CgHNE,-NH,Coly
+ o+ 4
OsﬂEHBE-ﬂﬂzcsﬁs——*—Hzﬁcsﬁ4ocsﬂ4ﬂﬂz + 28 .
If the diacid is the rearrsanging speocles it sllows for a much more
reasonable ploture of the transition state. The adjacent positive

charges cause a weakening of the nitrogen -~ nitrogen bond, the electrons

of which can conjugate with the aromatic nuclei:

+
N

+ + +
Hﬂé Bz NH2 Hﬂé
SE-8 48
+ et -
There could thus be & continuous separstion of like charges while the

unlike charges come together*o. This formulation allows of a satisfactory

solution of the steric problem.

40nughes and Ingold, J. Chem. Soc., 1638 (1960).
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Subsequently, Carlin, Neldb and 0dioso41 confirmed that the hydrogen
ion dependence is a second order one. These workers measured the rates
of formation of the individuel products of the rearrangement. They showed
that for the hgdroohlori& acld ocatalysed rearrangement of unsubstituted
hydragobengene at 26°C. the amount of semidine formed is negligible.

They demonstrated, further, that the activaetion energy is the same for the
formation of benzidine as for the formation of diphenyline. In terms of
the mechanism of Hemmond snd Shine, this suggests thet the traunsition-
state approximates the structure of the diconjugate acid more closely
then it does the structures of the products. Carlin and co-workers
presented soms evidence which supports the belief that the benzidine re-
arrangement may occur in the solid state. They therefores suggested that
the intervention of solvent molecules is not necessary either to bring asbout
the reaction or to hold portions of the molecule together while intra-
molecular rearrangement occurs. Finally, they gave some results which
indicate that the rearrangement of the diconjugate acid occurs very
repidly in comparison to the rate of the overall reaction.

Hughes and Ingoldl3 have recently published a review on aromatic
rearrangements which includes an extensive section on the mechanism of
the benzidine rearrangement. These authors stated thet Hammond and Shine
had proved that the catalysis was specifically by hydrogen lon. On this

basis they discussed the forces which stabilige the transition-state and

41carlin, Nelb and Odioso, J. Ame. Chem. Soc., 73, 1002 (1951).
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allow the occurrence of a reaction which seems so improbable stereo-
chemically. The transition-state which they desoribed is intermediate
in structure between the diconjugate acid of hydraszobenzene and the
products of reaction. They pointed out that there can be considerable
interaction between the electrons originally comprising the nitrogen ~
nitrogen bond and the aromstic W-electrons. Thus the transition-state

they pictured is a resonance hybrid of such structure as:

B,_N———Naz HpN + nz%? NHp
O Q- Q@
X N

é_b @

Hughes and Ingold's statement of the principle of resonance*
stabilization is refreshing:

These are the octetwpreserving routes by which any one of
these structures can be converted into any others some

involve ciroculation of the electrons one way around, soms

the other way, and some either or both weys. The essence of
this theory is that the existence of all this free inter-
communication..... between the different conventional electron
distributions, and, of course, betweean the infinitude of intere
mediate unconventional ones, determines, on acoccunt of the un-
certainty principle, a very strong transition~state, one able,
and even proune, to form itself, despite its great difference of
shape from that of any normal moleculs.

The authors interpreted the preference for benzidine over diphenyline

formation to the greater elestron disturbance, and therefore groater

*Heference 13, p.60.
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uncertainty, associated with the establishment of the transition-states
involved para then with ortho rearrangements.

It has long been realised that the rearrengement of hydrazobenzene
into bengidine is energetically favorable, in that it involves a change
from a weak to a comparatively strong base under aecid conditions4®, 1In
addition, it entails a transformetion from two practically isclated benzene
rings to a conjugated biphenyl system. On the basis of these considera-
tions alone, a heat of rearrangement of the order of 36 Keals. per mole
might be expected?d,

The published valus for the heats of combustion of the various com-
pounds involved in the rearrangement have bsen somewhat inconsistent,

wntil recently. Thus "Landolt-Bornstein Tabellen™ have values varying

from 1589.0 to 1605.5 Koals. per mole, for hydrazobenzene, and from
1667.8 to 1666.1 Koals. per mole, for benszidine.

These thermochemical properties have been redetermined by Pongratz and
Roth®>,  Some of their results are presented in Tables 1 and 2.

Despite the large energy difference, N,K'—diacotylhydrazobonxeno
does not rearrenge to the corresponding bengidine. 1Instead, hydrolysis
to the N~acetylhydragzobenzene takes place, followed by rearrengement to
Neacetylbenzidine. It is interesting to note that the salts of the di-

conjugate acid, which are apparently intermediates in the rearrangement,

‘2Tiohwinnky, J. Kuss. Phys. Chem. Soc., 35, 667 (1903), Chem. Centr.,
74, 1I, 1270 (1903). - = -

45Pongrats, Bohmert-3uss and Scholtis, Ber., 77, 651 (1944).
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Table 1

Heats of Combustion of Some Hydrazobengzenes and Bengzidines
(Koals. per mole)

Compound Heat of Combustion Difference
Hydragobengene (HE) 1690.4 * 0.3
36.0 * 0.4
Benzidine (B) 165544 * 0.3 :
Neacetyl HB 1792.9 + 2.8
3648 & 3.7
Neacetyl B 17661 ¢ 244
N,N'~diacetyl HB 2006.3 + 1.1
67.9 & 1.8
N,N'=diacetyl B 193844 * 1.4
HB. 2HI 1644.8 + 6.0
67.8 + 8.4
B. ZHI 1677.0 # 6.0
Table 2
Heats of Some Reactions Related to the Benzldine Rearrsngement
(Koals. per mole)
Reactant Produoct Heat
HB B. 2HC1 50.00 # 0.17
Neacetyl HB Nescetyl B. 2HC1 651.74 + 0.19
B B, 2HC1 26.43 + 0.06
N-acetyl B N-soetyl B. HCl 16.66 # 0.10
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are relatively very high energy speoies. Unfortunetely, the heats of
rearrangement and the heats of neutralization are not directly comperable,

since they were not determined under identical conditions.
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EXPERIMENTAL METHODS AND RESULTS
Preparation of Materiale

