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ABSTRACT 

The ups  and downs, and reasons therein, of the *-complex theory of the mechanism of the benzidine 
rearrangements, and the possible role of *-complexes in a newer understanding of the rearrangements, 
are described. 

This paper concerns the mechanism of the benzidine rearrangement, the thought-provoking 
role that Dewar had in it during the 20-year period 1945-65 and the current view. The paper 
is designed first to t ry  to understand why Dewar’s then innovative r-complex theory met so 
much opposition and rejection, second to try to set the record straight as to who was right or 
wrong about benzidine rearrangement mechanisms in the early days and last to record where 
knowledge of the rearrangement $tan& now. Twenty years or so have elapsed since the end of 
the heady period of the 1950s and 1960s when battles over the mechanism of the benzidine 
rearrangement took place in the journal literature, principally between Dewar on the one hand 
and Banthorpe, Ingold and Hughes on the other. Joining the battles were others, including 
myself and coworkers bent on testing Dewar’s ideas, and more often than not criticizing them. 
The big guns have ceased to fire, the smoke has (hopefully) cleared and the opportunity seems 
to be at hand to look at what was going on. 

The benzidine rearrangements are best known as the acid-catalyzed, intramolecular 
rearrangements of hydrazoarenes. Thermal benzidine rearrangements are known, to which I 
shall also refer, and even photochemical ones, ’ but the focus of attention for so many years 
was on the acid-catalyzed rearrangements. These are illustrated for reference in equations 
(1)-(4). Equation (1) shows that hydrazobenzene (1) itself rearranges into benzidine (2), from 
which the class name is derived, and diphenyline (3). Under conditions in which most kinetic 
and mechanistic studies have been carried out, the ratio of the yields of 2 and 3 is approximately 
70: 30. Equations (2) and (3) are for guidance only, rather than as explicit descriptions of 

* Dedicated, with respect, for the 70th birthday of Professor Michael Dewar, who, on scribbled, lunch-time table 
napkins at the 1961 American Chemical Society meeting in Chicago tried but (fortunately) failed to convince me of 
the validity of his *-complex theory. 1 wish I had kept the napkins. 
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particular cases. That is, a 4-substituted hydrazobenzene [4, equation (2)] can give a p-semi- 
dine (5), while a 4,4’ -disubstituted hydrazobenzene [ 6, equation (3)] can give an o-semidine 
(7). In practice, mixtures of diphenyline, o- and p-semidine types may be obtained from 
particular p-substituted hydrazobenzenes. o-Benzidine rearrangements are also known, but are 
best seen in the rearrangements of hydrazonaphthalenes, for example, as in equation (4). 
Accompanying all benzidine rearrangements, either to a very small or to a very large extent 
depending on the arene structure, is a disproportionation reaction, shown with a 
4,4’ -disubstituted hydrazobenzene in equation (5). 

Explicit mechanistic information about the benzidine rearrangements was scant when interest 
in their mechanisms began to develop in the years 1930-40. A large compilation of products 
of all of the then known rearrangements had been assembled by Jacobson in 1922,2 but the 
data in this compilation suffered from the relative imprecision of experimental work of the 
times, and from the variety of ways in which rearrangements had been carried out. Often, for 
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example, a hydrazoarene was prepared and rearranged in situ by heating the corresponding 
azoarene with tin and hydrochloric acid, a practice which led inevitably to excessive 
disproportionation and also some reductive scission. 

In this early period Robinson3 and Hughes and Ingold4 proposed mechanisms of 
rearrangement designed, among other things, to account for intram~lecularity.~ The 
mechanisms called for electron flowings, which in modern terminology could be equated with 
a concerted process. Robinson depicted rearrangement as beginning with the N- 
monoprotonated hydrazoarene. Hughes and Ingold, on the other hand, curiously, were 
insistent that protonation did not precede N-N heterolysis. A nearby proton was called upon 
to ‘disturb the electronic system of the benzidine molecule’ (presumably they meant the 
hydrazobenzene molecule) and to be present in the transition state, yet not to protonate the 
hydrazoarene. Perhaps they meant by this that the approach of a proton was to be coincident 
with the breaking of the N-N bond. It seems clear that they intended rearrangement to be a 
continuous process. 

