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CHAPTER I 

INTRODUCTION 

Statement of Problem 

The enigma of the mechanism of the benzidine rearrangement has 

occupied many chemists since the rea2:rangement was discovered acciden

tally by Hofmann in I863 in reducing azobenzene (eq l). 

H U M Reduction in n TT T̂ r-^\ 
°12Hl0H2 acid solution ' C12H12N2 (l) 
Azobenzene Benzidine 

In spite of the years of study the complete nature of the mechanism 

has remained elusive. After extensive studies, many details about the 

products and kinetics of the acid-catalyzed rearrangement have been 

documented. It has been well established that benzidine rearrangements 

proceed via one-proton or two-proton catalysis depending on the hydrazo-

aromatic and, in some cases, concentration of acid. The following 

mechanisms are generally accepted (eq 2-6) . 

J, 

ArNHNHAr + H30"*" ;^=^ ArNH2NHAr + H2O (fast) (2) 

ArNH2NHAr > Products 1+ (slow) (3) 

(for one-proton catalysis) 

ArNH2NHAr + H3O ;?=:± ArNH2NH2Ar + H2O (fast) (4) 

+ + 2+ 
ArNH2NH2Ar > Products (slow) (5) 

(for two-proton catalysis) 

or 
+ 

•> i. "D-t̂ /i/̂  11/^+c^"*" ArNH2NHAr + H3O ^ Products^"^ + H2O (slow) (6) 



For the one-proton catalysis, it is generally agreed that protona-

tion occurs at nitrogen and is reversible (eq 2). But for the two-

proton catalysis, there is still controversy as to site (nitrogen or 

carbon) and the timing of the second protonation (eq 4-6). On the other 

hand, several major mechanistic proposals have appeared to explain 

without firm experimental evidence how protonated hydrazoaromatics 

undergo molecular rearrangement during rate determining steps, i.e., how 

eq 3 and 5 (or eq 6) proceed to the products in the rate determining step 

Several years before this research project was undertaken, Shine 

and co-workers found that N-N bond scission was a part of rate deter

mining step in the rearrangement of hydrazobenzene,2 This was shown 

by the nitrogen kinetic isotope effect (k̂ V̂ "*""̂ ) ̂ ^ 1.0203 from the 

rearrangement of hydrazobenzene containing naturally abundant 15^, 

This discovery, that N-N bond scission was a part of rate deter

mining step, gave an impetus to this present research project whose 

objective was to find further experimental evidence concerning the 

mechanism of this rearrangement. For these purposes, isotope-labeling 

experiments were employed and kinetic isotope effects were measured. 

In particu3^r, evidence was sought as to whether or not the rear

rangement was concerted. 

Research Plan 

In order to obtain a picture of the transition state of the rate 

determining step, two kinds of hydrazobenzene were chosen as r.odel 

compounds. One was hydrazobenzene (l) and the otner was 2,2'-dir.ethox"/-

nydrazobensene (2) , In the case of _1> i* ŝ-s planned to ~eaŝ .:re tr.e 
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secondary deuterium isotope effect by either the titration method or 

the mass spectrometric analysis. For this purpose, 4,4'-dideuterio-

hydrazobenzene ([4,4'-2H2]-1) was employed. 

In the case of 2, it was necessary to make [4,4'-2H2]-2, 

[15N,15N']-2, and [4,4'^3c2]-2 in order to measure the secondary 

deuterium-, primary nitrogen- and carbon isotope effects. 

In each case the objective of the research was to find if rear

rangement was or was not a concerted process. The two cases chosen 

allowed a comparison to be made of one- and two-proton catalyses. 

Literature Review 

Rearrangement and Intramolecularity 

Much work has been done to clarify the course of rearrangement 

and this has been reviewed in ample detail.-̂ ~ll 

The acid-catalyzed benzidine rearrangement is generally defined 

as a class of reactions in which the hydrazo (-NHNH-) group is broken, 

leading to formation of the C-C or C-N bonds between two aryl groups. 