Bindschedler's Green

A modification of the method of Wieland** was used. Thirty grams of
dimethylaniline, free of the monomethyl compound, was measured into a
800 ml. beaker containing 100 ml. concentrated hydrochloric acid, and
cooled below 5°C. A solution of 18 grams of sodium nitrite in 30 ml.
of water was added slowly, with stirring, from a funnel with the stem
dipping below the liquid surface. The temperature was kept below 8°C.
The product was kept stirred for a further hour, filtered, and the residue
washed with 40 ml, of 1l:1 hydrochloric acid, drained well, and washed with
a little ethanol.

The resultant p-nitrosodimethyleniline hydrochloride was transferred,
with the aid of 70 ml. of water, into a one litre beaker containing
275 ml. of concentrated hydrochloric acid and 55 ml. of water. This was
cooled below 0°C. One hundred and fifty grams of szinc dust was added
slowly, with stirring, so that the temperature romained below 6°C.
Stirring wes maintained for a further hour. The product was then fil-
tered, the ginc being kept damp. The filtrate was cooled to 0°C,

Thirty grams of dimethyleniline was dissolved in 30 ml. of concen-
trated hydroochloric ecid and 20 ml. water, and the solution cooled to 09C.
Then the solution and the above filtrate were mixed in a one litre beaker.
To this was added, dropwise, a solution of twenty-eight grams of sodium

bichromate in a minimum volume of water. The rate of addition weas

yieland, Ber., 48, 1087 (1916).
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controlled to keep the temperature below 16°C. Stirring was continued
for ten minutes. The resultant suspension was filtered at a pump, using
8 large Buchner funnel. As much water as possible was removed by
applying suction in a olosod system. The green dye was then washed
repeatedly with anhydrous ethanol until the filtrate came through color-
less. Finally, the dye was washed twice with anhydrous ether. The
product was vacuum~desicoated over silica gel end anhydrous barium
perchlorate. The yield of the dye was 60 grams.

It was found to be of some importence to thoroughly remove all traces
of water in the final stages. The product thus prepared appears to be
stable indefinitely in the solid state end decomposes very slowly in

agueous solution.

Lithium perchlorate (anhydrous)

Anhydrous lithium perchlorate was prepared from lithium carbonate

and perchloric acid by the method of Roberts and Warren®S,

gydraaoben:cno

Hydragzobenzene was prepared according to Hiokinbottom#S,

It was
recrystalliged from petroleum ether (fraction boiling 659-100°C.)
immediately before use.

M.p. 129,0°9-129,6°C. (uncorr.)

4bRoberts end Warren, J. Ame Chem. Soc., 72, 4869 (1950).

4eﬁick1nbottom, "Reactions of Organic Compounds™, Longmans Green
and Co., London, 1948, p. 119; p. 3b2.
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Styphnioc acid
Styphnic acid was prepared according to Hickinbottom46,

Titanous chloride solution

Twenty five ml. of 20%, analytical grade, titsnous chloride (Fisher
Scientific Co.) was measured into an oxygen-free solution of 150 ml.
concentrated hydrochloric acid in 2760 ml. water. A nitrogen atmosphere

was maintained in the stock bottle and in the attached automatic burette.

Sodium chloroacstate, styphnate, glycolate and cyanocacetate

A solution of sodium ethoxide in ethanol was added, dropwise, to a
stirred solution of the acid in ethanol, in en atmosphere free of carbon
dioxide. [Excess acid was used. Stirring was continued for thirty
minutes after all the base had been added. The salt was separated by
filtration. It wes purified by recrystallization from methsmol, or
ethanol. Sodium chloroacetate, prepared in this way, was found to be

99% pure by titration against perchloric acid in glacial acetio acid4?,

Attempted preparation of hydragzobenzene dlhydrolodide

An attempt was made to prepare hydraszobenzene dihydroiodide by the
method of Pongrats43, the system being meintesined under a nitrogen
atmosphere. A yellow solld wae separated and unchanged hydrgzoben:ene
extrectad with ether. It was not possible to establish unequivocally
the nature of the product. It decomposes, on heating, over s five-

degree range, 170°-175°C. (uncorr.), whereas Pongratz's product decomposes

4TPritz, Anal. Chem., 22, 1028 (1950).



26

at 210°%. Bo suitable solvent was found for recrystalligationm,
hydroxylic solvents being avoided for fear of inducing rearrangement.
The product is soluble in water and in ethanol, but is insoluble in
acetone. Fotentiometric titration with silver nitrate%® gave the figure
of 53.9% for the iodide content of the compound, as compered with the
caloulated value of 57.8%. By titration with base in aqueous solution,
the equivalent weight as an scld was found to be 264, while the calculated
equivalent welght is 220, Only one end=-point wes observed in the latter
titration. This suggests that, if the compound is a dibasic acid, either
the second end-point is not observable in water or the two pX values are
of similar magnitudes. This is certainly not the case for the diacid
from hydrezobenszene. However, the two emino-groups in benzidine are of
similar basicicity, the base pK's being 9.03 and 10.26. It would seenm,
then, that at least at the end of the titration the species in solution
is benzidine. Further, an approximately 0.002 molar solution of the
compound in water has a pH of 4.50. If the acld present in solution
were the diconjugate acid of hydrasobenzene, which must be a strong scid,
the pH would be expected to be considerably lower.