A radically different and novel proposal was made by Dewar for the first time in 1945.6 
Dewar proposed that a non-localized a-electron migrated from ring 2 to ring 1 of the 
monoprotonated hydrazobenzene [equation ( 6 ) ] ,  with consequent fission of the N-N bond. 
Thereby a complex molecule was formed ‘composed of the aniline derivative (A) and the ion 
radical (B),’6 and this was called a r-complex. Provision was made for collapse of this complex 
to a benzidine-type product or, by rotation of the two halves of the complex before collapse, 
for the formation of other types of rearrangement product. 

NH2’- Ph (1) 

NH- Ph (2) 
I 66 A B 

x 

It  is extraordinary to reflect now that at that time all proposals for the mechanism of 
rearrangement assumed that the monoprotonated hydrazoarene rearranged. No one in that 
period o f  interest had taken the trouble to measure the kinetic order in acidity, and all had 
overlooked that van Loon had done that almost 40 years earlier in his thesis work in 
Cironingen. Another attempt to relate rates of rearrangement to acidity had been reported, 
in fact, by Biilmann and Blom in 1924, in a study of redox characteristics of pairs of azo- and 
hydrazoarenes. ’’ Biilmann and Blom found that the rate of rearrangement did increase with 
increasing hydrogen ion concentration, but because of the complexity of their approach they 
were unable to find the proportionality. It is interesting that this report, too, did not spur others 
on to trying to find the kinetic order in acid. It was the kinetic order in acid, in fact, that was 
to bring about the first rejection of Dewar’s ingenious idea, and lead it later into further 
trouble. 

In 1946 Dewar measured the rate of rearrangement of hydrazobenzene, 0- and m-hydrazo- 
anisole and p-hydrazotoluene in aqueous ethanol. l 3  The relative rates were taken as supporting 
the a-complex mechanism. However, the kinetic order in acid was not measured, being 
assumed instead to be unity in each case. This was the position also, slightly later, when Dewar 
elaborated, in his book,I4 on the role of the n-complex in the benzidine rearrangements, 
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showing how it could account for the effect of substituents on the type of rearrangement and 
on relative rates. 

In 1949, G. S. Hammond and I ,  having no interest in the benzidine rearrangement other than 
a casual curiosity about its mechanism, noticed Dewar’s oversight in kinetic acidity. l 3  

We decided, therefore, to measure the kinetic order of acid in the rearrangement of 
hydrazobenzene and, to our surprise, found it to be 2 0 0 . ’ ~  

The finding of second-order acid  kinetic^"^'^ was, of course, no support for Dewar’s 
mechanistic ideas. It alro initiated a renewed interest in the benzidine rearrangement in a 
number of places, but particularly in Ingold’s laboratory in England. Soon it was to be shown 
by Carlin and by Ingold that some benzidine rearrangements were first order and others second 
order in acid, while some could show both dependences, depending on the acid concentration. 
The story on this and other developments has been set out in much detail by Banthorpe, Hughes 
and Ingold18 and has been summarized in a number of reviews. 1 9 - ”  

The finding of variable kinetic order in acid placed the x-complex theory under a cloud which 
obscured any intrinsic merit the theory might have had. Among the compounds whose rates 
of rearrangement Dewar had measured and compared under the assumption of first-order acid 
kinetics were hydrazobenzene and p-hydrazotoluene, both of which were found to rearrange 
under second-order acid catalysis. It is not surprising, therefore, that the x-complex theory was 
given short shrift. 