In the case of hydrazobenzene (l), all the possible products are shown 

in eq 7, although only 3. ̂ -̂ ^ k ^^^ formed in sufficient amounts to be 

isolable. 

As is shown in eq 7, 1 can rearrange in principle to two kinds 

of products. One kind comprises the diaminobiphenyl compounds, such 

as benzidine (4,4'-bonding) (2)» diphenyline (2,4'-bonding) (4) and 

o-benzidine (2,2'-bonding) (^). In the other are the aminodiarylamine 
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NH- •NH 

© 0 - ^ ^ H2.KnHO>̂ H2 ^ 
1 3 4 

Benzidine (70%) Diphenyline (30%) 

(?) 
M Wz NH2 

. ^n.jH. . Q K N H H ^ ) ' <0^NH-^NH2 

1 §. 7 
o-Benzidine o-Semidine p-Semidine 

compounds, such as o-semidine (2,N'-bonding) (G) and p-semidine (4,N'-

bonding) (2). Also formed are disproportionation products, that is, 

azobenzenes and aryl amines, which are unavoidable in the usual benzi

dine rearrangement. 

Benzidine rearrangements are known to be intramolecular. Accumu

lated results have shown clearly that all rearrangement products are 

formed intramolecularly. Some of examples using labeled substrates are 

shown in Table 1. In each case in Table 1, cross products which might 

have been formed via intermolecular paths were not observed. 

Kinetics 

Mechanistic interest in the benzidine rearrangement was reawakened 

by Hammond and Shine in 1950, who reported that the rearrangement of 

hydrazobenzene in aqueous ethanol was first order in hydrazobenzene 

l6 
(Hyd) and second order in acid (eq 12), 



Table 1 

Some Examples Showing Intramolecularity for the Formations of 

Benzidine and Semidine-Type Compounds 

Reactants Products Eq Ref 

Benzidine-type case 

Q-m-f-^ 
+ 

D̂ ^ D D D 

D-<^^NH-N^^^-D H 2 N H Q 

D^ V U V D̂ ^ ^D D'' b 

o- and p-Semidine case (* = -^N) 

KH2 
C D 3 0 - < O ^ N H N H - ^ Q ^ N H - < ^ 

^—^ ^ - ^ 12 „+ ^ ^ O C D Q 

+ ^ - 1 — > + ^ (10) 14 
^ ¥ 2 

CH30^NH;;HHQ> O - ^ - Q 
1 1 ^0CH3 

<P;KNHNH-(Q)-C1 AcN}Hg>-^^PhGl 
1 ^ -̂  / N 

— H ^ + (11) 15 
Ac 20 

^ 5 ^ ^ \ry ^ D4 
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d[Hyd] 
= k3[Hyd][H-']2 (12) . dt 

The kinetic analytical method employed by Hammond and Shine was 

the use of Bindschedler's Green (B.G.) (l6) which was first applied to 

the benzidine rearrangement by Dewar in 1946.-̂ '̂  Since hydrazobenzene 

can be instantaneously and quantitatively oxidized to azobenzene by B.G. 

(eg. 13). the concentration of hydrazobenzene ([Hyd]) in a rearrangement 

solution at time t can be obtained (Scheme l).-^ 

H H 
Ar-N-N-Ar Ar-N=N-Ar 

(13) 

Me2N—<^ ^ N - V ^ ^ N M e 2 + H+ 

B.G, (16) (17) 

Although the rate of rearrangement of hydrazobenzene is dependent 

on the square of the concentration of the acid catalyst (eq 12) rear

rangement becomes the pseudo first order in excess of acid as is shown 

in eq l4-l6. 

i[Hyd] . P 
= k3[Hyd][H^f (12) 

dt 

d[Hyd] 
= kT[Hyd] (l4) 

dt 
(kT = k3[H^f) 

^CM2 = _kTdt (15) 
[Hyd] 
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Scheme I 

Quantitative Analysis of Hydrazobenzene Using 

Bindschedler's Green Method 

Hydrazobenzene Solution 

At intervals of time 

Aliquot (10 ml) 

[Hydrazobenzene + Rearrangement Products] 

Fixed volume (25 mL) of B.G. 
(VB = volume of TiCl3 needed to 

titrate the 25 mL of B.G. 
at time t) 

[Azobenzene + Rearrangement Products + Remaining B.C.] 