Ao attempt was made to titrate the compound, dissolved in ethanol,
with aqueous Bindschedler's Green. The initial rate of decolorization
was fairly rapid, but this rate soon decreased markedly., After only

one quarter of the theoretical amount of the dye had been added, no fading

48Kolthoft‘ and Sandell, ™Textbook of Quentitative Inorganic Analysis®,

The Macmillan Company, New York, 1946, p. 507.
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was observed in a period of one hour.

In Figures 1 and 2 are presented the infrared spectra of this compound
and of some structurally related compounds. The spectrs were obtained,
using mulls in Nujol or hexachlorobutadiene, with a Baird infrared re-
cording spectrophotometer. FKuns were made by Mr. H.il. Hedges. The long
wave length portion of the spectrum of the compound shows strong similari-
ties with that of hydraszobenzene, indiceting a similer type of substitution
of the sromatic rings. The weak absorption peak at 3.9 microns suggests
a quaternary unltrogen. Beyond this there is no clear svidence for the
diconjugate acid structure since the spectral characteristics of the bond
between two positively charged nitrogen atoms are not known. The absence
of an absorption maximum in the region of 7.0-7.6 microns, when a hexe-
ohlorobutadiens mull is used, indlcates the sbsence of terminal methyl
groups. Thus there 1§ nothing to indicete contamination of the diacid
by the corresponding tetramethyl lodide.

The product was examined under a polarizing microscope by Mr. S.
Flikkeme. With all mounting media evidence was found for non-uniformity
in the sample. However, orystals of one type férm the bulk of the
material and these crystals were found to be internally homogeneous.

Their measured properties are: habit « prismatic; extinction - parallel;
elongation = negative; refractive indices - 1.76 % 0.01, 1,65 + 0,0L.
The crystalline system is probably tetragonal. When the compound was
mounted in methylene iodide a chemiocal reaotion apparently took place, as

a change of crystal type with time was observed.
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Benzidine dihydrolodide

Techniocal grade bengzidine (Matheson Co.) was recrystallized three
times from water, twice with decolorizing carbon. The resultant
benzidine, which melts at 124.7°-125.0°C. (uncorr.), was dissolved in
ether into which was then passed hydrogen lodide vepor. An immediate
flocculent, light yellow, precipitate was formed. This was separated
by filtration and dried. The salt does not melt or decomposs below
300°%. The compound was found to be opaqus in any mount under the

mioroscope, and to disintegrate to a granular powder.

Other materials

Formio acid (90%, B. and A.); sodium formate (B. and A.); phos=
phoric acid (85%, Merck); ochloroacetic ecid (Eastmann); glycolic acid
(Matheson) and cysnoscetic acld (Matheson) were used as supplied, without

further purifiocation.

Kinetic Procedure and Analytical Technique

411 rates wers measured for rearrangement at 55.1°C.

In the first sactiog of the work the reaction vessel consisted of
two flasks joined below their necks by a tube of one-half inch diameter.
The acid and salt wers dissolved in ethanol-water end placed in one flask.
In the second flask was placed an appropriste volume of a solution of
hydrazobengzene. The air in the vessel was flushed out with nitrogen and
the two flasks closed. The flask containing the hydrazobenzene was
equipped with an outlet tube which was kept closed by a small rubber
stopper. Aliquots could be removed through this stopper by use of an

hypodermic syringe.
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This closed vessel was immersed in a conventional~type thermostat
for an hour. The acid solutlion was then transferred to the second flask
by tilting the vessel. The solutions were mixed thoroughly. The total
transfer time wag of the order of one-half minute, the time of tilt being
tsken as zeroc time for the kinetic run. Ten millilitre aliquots, of a
total initial volume of 110 ml., were withdrawn end édded to an excess of
Bindschedler's Green solution. et sppropriate intervals. The excess of
the dye was determined by titretion with titanous chlorice solution in a
nitrogen atmosphere. The dye solution was standardized against titanous
chloride bsfore and after each run to allow for the gradusl decresse in
the concentration of active dye. Thus the volume of titanous chloride
equivalent to the hydraszobengene ln the aliquot was obteined.

In later work the reaction vessel used conslsted of a single flask
with a amall indentation below the neck, into which solid hydrazobengzene
was placed. The acld solution was put into the bottom of the flask.
Kinetic results were obtained as before. It required about one minute
for complste solutioun of the hydrazobenzene. For thls latter stage of
the study a new lot of Bindschedler's Green was prepared by the modified
method described on page 23. This preparation was found to be stable in
solution during the pariod of s kinetic run, within the limits of
exporimental accuracy, so that no correction was required.

For each rate determination a plot was made of the logarithm of the
volume of titanous chloride (equivalent to the hydrazobenzens in the
aliquot) against time after mixing. The best straight lines through the

points was calculated by the method of least squares. The pseudo-first
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order rate constant was calculated from the slope of this line. Between
slx and ten points were obtained in each rum.

Since disproportionation of hydrasobenzene into azobenzene and
sniline occurs under certain conditions, several blank runs were made.
A solution of hydrazobengene in ethanol-water, with added salt but in the
absence of acid, was placed in the thermostat. After an hour aliquots
were withdrewn at intervals and treated as in the usual rate determina-
tions. Ho change in the concentration of hydrasobentene was observed

over a further one hour period.

Variation of Reaction Rate with Change of Acid Catalyst

The first test for general aocid catalysis consisted of an invee-
tigation of whether or not the rate depends on the nature of the acid
present, under conditions of constant ionic strength and constant hydrogen
ion concentration.

Solutions of acid catalyst, sodium ethoxide and lithium perchlorate,
all in the same solvent, were prepared. The latter two solutions were
of the same concentration. The acid was partially neutralized by
addition of sodium ethoxide. Lithium perchlorete was then added and the
pH measured with a B;okmann model-G pH meter. The same initial volume of
acid was taken for all runs. The total volume of sodium ethoxide and
lithium perchlorate added was kept the same throughout, thus maintaining
constant ionlc strength. A series of runs was mede with each aclid, the
catalyst differing from run to run in & series in that different smounts

of sodium ethoxlde were added. Thus the pH-meter reading is a measure
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of the degree of neutralizeation of the acid, and each run corresponds to
a different hydrogen lon concentration.