ArNHNHAr + H +  ArkHZNHAr 
7 

ArNHzNHAr * a-complex 
x-complex + H i  - product 

Scheme 1 

The problem for the r-complex theory over kinetic order in acid was compounded later when 
Dewar fitted to his theory a provision for variable order in acid. The provision was that the 
first protonation of a hydrazoarene led to the reversible formation of a a-complex. The 
function of the second proton was to attack the .ir-complex and carry it on to rearrangement 
products (Scheme 1).23-25 Again, provision was made for rotations within the .ir-complex so 
that appropriate conformations could he reached before the second product-forming reaction 
took place. At that stage of the x-complex theory, a key characteristic applied to the x-complex 
was that it should retain its asymmetry right up to the product-determining step, and Dewar 
felt that if a diprotonated hydrazoarene rearranged the products would be difficult to explain. 24 

A number of predictions and/or explanations were made on the basis of this revised 
formulation of the x-complex theoryZ4r2s which were shown later to be contrary to fact, and 
the a-complex theory suffered accordingly. Thus, Dewar’s kinetic derivations predicted that if 
a hydrazoarene could rearrange by both first- and second-order acid kinetics, it would rearrange 
by second order at the lower and by first order at the higher acidity. Later, it was shown that 
the opposite behavior held.” Dewar predicted that bulky substituents placed in the para 
positions of hydrazobenzene should reduce the kinetic order in acid; the more the bulkiness, 
the greater the trend toward first order.24 In time it was shown that the second-order acid 
kinetics of hydra~obenzene”*’~ and p - h y d r a z ~ t o l u e n e ” ~ ~ ~  were also in control in the case of 
4,4 ‘ -di-tert-butylhydrazobenzene, ‘’ with the result that the x-complex theory was again 
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discredited. Further damage to the a-complex theory occurred when Dewar accepted an old 
literature report that 4,4' -diphenylhydrazobenzene disproportionated entirely rather than 
rearranged,28 and attributed this behavior to the inability of the two biphenyl moities to  line 
up in the initially required 7r-complex. 23-25 Later, Shine and Stanley showed that if reaction 
was carried out in aqueous ethanol at 0 ° C  rather than by heating with concentrated 
hydrochloric acid, rearrangement did occur, to the extent of 25%,  and with second-order acid 
kinetics. 2') 

The problems with the a-complex theory described above and which gave fuel for scepticism 
and criticism of its validity were removed in 1965 with a reformulation by Dewar and 
Marchand. 30 This formulation (Scheme 2) embraced not only first- and second-order acid 
catalysis but also the thermal, neutral rearrangement of hydrazoarenes which were uncovered 
in my own laboratory31 and elaborated on in Ingold's. A very simple adjustment was made 
for the rate-determining formation o f  a *-complex in each rearrangement from a neutral, 
monoprotonated and diprotonated hydrazoarene. The new equations (Scheme 2 )  could account 
easily for the kinetics of acid-catalyzed rearrangements, and, in Dewar's view, for the effect 
of substituents on rates and product types. 

ArNHNHAr -+ no (slow) 
7r0 --t products 

+ 
ArNHNHAr + H +  S ArNHzNHAr 

ArkHzNHAr + a1 (slow) 
?rl -+ products 

+ +  
ArkHZNHAr + H +  5 ArNHzNHzAr 

Ar&H&HzAr -+ 7r2 (slow) 
7 ~ 2  -+ products 

Scheme 2 

During the 1960s a large amount of kinetic and product data were being gathered, especially 
in Ingold's laboratory. This large body of information was fitted by Banthorpe, Hughes and 
Ingold to  a theory of rearrangement called the polar transition state (PTSj theory. The idea 
behind this theory was the after equilibrium mono- or diprotonation at the nitrogen atoms, the 
N-N bond of the hydrazoarene began to break heterolytically. In that way a polar transition 
state developed, in which one half of the breaking protonated molecule became positively 
charged while the other half remained neutral. While the N-N bond stretched the molecule 
adopted a conformation in which bonding for product formation began. Representations '' of 
the polar transition states for a onc-proton (1,l '-hydrazonaphthalenej and a two-proton 
(hydrazobenzene) rearrangement are shown here as PTS' and PTS2+. Banthorpe, Hughes and 
Ingold used this concept to explain their views of the kinetic data and formation of  the products 
of all benzidine rearrangements, except for p-semidines, whose formation at that time was still 
thought to require the presence of heavy-metal ions. l 8  Another theory, calling for caged radical 
and cation radical pairs, was also in vogue, but did not have a solid basis of support.'"-'' 
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Later, a fourth theory, the so-called ring-protonation theory, commanded some interest, 32 but 
was never supported by acceptable experimental data, and was finally discredited. 3 3 - 3 5  