Backtitrate the remaining B.G. 
with TiCl3 (VT = volume of TiCl3) 

[Azobenzene + Rearrangement Products + Others] 

; (VB - VT) is proportional to [Hyd], since (Vg - V-p) is the volume 

of B.G. required to oxidize the remaining hydrazobenzene.!" 
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where [Hyd]Q and [Hyd] are concentrations of hydrazobenzene at time 0 

and t respectively. 

Therefore, k^ can be obtained experimentally from the slope of 

ln(VB - V T ) versus time, since (VB - VT) which is the volume of B.G. 

required to oxidize the remaining hydrazobenzene is proportional to [Hyd] 

as was shown in Scheme I. 

This chemical method of analysis could only provide us the rate of 

disappearance of hydrazobenzene, not the rate of formation of products. 

In this connection, Garlin and Odioso were able to show that formation 

of benzidine (70%) and diphenyline (30%) from the rearrangement of 

hydrazobenzene followed the same rate law as eq 12 by a spectrophoto-

metric method.1^ 

Kinetic Order in Acid 

After Hammond and Shine threw light on the kinetics using hydrazo

benzene, extensive kinetic investigations of substituted hydrazoaroma

tics were carried out. One of the surprising results came from Garlin 

and Odioso, who found that rearrangement of o-hydrazotoluene (2,2'-

dimethylhydrazobenzene) involved the order of 1.6 in [H ] (eq 17). 

. !25:^ = k[HydlH*]l-̂  (17) 
dt 

= kT[Hyd] 

This rearrangement of o-hydrazotoluene was reinvestigated by Banthorpe, 



Ingold, and their co-workers.^^ They found the important fact that 

o-hydrazotoluene was rearranging concurrently by two paths, one via 

first order, the other second order in acid (eq 18). 

Rate = k2[Hyd][H'*"] + k3[Hyd][H"^]^ (18) 

Banthorpe, Hughes, and Ingold also found that rearrangements of 

N-1-naphthyl-N'-phenylhydrazine^^ and N-2-naphthyl-N'-phenylhydrazine^^ 

had a transitional order in [H^] which increased to a limiting value of 

2 by increasing [H"*"]. This indicated that Garlin and Odioso's result 

of fractional order (1.6) could be obtained in a rather limited acidity 

range. One of the characteristics of compounds which rearrange follow

ing eq 18 is that first term becomes predominant at low acidity and 

second term becomes predominant at high acidity. Therefore, for these 

compounds plots of log kT versus log [H"*"] (eq 19) can be shown as in 

Figure 1. 

- ̂ 2 5 : ^ = k2CHyd][H+] + k3[Hyd] CH+]2 = (kzCH+D + k3CH+]2)[Hyd] 
dt 

= kT[Hyd] (19) 

As was shown in Figure 2, k2 and k3 can be obtained by plots of 

kT/[H"*'] versus [H^], since eq 20 and 21 can be derived from eq 19. 

kT = k2[H'̂ ] + k3[H^f (20) 

kT/[H+] = k2 + k3[H+] (21) 

Together with two-proton catalysis (eq 12) and transitional 

catalysis (eq 18), Banthorpe, Hughes, and Ingold found one-proton 

catalysis in the rearrangement of 1,1'-hydrazonaphthalene, with the rate 
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Log kT 

Log [H+] 

Figure 1. Plot of log kT versus 
log [H+] 

kT 

[H+] 

k2 

[H+] 
Figure 2. Plot of kT/[H+] versus 

[H+] 
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expression of eq 22.2^ 

- i C ^ = k2[Hyd][H^] (22) 