The catalytic acids used in this study were phosphoric, chloroacetis,
styphnic end formic acids. The runs with styphnic acid geve non~linear
plots, possibly dus to complexation with the hydrazobenrzene, so rate
constents wers not obtained.

The results of this study are presented in Tables &,4 and 6, and are
represented graphically in Figure 3. The solvent used throughout was
66%, by weight, aqueous ethenol. The temperature was 56.1° * 0.06°C,
The total salt concentration was 0,013 molar, meintained by use of

lithium perchlorate.

Table 3
Catalysis by Chloroacetic Acid at Various pH's

[Chloroaoetic acid] * Eodium chloroaoetaté] = 1,12 molar

108x A{105k)

Rua No. pH (min3d) (minzl)
8 2429 476 4.7
9 2.33 322 2.9
1 2.60 216 16.9
12 2.69 197 543

13 2.60 206 2.6
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In the investigation of catalysis by chloroacetic acid some diffi-
culty was caused by the slow conversion of the acid, in stook solution, to
glycolio acid and chloride ion. For this reason the aclid solution wes
utilized as soon after preparetion as possible. The pH of an aliquot of
this freshly prepared solution was found to remein constant when the
aliquot wes held at 556°C. for en hour, and the resultant solution gave no
turbidity with silver nitrate.

The quantities A(IOBK) were derived from the probable errore involved

in the slopes of the lines obtained by the method of least squares. If

Table 4

Catalysis by Formic Acid at Various pk's

[Formic acid] + [sodium formate] = 1.61 molar

10% {10%k)

Run No. pH (min.™t) (nin."1)
17 2.25 290 9.0
18 2.30 228 7.8
19 2.41 143 2,3
20 2,46 108 1.4

21 2.72 BT 5.1
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the calculeted equation for the line representing the experimental date is:
y=mx+D,
and the i%h point has co-ordinates (x,,y;), then the probable error®’ (ry)
in m is given by:
r_ = 0.6746 n) (d3) :
n(n-2)) (x3)%-(a-2)() x;)?

Eere n is the number of points in the plot and 4; is the deviation, in the
y direction, of the ith point from the calculated line.

During the runs with phosphoric acid a brown solid separated out.
This solid was ldentifled as benszidine phosphate. For this reason
duplicate runs, numbers 256 and 27, were made, with and without addition
of solid benzidine phosphate, No appreciable difference in rate was
found. -

4QGibbs, "The Adjustment of Errors in Practical Sciemnce®™, Oxford
University Press, London, 1929, p. 89.
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Table &
Catalysls by Phosphoric Acid at Various pH's

EPhosphoric aci@] + [}odium phosphatq = 0.67 molar

10%* (10%k)

Run No. pH (minsl) (min%sd)
22 2.20 2,425 47
23 2,30 1,972 0
24 2.89 1,662 0
26 2.41 1,634 16
26 2.48 1,401 4
27 2.41 1,690 6
28 2.48 1,266 5

*In calculation of the amount of lithium perchlorate to be added it
was assumed that, at the low degrees of neutralization involved,
only univalent ions are present.

Variation of Rate with Concentretion of Undissociated Acid
The second test used in investigating whether the acid catalysis is
general is the test usually appliodso. The solutions were buffered by
use of an acid and its sodium salt. The ratio of acid to salt was
constant throughout a series, but the absolute amount of ecid varied from

rune to run. Constant ionic strength was mainteined by adding the

50Hgmmett, "Physical Organic Chemistry®, McGraw~Hill Book Co., Inc.,
New York, 1640, p. 221.
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calculated amount of potassium chloride. The effectiveness of the buffer
action was checked by measuring the pH of each solution befors use. A
variation in rate from run to run in a series, under these conditions,
indicates a dependence on the concentration of undissociated acid.

The acids used in this seotion of the work were formio, glycoliec,
chloroacetic, salicylic and cyanoacetic acids. The rate corresponding
to zero concentration of undissociated acid, and, therefore, dus o
oatalysis by hydrogen ion alone, was obtained from runs using hydrochloric
acid = potassium chloride solutions of the same pH and ionic strength.

Some of the results for rearrangement catalysed by glycolic aocid are
reproduced in Figure 4. The concentrations of the acid are indicated
in the diagrsm. The results are presented in Tebles 6 to 10, and ere

collected in graphical form in Figure b.
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Table 6

Catalysis by Formic Acid at Fixed pH

Acid 104

Run No. Molarity (mdn3d)
61 2.33 92
62 1.68 62
83 2.06 76
85 1.40 66
66 2.24 83
67 2.14 74

68 1.96 67
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Table 7

Catalysis by Glycolie Acid at Fixed pH

10%
Fun No. Acid Molarity (min%l)

80 2,64 309
81 2.40 244
82 2.16 196
83 2,08 141
84 2.26 214
86 2,62 272
86 2.44 279
87 1,97 176
88 2.11 ﬂ 189
89 2436 § 210

80 2430 206
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Table 8

Catalysis by Chloroacetioc Acid at Fixed pH

10%
Run No. Acid Molarity (minzd)

37 1.31 201
38 1426 201
39 1420 180
40 1.15 168
41 1.10 169
42 1.04 180
43 0499 148
44 0.94 127
49 1.66 214
50 1.53 208
61 1.33 196
52 1.69 200
53 1.26 191
54 1.39 201
66 1.66 268
3 1.46 196
68 1.19 160

59 1.00 171




41

Table 9

Catalysis by Salicylic Acid at Fixed pH

10%%

Run No. Acid Molarity (min3d)
69 1.38 254
10 1.33 286
71 0.96 166
72 1.28 208
73 1.2 187
74 1.01 167
76 1.17 208
76 1.07 189