Principally, therefore, two powerful theories of the benzidine rearrangements held sway 
during and following the mid-1960s: the T-complex and the PTS theories. The r-complex 
theory survived its earlier criticisms in its final formulation, while the PTS theory was promoted 
vigorously by Banthorpe, Hughes and Ingold. Neither side of adherents was bashful about 
criticizing the other. 

Now, Dewar and Marchand pointed out the crux of the matter, that the kinetic evidence 
could not distinguish between these mechanisms. 30 In fact, a stand-off resulted, and whether 
one believed in the x-complex or the PTS theory became a matter of personal intuition or 
prejudice. 

. .. 

PTS+ 

The puzzle of the mechanism of rearrangement was magnified in the mechanism of acid- 
catalyzed disproportionation [ equation ( 5 ) ] .  In  time, it was found that disproportionation had 
the kinetic character of the rearrangement which it accompanied. That is, all disproportion- 
ations were first order in hydrazoarene and either first or second order in acid, paralleling 
exactly the accompanying rearrangement. 

It was evident, therefore, that an intermediate had to be formed in a rate-determining step 
which in subsequent fast steps could either go on to the rearrangement product or react with 
another molecule of hydrazoarene and lead to disproportionation. It was essential in 
disproportionation that the N-N bond be broken because that was the rate-determining step, 
but the parts must remain together, because evidence for free fragments was untenable. 18-22 

For some years it seemed that the only viable intermediate must be a ?r-complex. 
Disproportionation was formulated in that way (Scheme 3) by Dewar as early as 1949.14 

Later, however, disproportionation was fitted to the PTS theory with the proposal that a 
quinonoidal intermediate could be formed in the rate-determining step, and in fast steps either 
continue to rearrangement or be reductively cleaved by a second molecule of hydrazoarene. 
This idea is shown with a p-quinonoid intermediate in Scheme 4,36 but o-quinonoids could 
serve also. 37 

+ H’ 
Scheme 3 
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Scheme 4 

The essential difference between the a-complex and PTS theories was never stated explicitly 
during the days of controversy. That difference was that in the r-complex theory all 
rearrangements had to go in two major steps (formation of a a-complex and conveyance to 
product) whereas in the PTS theory all rearrangements had to be concerted. This rate-process 
difference applied also to disproportionation. In the a-complex theory an intermediate was 
formed by breaking the N-N bond, and was reduced in a fast subsequent step. In the PTS 
theory an intermediate was formed in a concerted way, and only thereafter did the redox 
cleavage occur. As far as I am aware the concept of concertedness and its implications in these 
reactions were never brought explicitly to light by workers in the field during the period of 
controversy. 

In 1950, recognizing the invalidity of a monoprotonated r - ~ o r n p l e x ' ~  in the rearrangement 
of hydrazobenzene, and believing that r-complex formation from diprotonated 
hydrazobenzene was less plausible, Hammond and Shine proposed that the new bonds of the 
products of rearrangement are partially formed before the old bond is broken, ' 5  in a manner 
similar to the suggestions of Robinson3 and Hughes and Ing01d.~ This is the language of 
concerted reactions, but the enunciation and clarification of the concepts of concerted and non- 
concerted reactions were still more than a decade away. 