Some selected values of k2 and k3 for substituted hydrazobenzenes 

are listed in Table 2. It can be seen that rate constants (k2 and k3) 

are made larger by electron-donating ortho and para substituents and 

smaller by electron-withdrawing ones. Then what factors determine that 

hydrazobenzenes rearrange by either of these two catalyses? The most 

reasonable answer can be given by the polar transition state 

theory proposed by Banthorpe, Hughes, and Ingold. This theory says 

that substituents which (a) supply electrons to the benzene ring from 

ô'fcho or para substituent and (b) weaken an aniline base (by impair

ing charge solvation) by a bulky ortho substituent can promote one-

proton catalysis or transitional catalysis predominating over two-

proton catalysis7'25,26 Either factor causes polarization of the mono-

protonated N-N' bond, and, if strong enough, could act sufficiently 

to cause scission without help from the other (second) proton which 

would other̂ rise be needed to polarize the substrate. 

Transition States and Intermediates 

Although much about the products and kinetic studies in the acid-

catalyzed benzidine rearrangement was known, a decisive conclusion to 

the mechanism was difficult to reach. Based on accumulated evidence, 

however, kinetic pathways may be written as Scheme II. 

In the case of one-proton rearrangement pathway, it is -.veil agreed 

that products (21) are formed from the monoprotonated hydrazoaroma:ic 



Table 2 
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Rate Constants for the Rearrangements of Some 

Hydrazobenzenes (RNHNHR') by the One-

and Two-Proton Reaction7i9 

R 

2-GIC5H4 

2-FG^Ei^ 

4-ClC^H^ 

Fh 

2-GH3C5H4 

3-CH3C5Hz^ 

^ P h C5H4 

4-CH3C5Hij, 

3-naphthyl 

a -naph thy l 

3-naphthyl 

a -naph thy l 

a -naph thy l 

^CHoOGz-Hc 

R' 

2-ClC^H^ 

2-FC5H2^ 

4-ClG^H^ 

Ph 

2-CH3C5Hî  

3-CH3C^Hî  

Ph 

4-CH3C5H2^ 

Ph 

Ph 

p-naphthyl 

3-naphthyl 

a -naph thy l 

Ph 

kg xlO^^ 

-

-

-

-

0.21 

-

-

-

0.50 

20.0 

460 

1000 

1800 

^ 8500 

k3 X103a 

0.000034 

0.0027 

0.013 

1.7 

8.5 

17 

680 

1400 

5.0 

130 

-

-

-

-

order i n [ H ] 

2 

2 

2 

2 

T r a n s i t i o n a l 

2 

2 

2 

T r a n s i t i o n a l 

T r a n s i t i o n a l 

1 

1 

1 

1 

a; Rate constants calculated at Ô C in 60:40 dioxane: 
water with HCIO4 as the ca-te.lyzing acid, kg is in 
sec"^ ̂ -1 k3 is in -sec"-4̂ 7 as defined in eq 19. 
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Scheme II 

Kinetic Pathways for Benzidine 

Rearrangement 

ArNH-NHAr' 

18 

Ĥ  

Products 
21 

slow 

ArNHg-NHAr' 

19 

H+ + + 
ArNH2-NH2Ar' 

20 

slow 

Products 

22 

One-proton rearrangement: 18-^ 19--» 21 

Two-proton rearrangement: path a, 18--* Ig-* 20--» 22 

path b, 18-* Ig-J- 22 
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(19) which is in pre-equilibrium with 18. Also, there are no doubts of 

the site of the protonation, which is one of the nitrogen atoms. 

For the two-proton rearrangement, however, two paths (a and b) are 

possible. Path a which was supported by Banthorpe, Hughes, and Ingold 

requires the two pre-equilibrium steps followed by the rate determining 

step of N-N bond cleavage.^ Path b which was suggested by Bunton27 

shows rate determining proton transfer with concerted N-N bond break

ing. Therefore specific acid catalysis is expected to be involved in 

path a and general acid catalysis in path b. The question of specific 

or general acid catalysis6,9 in some rearrangements has been studied by 

solvent isotope effects,-'-3>23,24,2o correlation of rate coefficients 

with the Hammett acidity function (Hammett-Zucker Hypothesis)29 and 

buffer solution.30 However, this question has not been addressed to 

the two pathways of Scheme II. 