77 1.22 240
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Table 10

Catalysis by Cyanoacetic Acid at Fixed pH

10%%
Run No. Acid Molarity (min."})

91 0.404 161
93 0.276 90
94 0.220 111
85 04360 159
96 0.365 162
98 0.294 106
99 0.312 137
100 0.386 164
101 0.257 106
102 04276 108
108 0.147* 56

*pH 2.49

The catalytic effect of each acid cean be represented, approximately,
by & linear increase of rate with oconcentration of acid with a positive
deviation at high concentrations. The slopes of the linear portions
have been taken as a measure of the catalytic constants of the various

acids. Thus, for a point on the linear section of the rate vs. acid
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concentration ocurve, the specific rate constant k is given by:
k = 0,0014 + ki[HAi],
where thn ki" are the ocatalytic constants. These constants are listed

in Teble 1l.

Table 11

Catalytio Constants of Various Aeids

Aoid Hal Catalytic Constant k,
Formic | 0.0027  0,0008*
Glyoolis 0.0081 #+ 0.0006
Chlercacetic 0.,0133 * 0.0010
Salicylie 0.0162 # 0.0010
Cyanoacetio 0.0368 + 0.,0064

*Concentrations are expressed in moles 1
per 1,000 gm. of sclution, and rates in mint

Attempted Application of the Bronsted Relation
Many reactions which are subject to general acid catalysis have been

found to satisfy the Bronsted relationbl,

log kHAi -G+ :pKHAi M

Slironsted end Pedersen, Z. phys. Chem., 108, 186 (1924).
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where epplication is confined to one resction of one substrate, and the
various acide HA; ere all of the same charze type.

A plot was made of the logarithms of the catalytic constants, listed
in Taeble 11, against the pK valu@a of the acids in water at 26°. A
similar plot was made against the approximete valuss of the pK values of
the acids in 60% aqueous ethancl at 25°C., which are reported in the

litaraturosz'ss. In both cases no linear relation was found.

Attempted Isclation of the Rearrangement Step

Since the diconjugate acid of hydrezobenzene might be the species
which actually rearrnﬁgel, an attempt was made to prepare that acid end
to compare its rate of rearrangement with that of the overall reaction.
It has not been clearly established whether the diconjugate acid is,
indeed, the proeduct of the reaction of methyl iodide end hydrasobenzene
‘at room tempersature. In an ethanolic solution of the compound there
is an initial decolorising of edded aqueous Bindschedler's Green.
Such decolorization is no longer observed after a few seconds. Thus
it would seem that there iz some hydrazo- ccmpound present in the ethanclic

sclution, but that rearrangement occurs very repidly on the addition

of a trace of water.

®2\innick and Kilpatrick, J. Phys. Chem., 43, 269 (1939).

53Harned and Done, J. Am. Chem, Soc., 63, 2579 (1941), and other
references cited therein.
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DISCUSSION
Limitetions Inherent in the Experimental Method

An investigation of the type of acld catalysis to which the benzidine
rearrangement is subjeot has to contend with several conflieting require-
'ments. The conditions have to be so adjusted that the rate of the
hydrogen ion catalysed reaction does not mask rearrangement catalysed by
undissociated acid. Since the catalytio constant of hydrogen ion is
relatively large, the hydrogen lon oconcentration must be kept low and
constant. This entalils buffering of the solutions sand requires use of
fairly weak acids. The catalytic constants of such acids ere, howover,
correspondingly low. The rates of rearrangement catalysed by these
acids are, therefore, inapprsciable, unless both high temperatures and
high concentrations oi the ascids are employed.

The use of elevatad temperatures i1g limited by two factors.
Disproportionation of hydrazobenzene is liksly to become of importance at
high temperatures. The second limitation 1s introduced by the use of
aquecus ethanol as solvent. The utilizatlion of another solvent is thus
suggasted. Wabter, for example, would be iieal, since it is higher
boiling end since pH readings for amqueous solutions are interpretable.
dowever, hydragobengene iz inscluble in water, and soluble hydrszobengene
derivatives introduce complications as regards ionic streagth. Other
hizher boiling solvents are unacceptable because pl meter rsacings for
such solvents are meaningless, at our present state of knowledge.

The conditions employed were considered to be the most mcceptable



49

compromise ones. There remain the questions of the meaning of constant
pE meter reading in these solutions, and of the magnitued of the effects
produced by variations in the nature of the soivent at high acid concen-
trations.

It has been shown by Dole®l that the negative error exhibited by the
glass electrode in non-aqueous solvents can be explained on the basis of
solvation of the proton. Acoording to this author the electrode will
elways be in error when the activity of water in the solution differs
from unity. This theory predicts that the error will be constant for
solutions in which the activity of water is a constant. Although this
theory has not been unegquivocally established, it suggests that, in the
abgence of large disturbing effects by dissolved acids, the variation in
hydrogen ion concentration is not large.

Little can be said about the perturbing effects o the acids on pk
readings in such mixed solvents. There are, however, sources of comfort.
Under the conditions employed in this investigation the observed variation
in retes was large compared to the rate of the hydrogen ion catalysed
reaction. The variation is not, therefore, attributable to relatively
minor chenges in hydrogen ion concentration. In addition, the large
changes in rate found with the stronger acids, where smaller c;ncentrations
weore employed, suggest that the variation in hydrogen ion concentration at
constant pH meter reading is not a determining factor.

Equally important is the question of variation in the reaction rate,

15016, Jo Am. Chem. Soc., bé, 3085 (1932).
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at constant hydrogen ion concentration, due to changes in the nature of
the medium. It is known, for example, that the rate of rearrangement is
sensitive to the dielectric constant of the solvent. Fere again the
magnitude of the variation with stronger scids supports the contention
that the effect observed is due mainly to changes in the concentration of
undissociated acid,

It is felt, however, that the positive deviations from linearity
observed with all acids at high concentrations (Figure 5) may be due to
medium effects, This explenation is offered only since the writer has
found no more satlisfactory one.