The earliest proposal that the benzidine rearrangement might be a concerted, 
[ 5 , 5 ]  -sigmatropic rearrangement was by Frater and Schmid. From Schmid's laboratory in 
those years came detailed and elegant work on the Claisen rearrangements. Frontier molecular 
orbital (FMO) treatment was applied in some detail to Claisen rearrangements by Schmid and 
coworkers, 38339  and the possibility that examples of [ 5 , 5 ]  -sigmatropic rearrangements in 
positively charged systems might be found in benzidine rearrangements was also pointed out. 40 

Curiously, Frater and Schmid gave no consideration to the application of FMO treatment to 
the other types of hydrazoarene rearrangements. FMO theory was such that if benzidine 
formation was an allowed pericyclic process, the diphenyline and o-semidine rearrangements, 
by the same reasoning, could not be suprafacially concerted. I pointed out these consequences 
of FMO treatment in 1973 but, somewhat shortsightedly then, wrote that 'at this stage it does 
not seem useful to classify some of the rearrangements as sigmatropic shifts and leave others 
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in limbo.’20” The portent for viewing benzidine rearrangements in a more global way was 
recorded first, however, by Alder, Baker and Brown,4L who wrote: ‘The benzidine 
rearrangement is apparently a [ 5 , 5  1 -shift, though, when the para-positions of the 
hydrazobenzene are blocked, other products (e.g. the ortho-semidine) are formed by 
rearrangement5 which are formally forbidden to  be concerted. Probably a n  intermediate is 
formed the two halves of which can rotate before collapsing to give the various products and 
which probably lives long enough to  forget its origins in orbital symmetry terms. The bonding 
in the intermediate is still uncertain and will probably vary according to  whether it is 
diprotonated (Scheme 5) or mono- or un-protonated’. This cogent view of benzidine 
rearrangements was completely overlooked, it seems, in later works. 

p Q  
R R Benzidine 

6 
rotation 

-2H’ 
* 

o-Semidine 

Scheme 5 

An approach for distinguishing between concerted and two-step mechanisms of benzidine 
rearrangements with measurements of heavy-atom kinetic isotope effects (KIE) was begun at 
Texas Tech University in 1976. Initially, attention was turned to N-N bond breaking in the 
rearrangement of hydrazobenzene (1) itself, and i t  was found by isotope-ratio mass 
~ p e c t r o m e t r y ~ ~  that there was a nitrogen KIE at about 2070 for the disappearance of it was 
not possible at  that time to  measure the KIE for the formation of each product. This was 
accomplished later, not only for nitrogen but also for carbon isotopes. In the later work KIE 
of stable isotopes were measured by whole-molecule-ion mass spectrometry (WMIMS),43 and 
of “ C ,  eventually, by scintillation counting. As the KIE work progressed, and with the 
availability of modern isotope-ratio mass spectrometers, it became possible to  measure nitrogen 
KIE by combustion-isotope-ratio mass spectrometry on unenriched compounds to supplement 
the measurements by WMIMS on their enriched analogues. In the course of a few years 
examples of “N, 13C, 14C and 2H KIE were assembled from which a rational view of the 
benzidine rearrangements could at  last be formulated. The rearrangements are sigmatropic 
ones. In principle, therefore, as pointed out by Alder, Baker and Brown, some can and some 
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cannot be concerted. The KIE data which we have gathered are in line with these expectations. 
Where a rearrangement can be concerted the KIE data (in all cases but one) are consistent with 
a concerted rearrangement. Where a rearrangement cannot be suprafacially concerted the KIE 
data are in accord with a non-concerted process. Our KIE results are summarized briefly below. 