Regarding the rearrangement step, Banthorpe, Hughes, and Ingold 

proposed the polar transition state theory to govern all rearrange

ments, regardless of their order in acid and the types of products 

which are formed. This theory requires that N-N bond breaking be con

certed with forming of new bonds (C-C or C-N bonds) in the transition 

state, in which the structural skeleton of the products is being made. 

Only proton redistribution follows rapidly. The proponents of this 

theory explain that the driving force leading to the products comes 

from having a degree of polarity sufficient to effect the heterolytic 

scission of N-N bond. Since the polarity is initiated by the first 

protonation, a hydrazobenzene with a substituent which can help the 
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substrate to achieve enough polarity might follow one-proton catalysis 

(see page 11). Othearwise, a second protonation is necessary to effect 

sufficient polarity in the transition state. Therefore, this theory 

seems to embrace all the known facts, such as solvent effects, kinetic 

data, and substituent effects. For example, the course of reaarrange-

ment with two-proton catalysis (hydrazobenzene) and with one-proton ca

talysis (l,l'-hydrazonaphthalene and 4-methoxyhydrazobenzene) is shown 

in Scheme III. In the case of diprotonated hydrazobenzene (23), hetero-

lysis of the N-N bond followed by charge delocalization gives the tran

sition state of 23a, in which the positive charge at the para position 

of one ring will be attracted towards the centroid of the negative 

charges in the other ring and it is assumed that the easy flexibility 

of the C-N-N-G chain will allow the required relative longitudinal 

displacement of the ring centers. Therefore, the stereochemistry of 

23a may be drawn as 23b which is expected to give benzidine (4,4'-

bonding) and diphenyline (2,4'-bonding). 

1,1'-Hydrazonaphthalene gave two products via 4,4'-bonding and 

2,2'-bonding as is shown in Scheme III. The polar transition state of 

monoprotonated l,l'-hydrazonaphthalene may be drawn as 24a in which one 

of the two aromatic rings carries nearly one unit of positive charge, 

while the other is almost neutral but dipolar. By electron delocaliza

tion in 24a, the 2- and 4- positions in the naphthylimine ring are 

expected to have ca. +0.5 charge, while the 2',4'-carbons in the 

naphthylamine portion are expected to carry negative charge. 

The two aromatic rings are then attracted to each other by elect-
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rostatic forces without longitudinal relative displacement. For these 

reasons, the stereochemistry of 24a may be drawn as 24b. As a result 

the observed products which were formed via 4,4'- and 2,2'-bonding can 

be explained. In this polar transition state, there is one difficulty 

to explain the formation of p-semidine type (N,4'-bonding) compounds. 

One of the examples was shown in Scheme III using 4-methoxyhydrazoben

zene (2^) which rearranges via one-proton catalysis to o-semidine type 

(2,N'-bonding) and p-semidine type (N,4'-bonding) compounds. 

In the case of 2^, it is assumed generally that protonation occurs 

on the less basic nitrogen so as to make a better stabilized transition 

state (25a) rather than that of the other choice. In 25b, the two rings 

suffer greater relative displacement than was described for the rear

rangement of hydrazobenzene (23b) in Scheme III. Therefore according 

to this theory, it was possible to explain the formation of o-semidine 

type and absence of o-benzidine type compounds. But the formation of 

p-semidine type compound could not be explained. Concerning this matter 

Banthorpe, Cooper, and Ingold26 suggested that the N- to 4'-polar bond, 

o 
about 3 A long in the transition state, would have plenty of strength 

and that direction was no problem. 

Besides this polar transition state theory, three other major 

theories have appeared to explain the mechanism of the benzidine rear

rangement. The most important of them is the rr-complex theory, proposed 

by Dewar.3»31 The revised theory is based on the rate determining for-

m.ation of a Tr-complex in which two rings are held by a rr-bond. 