Because of the nature of the analytical techmique, the rates studled
were those of disappearance of hydraszobentene and, probably, of its first
conjugate acld. The results are, nevertheless, interpretable in terms of
the rates of formation of both bensidine and diphenyline, since Carlin4l
has shown that the rates of formation of both these compounds have the

same hydrogen ion dependence and the same sotivatlon energies.

The Information Gained from this Study

It can be seen irom rigures 3 and 6 that the rate is dependent on
the partiocular acid catalyst, at constant pH meter reading. Figure‘5
8180 shows that the rate varies with the concentration of added scid,
under the same conditions. Within the limitations impossd by medium
effects on reaction rates and on the potential differences established

at a glass electrode, these conditions may be taken as corresponding to
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constancy of hydrogen ion concentration. Thus, it has been established
that the rate of rearrengement varies with the concentration of undis-
sociated acid present.

The studies on the compound which has been reported to be hydrazo-
benzene dihydroiodide are less definitive in that no unequivocal evidence
concerning the structure of the compound was obtained. Pongratzsg
showed that solution of this compound led to the formetion of benzidine.
Carlin42 obtained a 80lid compound which h; believes to bs hydrazobenzene
dihydrochloride, but in aqueous solution only benzidine was found. The
least that can be gald, then, is that no indication has been obtained for
the final step being slow. 1In fact, ell tests applied to the above com-

pound suggest that it rearranges very rapidly at room temperature, in the

presence of water.

Implications of the Kinetics

Consider the acid catalysed reaction of a compound X.
X+H ki xu*+a,
' e 4 Kl X+, (1)
xi* X2 product + m*
If XH' is a stronger acid than HA, probably k_j is correspondingly larger

than kl' Under these conditions the concentration of XH+ soon attains a

steady state. The rate of formation of xu* is given by:

a[xu'] i [X][HA] - k) [xE°][A7] - k,[xu"] .

dat
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This gives for the oconcentration of XB*, under steady state conditlons,

. k, [x][Ha]
k_y [A7] + &,

Then the rate of formation of products is:

Rate = L, [xi"]

kpk, [X][5a] (2)

= .

k(7]

When k_l > kl there are two limiting ceses which can be considered.

If ka & k_l s the rate hecomes:

k,k, [x] (Ha]
Rate =

k_ (a7 ]

Since [HA] and [A"] are effectively constant in any run, end are related

by the equation
[aa)iyy = [8*10a] (3)

the measured rate is

Rate = klsz;ii [H* ][A'] .
The secoand limiting case is k'l (( ky. The measured rate is then
kate = k) [x][Ha] , (4)

the addition of & proton to X then being rate-determining. Between these
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two limite the depenuence on acid concentretion is a fructional one.
Specificaelly, if the first step in the rearrangement is the repid

equilibration
+ -
CgHgNH - NHC Hg + HA = Csﬂsﬂhz - HHCSHS + A, (5)

where tne first conjugate acic follows a sequence such as outlined for
compound X in (1), then the kinstics can be treated similarly. In
assigning relative magnitudes to the various rate constants it must be
borne in mind that the rearrangement is of second order in hydrogen ion,
when the catalyst is a mineral acid. The rate is a function oi' the
concentration of undissociated acid, when weaker acids ere employed.
Since the addition and removal of the first proton must be fast, the

initiel step, as written in (5), cannot be kinetically differentisted from

. v L, 4 ”
OGESNH - NH&6H5 + H LSHSNH - Hh&sﬁ .

2 5

Because the rets varies in a linear manner with the cuncentration of undis-
sociated acid, at moderate concentrations, the addition of the second
proton leads to an equation such as (4) and must be rate-determining.

If the deviation from linearity et high concentrations is not due to
the change in the nature o:i the medium, then the two molecules of undisge

sociated acid must participate in the slow step:
CgHgNH = NHCCH, + 2HA = baﬁsﬂﬁz - Nﬂzceﬂs + 24 .
Such a termolecular process is not considered probable.

Because of the existence of the acid equilibrium represented in (3),

a depencence on the concentration of undissociatedc acid is not kinetically
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distingulishable ‘rom a dependsnce on the product of the concentrations of
hydrogen ion anc anion A”. ‘urther, the system of process (1) will give

the same kinetic results as the concerted process:
HA + X — products + HA.

“The idea of & concerted process is considered with dis:avor for other
reasons., All the work with galts of the diconjuzate acid of hydrazo-
bengene suggests that that acid rearranges rapidly. This cannot be
explained in terms of re-equilibration with the first conjugatse acid prior
to reerrangement, as such a sequence of steps would not proceed faster
than the overall process. Further, if the process is concerted then the
energies of activation would, in all probability, be different for the
formation of bengzidine and diphenyline. Thesse energies, however, ere
found to be the same. An experimental test of whather or not the process
is concerted could be made by comparing the rates of rearrangement of
hydtazobenzens and of hydragzobenzene labelled with deuterium in the 4 and

4' posgitions.

The Nature of the Transition~State

The kinetic results show that the benzid.ne rearrangement, when
catalysed by undissociated acid, procesds through a transition-state
involving an hydrazobenzene molecule, two protons and an acld anion. It
has not been established whether anions participate in the catalysis by
mineral acids. Any discussion of the relative arrangement of the groups

in, or configuration of, the transition-state must be largely conjectural.
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The most obvious formulation of the rate~determining step is that of
a proton transfer from e neutral acid molscule te the neutral nitrogen in
the first conjugate acid of hydrasobenzene. If thlis is the oase, the
peometrical relatlionships between the various participating entities, in
this step, can be closely approximated. The concerted process, on the
other hand, is formulated as the transfer of a solvated proton to neutral
nitrogen, with simulteneous removal of a proton from a pars carbon by an
anion.