In the case of hydrazobenzene (1) itself, K I E  were measured for the rearrangement of 
[ "N, "N' ] -1, [4,4 '  -'3Cz] -1, [ 4-I4C] -1, [ 2,2 '6 ,6 '  -13C4] -1 and [ 4,4'-*H2] -1. The nitrogen 
and carbon KIE were measured for each product, benzidine (2) and diphenyline (3) [equation 
( I ) ] .  The deuterium KIE could be measured only for the disappearance of hydrazobenzene and 
not for the formation of each product. The results are listed in Table 1. The nitrogen and 
carbon data show substantial KlE for bond breaking and bond forming for 2. These results 
mean that stretching of the N-N and forming of the C-C bond are parts of the same 
transition structure, that is, that the 4,4' -quinonoid intermediate, which precedes and leads on 
rapidly to benzidine (2), is formed in a concerted way. Benzidine formation is thus classifiable 
as a [ 5 , 5 ]  -sigmatropic rearrangement. In contrast, the formation of diphenyline (3) is 
characterized by a substantial KIE for breaking the K-N bond but with no KIE for forming 
the C-C bond. In that case, N-N bond stretching is part of the transition structure, whereas 
C-C bond forming comes later. The results are not consistent with a concerted rearrangement, 
which is what one now expects for what is formally a [ 3, 51 -sigmatropic shift. The deuterium 
KIE reflect the secondary deuterium isotope effect for making the major product (2) in a 
concerted way; that is, in going from sp2 hybridization in 1 toward sp3 bonding in the 
quinonoid intermediate that leads on to 2. As for the I3C4 KIE, the value for 2 can only serve 
as a control of precision, and indicates that there is no KIE for forming 3, a result consistent 
with those obtained with labeling in the para positions. 

These heavy-atom KIF are small, but of the expected magnitudes. Cut-off-type calculations 
for simplified models of the transition structures for forming 2 and 3 gave, in fact, KIE close 
to the measured  value^.^' 

Rearrangement of hydrazobenzene is a two-proton case. KIE were measured, therefore, for 
the formation of a benzidine by a one-proton rearrangement, namely of 
2,2'-dimethoxyhydrazobenzene [ 10, equation (7 ) ]  . 4 5  The KIE results for the formation of 
product 11 from [ 15N, "N' 1-10 and [4, 4'-13Cz] -10 were 1 *0289 and 1.0286, respectively, 

Table 1. KIE for the acid-catalyzed rearrangement of 
hydrazobenzene into benzidine (2) and diphenyline (3) 

KIE 

Label 2 3 Reference 

I5N, ' a I * 0222 1,0633 35 
4,4'-13Ca 1 .0209 1 .0006 35 
4- 'Y 1.0284 1~0011 35 
2,2' ,6,6'-I3C 0*9945b 0.9953' 44 
4,4'-'H" 0.962 35 

a For two atoms. 
"Since the para positions were not labeled, there cannot be a KIE 
for forming 2, and this number must be considered to be 1 .OW. 
'Considered to be the same, experimentally, as for 2. 
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1 0  11 

showing that this was a [ 5 , 5 ]  -sigmatropic rearrangement, too. Once again, an inverse 
secondary deuterium KIE for the disappearance of hydrazoarene was found, 0.929 for 

Rearrangement of 4-methoxyhydrazobenzene (12 j into the p -  (13 j and o-semidine (14) 
[equation (X)] occurs by one-proton catalysis. The formation of 13 and 14 from 
[ ”N, 15N’ ] -12 resultcd in KIE of 1.0296 and 1.074, respectively, showing that in each case 
stretching of the N-N bond occurred in the transition structure. Formation of 13 from 
[4-14C] -12 resulted in a carbon KIE of 1 .039.4h The nitrogen and carbon results showed that 
the p-semidine rearrangement was a [ 1 ,  51 -sigmatropic shift. 

14, 4’-2H2]-10. 

1 2  1 3  

Me0 
14  

o-Benzidine rearrangements are, in principle, [ 3 , 3 3  -sigmatropic shifts. That this is the case, 
in fact, was shown with the rearrangements of 2,2‘-hydrazonaphthalene [ 8, equation (4)] and 
N-2-naphthyl-N’ -phenylhydrazine [ 15, equation (9)]. That is, the one-proton catalyzed 
formation of 9 from [15N, %‘1-8 and [ l ,  1’-’3C21-8 had KIE of 1.0904 and 1.0086, 
respectively, indicative of a concerted rearrangement in an unsymmetrical transition 
structure. 47 

cJQrNH2 
1 5  16 
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Table 2. KIE for the acid-catalyzed rearrange- 
ment of N-2-naphthyl- N'-phenylhydrazine (15) 

Label KIE Reference 

"N, Is" a 1.0434 48 
14N, "N' 1-0196 48 
2 1 - 1 4 ~  1 -0287 48 
2 / - ~ 3 c b  1.0176 48 
2',6'-13C2 1.0177 44 

"For two atom\. 
With unenriched 15. 