This TT-complex then achieves the orientation of the products by rapid, 



Scheme I I I 

Application of Polar Transition State Theory 

Two-Proton Cata lys is 

P 2 - ^ N H 2 

23 

to Hydrazoaromatics 

+ ^ 
NH2 fH2 

23a 

17 

23b 

Benzidine (4,4*-bonding); 70% 

Diphenyline (2,4»- .. ); 30% 

One-Proton Catalysis 

N H — ^ f e 2 

24 
24b 

Benzidine-type (4,4»-bonding); 6l% 

Q-Benzidine-type (2,2'-bonding); 39% 

N H — ^ S H 2 

25 25a 

25b 

p-Semidine-type (N,4 ' -bond ing) ; 24% 
o-Semidine-type (2,N'-bonding); 55% 

Disproportionation products; 20% 
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free rotation of the two parallel rings (Scheme IV). The major differ

ence between the polar transition state theory and rr-complex is the 

matter of concertedness. Provided that the N-N bond be cleaved hetero-

lytically to make a rr-complex, 2^ of the polar transition state can be 

drawn as 26 in terms of rr-complex concept. 

+ 6+ 
NH2 NH2 NH2 NH2 

6-

6-

23a 26 

Another one of the major theories is the caged-radical theory. 

This theory requires the hemolysis of the N-N bond, generating either 

a solvent-caged radical and cation radical in one-proton rearrangements 

(eq 23) or pair of cation radicals in two-proton rearrangements (eq 24). 

NH 
/ 

OCH3 

+ 
NH< 

y 

(23) 

/ 
Wz 

+ 
NH '.̂2 

y" 

(24) 
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Scheme IV 

Dewar* s Revised rr-Complex Theory 

^1 + 
ArNH-NHAr» + H+ , ArNH2-NHAr» 

^ slow fast 
ArNH2-NHAr* > rr-̂  > Products 

(One-proton catalysis) 

^2 
+ ^ + + 

ArNH2-NHAr» + H+ ^ ArNH2-NH2Ar» 

+ + slow fast 
ArNH2-NH2Ar* > rr2 > Products 

(Two-proton catalysis) 
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Direct evidence for the odd-electron intermediate has never been 

found by means of e.s.r.,13,32 QIDNP^^ ^^^ trapping reagents.^^'^^'^^ 

The final theory is the ring protonation theory^^ which is based 

on assumption that the second protonation occurs at a ring carbon atom 

adjacent to the hydrazo group rather than on nitrogen. The essence of 

this ring protonation theory is the rate determining second protonation 

on ring carbon (27). 

+ 
NH2 NH H 

27 

However, it is not clear from their proposal how the proponents of 

this theory regard the timing of the second protonation, and how the 

other steps proceed to products, i.e, whether the products are formed 

in a concerted way or not. If the N-N bond is cleaved after rate 

determining protonation, this theory will contradict the experimental 

evidence that N-N bond is being broken in the transition state. 

Disproportionation 

Since acid-catalyzed rearrangements are accompanied by dispropor-

tionation, any acceptable theory should be able to account for both of 

these pathways.5»9,32 ĝ is shown in Table 3> the extent of dispro

portionation is dependent on the nature of the substituents in the rir.g. 

Particularly, if there are substituents in the 4- and -'-position, a 

high ratio of disproportionation to the rearrangenent is observer. 
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Table 3 

Reaction Products Containing Appreciable Amount 

of Disproportionation Products 

R-G6H4-

R 

4-CH3O 

•NH-

4-CH3CONH 

4-F 

4-Cl 

4-Cl 

4-Br 

4-Ph 

4-1 

•NH-Ĉ Hẑ -R 

R' 

-

-

4'-F 

-

4'-CI 

4'-Br 

4'-Ph 

4'-I 

Products 

2,4' 

+ 

19 

N,4' 

24 

++ 

20 

(% of 

2,N' 

55 

+++ 

18.5 

30 

22 

30 

25 

total) 

Disp. 