Because of the adjacent positively charged nitrogen it iz conceivable
that the second proton enters the complex at an alternative position, and
does not bond to nitrogen in this step. The proton might, for example,
enter into a T=complex with the benszene ring to which the neutral nitrogen
is attached. It is believed, however, that these structures are energet-
ically less favorable than the structure involving two adjacent positive
charges, for they involve the partial loss of the resonance ensrgy of one
benzens ring, while the energy dus to electrostatic repulsion is etill
sppreclable. The same would be true of structures such as XV and XVI,

52

which are of the type postulated by Brown™ as more probable than 7=

camglcxea. In additlion, the course of the actual reerrangement step,

proceeding from such intermediates, would be of considerable complexity.

+ + , +
Odn-nOx O -0
+

Xv XVl

*2jrown and Pearssll, J. Am. Chem. Soo., 74, 191 (1952).
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It is therefore suggested that the path of lowest activation energy
corresponds to the transfer of a proton from undissociated acid to neutral
nitrogen. It remains to enquire whether any information cen be obteined
about the location of the transitionestate in the reaction co-ordinate.

The method which has been used most for gaining information
concerning counfigurations and energies of trensition-states is the semi-
empirical one of Eyring and Polanyiss. In general, a four dimensionsal
space is required for the potential energy figure of a three component
system. Proton transfer resctions allow of a considerable simplification
in that two of the three entities can be treated ms stationary during the
reaction. At a first glance it would seem that the system of interest
here could be treated particularly simply by this method. Thus, because
of the charge distribution in the reactants, a linear configuration seems
probable, in which case a two ~ dimensional potential energy diagram
gsuffices, 1In addition, in e resction of this sort, which 1nvolvos’
extensive eleactron redistribution, the perturbation, or resonance stebil-
ization, of the transitionestate should be amell®, Information about
such & system should, therefore, be deriveble from oonsideration of the
dissociation courves of =~0O~H and fen.

5611°% has made such caloculetions for systems of the type

CE + 0~ — ¢” + OH. Unfortunetely, in the bengidine rearrangement

we are interested in

$%gyring and Folanyi, Z. physik. Chem., B., 12, 275 (1931).

54pvans and Polanyi, Trens. Iaraday Society, 34, 14 (1938).

565011 end Lidwell, Proc. Roy. Soc., A., 176, 114 (1940).
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+ + & -
=N §N=+ H —>=N - NH=+0 .
Here the elesatrostatic field changes during reaction, snd = large
solvation effect iz expected. The magnitude of this effect is not cal~
culable,
“or this reeson only & simplified eand comparatively crude calculstion
hes been undertsken. For the proocess
-0H+KE—>-0"+H§E,

using the values:
56

-0+ 0 — 0 + 71 Keals.,
-0OH — 0" + K’ - 110 Kcals.,
-4* — i + e < 311 Keels.,
‘ + 57
and «hH, —> =NHy + 206 Kecals .,

the overall energy chenge ls calculated to be -~144 Keals. per mole. An
incrosse of solvation energy of a similar megnitude is probableas. In
this case the bases of the two potential energy curves woulu be at similar
levels., lLiowever, because of the positive charge initially present in the
hydrago-compound, an adiditlonal electrostatic energy is involved. Using
& linear model for the two nitrogens, nydrogen and oxygen, with somewhat
srbitrary values for the dielectric constants and internuclear distances,

e value of 1P Kcals. per mole was calculeted for the added energy of the

56vier and Mayer, J. Chem. Phys., 12, 28 (1944).

b7 gyrkin and Dystkina, "Structure of Molecules and the Chemical Bond®,
Interscience Publishers, Inc., Xew York, 1960, p. 1l1lb.

5BKortum ana Bockris, "Textbook of ilectrochemistry", Elsevier
Publishing Co., Amsterdam, 1951, p. 120.
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transfer process. This would elevate the base of the nitrogen - hydrogen
curve to & point close to the intersection of that ourve with the oxygen =
hydrogen curve. The configuration of the transitionwstate, by this token,

is close to that of the diconjugate acid.

The Nature of the Hearrangement Step

As the resaction proceeds beyond the transitlon-state the potential
energy decreases, probably because of the formation of the hydrogen -
nitrogen bond. Beyond this the energy must go through & minimum end e
maximum before formetion of the producﬁs. _?hs height of the maximum
must be different for the formation of benzidine anu of diphenyline,
being smaller for the latter.

The fact that the diconjugate aclid ocan rearrenge indicates that there
is resonence stabilization of the intermediate structurea. The arguments
of iughes and Ingoldéo are applicanle to this step. The initiael decrwease
in energy indicates that interactions between the para carbons is effec-
tive over a considerable distance. The maxims corresponds to the
decreased nitrogen - nitrogen bonding and, possibly, to repulsion between

non~bonded carbon and hydrogén.
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The Thermodynamios of Pre-equilibration

It is interesting to speculate as to whether it can be determined,
by & quantitative study of the varietion in rate with dielectric constant
or ionic strength, if the addition of the second proton or the actual
reerrangement step is rate-determining. In order to be able to discuss
this problem it is necessary to investigate the thermodynamic basis of
pre-equilibration,

Consider the equilibria

bB + ¢C ¢ co0e = mM + 0N + ...,
m +nN + ..,. =wW + xX + ..., ,
and the corresponding thermodynamic equilibrium constants

m n
K - (8g) (8 )< e . J-oFo, /T

(as)b(uc)°....

€90 OV AP

Ky = - o~~Fo,2/RT

(‘u)m(.n)no ens
Yie see that there is s valid equilibrium constant

K= KKy = o'(AF°'1 + 8Fo,2)/RT

for the equilibrium
DB + 00 * caee = W + XK + .00 .