Rearrangement of 15 into 16 occurs by two-proton catalysis. In this case, nitrogen and 
carbon-13 KIE were measured with enrichcd (WMIMS) and unenriched (isotope ratio) 15. The 
results are listed in Table 2, and are clearly indicative of a [ 3, 31 -sigmatropic rearrangement. 

All of these rearrangements had KIE which are consistent with what one would expect 
of sigmatropic shifts. Among benzidine rearrangements, the o-semidine one is a 
[ 1 , 3 ]  -sigmatropic shift and is, in principle, 'forbidden' from being suprafacially concerted. 
We were unable to find in the literature an o-semidine rearrangement which was ideally suited 
for KIE measurements. We chose the rearrangement of 4,4'-dichlorohydrazobenzene (17) into 
the o-remidine (18), knowing that disproportionation into 4 , 4 '  -dichloroazobenzene (19) and 
4-chloroaniline (20) also occurred. We found, though, that a p-semidine (21) rearrangement, 
already known to occur with the ejection of one of the para-chlorine atoms (Scheme 6), 
occurred to about the same extent as the o-semidine rearrangement. Therefore, KIE were 
measured for each of the three reactions.49v50 The results are given in Table 3 for the formation 
of o- and p-semidines. They show that there is a nitrogen KIE for each rearrangement but a 
carbon KIE for neither, that is, neither the 0- nor p-semidine rearrangement is found to be 
concerted. 

Cl 

18  

17  19 C1 

2 0  

2 1  
Scheme 6 
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Table 3. KIE for the acid-catalyzed rearrange- 
ment of 4,4' -dichlorohydrazobenzene (17) into 

an o-semidine (18) and p-semidine (21)49 

KIE 

Label 18 21 

15N, I%' a 1 -0282 
I4N, ' 1-0155 1.0162 
2-i4c 0.9989 
4-14c 1.0027d 1 -0029 
4,4'-'3Cza 0-9993d 0.9934 

"For two atoms. 
Not measured. 
' From unenriched 17. 

Labeling could not result in a KIE for this product. 
Mass measurements were made and are expressed as 
a KIE to serve only as a guide to precision in 
measurements with 21. 

b 

b 

Collectively, therefore, all but one of the KIE which we have measured for acid-catalyzed 
benzidine rearrangements are consistent with what one expects of sigmatropic rearrangements. 
The only exception was the p-semidine (21) formation from 17 which does not exhibit a KIE, 
but even this case is not a contradiction of what one might expect. 

The reasons for saying this are two-fold. One reason is that a rearrangement does not have 
to be concerted just because the principles of orbital symmetry allow for concertedncss. The 
other reason lies in the peculiarities of bond-forming KIE.  Fry has pointed out that if valid, 
they are usually greater than unity, but in particular circumstances they may be valid, yet less 
than or, by cancellation of effects, equal to unity. 

Earlier, reference was made to thermal benzidine rearrangements. These are not so common 
as the acid-catalyzed rearrangements. The 'cleanest' is that of 2,2' -hydrazonaphthalene (8) into 
2,2'-diamino-I, 1 '-binaphthyl [ 9, equation (4)]. 3 1  KIE were measured for this rearrangement 
and were 1-061 1 for [ 15N, 15N' ] -8 and 1-0182 for [ 1 , l '  13Cz] -8." Clearly, this rearrange- 
ment is none other than a [3,3]-sigmatropic shift. 

Let us now turn to the problem of acid-catalyzed disproportionation. A distinction between 
the intervention of a quinonoidal or a-complex intermediate was made with KIE measurements 
in the disproportionation of 4,4' -diiodohydrazobenzene (22) .  " Substantial KIE were found 
for nitrogen and para-carbon labeling in the disproportionation of 22. The results for 
[ "N, "N' ] -22, [4, 4'-I3Cz] -22 and [4-I4C] -22 were 1.0367, 1.0230 and 1 -0450, respectively. 
There is no question, it seems that the N-N bond is breaking and the 4,4' bond is forming 
in the formation of the required intermediate. The only choice available for that, then, is the 
quinonoidal one (23, Scheme 7 ) .  A .Ir-complex cannot be the intermediate in this reaction. 

In contrast with disproportionation of 22, disproportionation of 17 (Scheme 6) exhibited 
nitrogen but neither ortho- nor para-carbon KIE.49 In this case, therefore, the nature of the 
intermediate in disproportionation is not clearly identifiable. Since bond-forming KIE were not 
found for either o- or p-semidine formation, either the o- or p-quinonoid intermediate could 
serve for disproportionation. Our product analyses implicated the p-quinonoid. 49 

Insofar as the mechanism of the benzidine rearrangements is concerned, then, we have, in 
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NH,+ t 
I 

I 

Scheme 7 

a sense, come full circle. I t  is clear that Banthorpe, Hughes and Ingold were wrong in clothing 
all of the rearrangements in the same garb. It is also clear that Dewar was wrong in ascribing 
a-complex intermediates to them all, particularly the neutral class. On the other hand, in that 
the PTS theory called for concerted rearrangements it was, in some types, correct. Those types, 
of course, are the ones which comply with the dictates of conservation of orbital symmetry. 
The PTS theory was formulated before the popularization of the concepts of pericyclic 
reactions and it is a coincidence, therefore, that its characteristics are borne out in some cases. 
Application of the PTS theory to thermal rearrangements had a sense of reality initially, 
because the rearrangements occurred better in polar (alcohol) than in non-polar (benzene) 
 solvent^.^' Insofar as concertedness is concerned, the PTS theory was correct, but again only 
by coincidence. What about the ‘forbidden’ cases, that is, the diphenyline and o-semidine 
rearrangements? How can we accommodate intramolecularity with non-concertedness? It may 
well be that in these cases Dewar was correct, in that a a-complex intermediate is formed. The 
distinction in energetics between a concerted and ir-complex mechanism may, in fact, be a fine 
one, in that the a-complex represents a shallow depression in the energy surface of a 
‘forbidden’ rearrangement. Perhaps we can rest with the description given by Alder, Baker and 
Brown of an  intermediate which has forgotten its origin in orbital symmetry terms.4’ 

When we look back on  the two theories of the 1960s, therefore, we see now that neither was 
wholly right, yet neither was wholly wrong. In particular. the a-complex theory, which was 
intrinsically very attractive but suffered from the exuberance of its initial dressings, may have 
been rehabilitated in parl. by the new experimental findings. Perhaps the benzidine rearrange- 
ments are now (or should we say ‘for the while’?) settled. In retrospect, Dewar’s innovative 
ir-complex idea stimulated a great deal of excitement, challenge and research. 

One last possibility should be dealt with. Can the nitrogen KIE which we have reported 
represent equilibrium KIE for a-complex formations, and the carbon KIE represent the rate- 
determining product-forming steps? The magnitude of equilibrium KIE for N--N bonds has, 
as far as we know, not been measured. However, the above possibility can be dismissed because 
were it  correct there should be no variance in the nitrogen K I E  for each product in reactions 
in which more than one product is formed, e.g. the rearrangements of hydrazobenzene and  
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4-methoxyhydrazobenzene. Fur ther ,  we could expect t o  find bonding KIE in all rearrange- 
ments ,  and it would be surely m o r e  t h a n  coincidence could bear  to find KIE in  only those cases 
which were also consistent with concerted rearrangements. 
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