Acocording to the theory of absolute reaction rates, the rate, R, of
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a reaction is given byag
R= 2 ayXs, (1)
h

where ¢ is the concentration of the activated complex, or transition-
state, and V4 is the average frequency of passage over the potential
barrier. According to this theory the population of the transition-
state can be trested as a molscular aéeoios which is in equilibrium with

the reactants. The corresponding equilibrium consteant is written

+
a
A
a
rl’

where the 8,'s are the esctivities of the reactants. Then
TThr

%+ r
¢

Substituting this walue in (7), the rate expression becomes

= X-k?- T ;AF"/RT . (8)

nglaaatono, Laidler and Eyring, "The Theory of Rate Processes",
MoGraw-Hill Book Co., Inc., New York, 1941.



61

Equation (8) is a restricted form of the Bronsted rats-equationﬁo.

There has been some speculation as to whether there can be an
effective maintenance of equilibrium, either before the rate-determining
step, or in that step. It seems, however, that the maintenance of both
these equilibria can, at least, be closely approximated. On this basis,

consider the process

DB + oC ¢ ,e0e = ol + NN + 40

mM + nl + .e0s = transition-gtate .
By applying equations (6) end (8), the rate is found to be

b ¢
. E (ag) (a ) ... -(8Fq,1 + 8F])/RT (9)

b LA

and we can write
AF o +AF, = (aF.)F
0,1 ° o/ *

However, if the transition-state is intermediate in configuration between

ByCyrvas and M,Nuv.., the rate equation would be

3 b [ P
R - xiT. (';B) (ac) [ RN ] .'(AFO)*/RT

. (10)
P ¥*

In the benzidine rearrangement the steps in question are

+ + +
* = -
Csﬁsﬂﬁi - NHCGHS + H LBBEKHZ NHZCGHS

+ +
Csnsﬁaz - Nﬂzcsﬁs ——»PraduGtS .

60pronsted, Z. physik. Chem., 102, 169 (1922).
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The dominant change in activity coefficients with changing ionic strength
or dielectric constant is due to the charge anc charge-type of the species.
Thus, comparing equations (9)'and (10), it is seen that as X*applies to e
doubly-positive charged species in both cases, both would give the same
rate dependence on, say, ionic streangth. ~/

Thus, lonic strength and dlelectric constant studies can support or
disoredit the hypothesis that the transition-state beers two positive
charges. They cen give no information as to the relative location of that
state. This brief analyses points out that kinetic results which can be
taken to indicate that a certain step is the slow one, can also, often,

be interpreted in terms of a pre-equilibration.

The Bronsted Relation

The Bronsted relation has never been "derived” but its implications

are clear, Consider rate equation (8),

T .
K = X-;-—;;-K ’
as applied to the process
B+5 = BH"
BE* + HA = BE'.... B*.eo. ™, (11)

where B is a base sueh as hydrasobengzene. If the activities of B and of
hydrogen lon are maintsined constant, ot will also be constant.

Further, when all aclds HA are of the same charge type, ¥ will be
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constant, too. Under tihese conditions equation (8) simplifies to

R=CK , (12)
where C is constant.
The Bronsted relation surgests that it is the "intrinsic acidities"
of the scids HA which cause the variations in K and, therefore, in K.
The stancerd method of measuring acidities utilizes the system
B,0 + HA = Hy0" + 4" .
The corresponding equilibrium congtants are the standard ionization

constants

Ky = (18)

‘320 83A
which must be compared with

a
BH*.... HY,... A"
k¥ = .

a
gt %

Because of the different charge types involved, K; and K probably
do not vary linsarly with one another. This can be seen more readily if

we modify the transition-state so that (11) becomes
pH « HA = BH*.... HY + A" .

For this case
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B B
BE*.... ot/ PBut

K#
K 8, +/8

and

Hammett®! has shown that aotivity coefficient ratios of the form
Ype*/¥

when D and E are bases of the same charge type. However, thia constanoy

are constants in media of reasonably high dielectric constant,

no longer holds when the charge types differ. Thus, non-linearity is to
be expected when the rearrangement rate constants are compared with the
standard ionization constants of the acid catalysts.

Hammottsl

has defined a funectlion, H,, which is & messure of the
strength of a solution in transferring a proton to a positively charged
bage. This function can be deternined colorimetrically, with the aid of
suitable indicators. It would be of intaerest to compare the rates of
rearrangement catalysed by mineral acid solutioas with the H, values of
these eolutions.

It should be pointed out that too few acids were employed in the
study here reported to ensble an analysia of the deviation from linearity.
It is possible, for example, that some of the acids used introduce special

catalytic influsneoes or specific medium effects about which we have ne

information.

81 janmett, Chem. Kev., 16, 67 (1935).
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SUMMARY

It is shown that the rate of the acid catalysed benzidine rearrange-
ment varies with the nature and the concentration of undissociated acid,
under conditions of constant ilonic strength and constant pH meter reading.

The meaning of these conditions is discussed and interpreted as
indicabting approximately constant activity of hydrogen ion, at moderate
acid conoceatrations. It is shown that the kinetic results suggeat a
transition~state composed of au hydrazobenzene molecule, two protons and
an acid anion. From consideration of the energetics of the resetion, it
seems that the coniiguration of the transition-state is not far removed
from that of the diconjugate acid of hydrazobengene. It is proposed that
the actual rearrangement step is relatively rapid. This contention is
supported by the properties of a compound believed to be hydrazobenzene
dihydrolodide.

The thermodynamics of pre-equilibration is employed to demonstrate
that studies of the ionic strength dependence of the rate cannot show
which of the two possible steps is the rate~determining one. The
catalytic constants of the acids do not obey the Bronsted relation. It
is suggested that a more valid correlation would be with Hammett's

H, funetion.
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