20 

70 

80 

31 

75 

70 

75 

100 

Order in 
acid 

1 

1 

1-2 

2 

2 

2 

1.8 

2 

Reference 

26,36 

26,37 

25 

26 

26 

26 

35 

26 
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It has been shown in a number of cases, that rea2:rangement and dis

proportionation follow the same kinetic form.32,33,35-38 These kinetic 

forms all show first order dependence on hydrazoaromatic compound at 

any order in acid, despite the fact that rearrangement involves only 

one molecule of the substrate (eq 12, 17, and 22), while disproportion

ation require two molecules of substrate (eq 25).32,35 

H+ 
2 RNH-NHR > R-N=N-R + 2 RNH2 (25) 

Also, intramolecularity was verified for the azobenzene formed from 

disproportionation.-^ >J>̂ iJ?r Based on these results, several proposals 

were made for the mechanism of disproportionation. One of them is shown 

in Scheme Y .-^-^ 

Scheme V 

2 H"*" + + slow 
RNH-NHR > RNH2NH2R > Rearrangement 

I slow 

(lntermediate2"'') — > Disproportionation 

Possible candidates for the intermediate have been proposed, 

including a radical pair (radical or radical ion), a rr-complex, and a 

quinonoid. Although a caged radical intermediate has been attractive 

in explaining disproportionation, all the attempts to find evidence 

for radical involvement have failed (see page 20). 

The possible role of a rr-complex intermediate is shown in 

eq 26.3»31,35 
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The involvement of the third candidate, a quinonoid intermediate, 

is shown in eq 2?. This was proposed by Banthorpe, Cooper, and 

Ingold. 26 

HoN: 

+ ArN=NAr (27) 

A 4,4'-quinonoid intermediate can be formed in a concerted way, 

while a rr-complex or caged-radical intermediate will be made in a 

stepwise way. This is the feature in which we are interested. 



CHAPTER II 

SYNTHESIS OF ISOTOPIC LABELED HYDRAZOBENZENES 

Apparatus and General Remarks 

Melting points (uncorrected) were taken either in open capillaries 

in a Mel-Temp apparatus or with an MK Unitron hot stage apparatus 

(microscope device). Infrared spectra (IR) were recorded on a Perkin-

Elmer 457, Beckman Acculab 8, or Nicolet MX-S FT-IR spectrophotometer. 

H NMR spectra were recorded using a Varian EM-36O or EM 36OA spectrom

eter. Chemical shifts are reported in parts per million (ppm) on the 

scale downfield from internal tetramethylsilane (TMS). Mass spectrom

etric analyses for kinetic isotope effects were determined by the late 

Prof. Harold Kwart's Laboratory at the University of Delaware, by the 

Midwest Center for Mass Spectrometry at the University of Nebraska-

Lincoln, and the laboratory of Prof. Joseph San Filippo, Jr., Rutgers 

University. Some abundance measurements were made in the Department of 

Chemistry, University of Texas at Austin. 

Column chromatography was carried out with EM silica gel 60 (70-

230 mesh ASTM) and Woelm neutral alumina. Preparative TLC was per

formed with EM silica gel GF 254 (type 60). Flash column chromatography 

(J.T. Baker Chemical Co.) was used with 40 L̂M silica gel under a pres

sure of 20-25 psi. 

Chemicals and solvents were purified by recrystallization or by 

distillation. 

24 
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Preparation of Basic Compounds 

Ethanolic Hydrochloric Acid Solution 

Concentrated sulfuric acid was added dropwise to a flask contain

ing sodium chloride pellets at a rate to cause a continuous evolution 

of hydrogen chloride. Evolving hydrogen chloride was then passed 

through a flask of concentrated sulfuric acid to dry it. The dried 

hydrogen chloride was finally passed into 95% ethanol to generate the 

ethanolic hydrochloric acid solution. The amount of hydrogen chloride 

dissolved in the ethanol solution was monitored by weighing and diluted 

as needed. 

Active Manganese Dioxide-̂ -̂  

A solution of manganese su3jfate monohydrate (l4l g) in water 

(250 mL) was added concurrently with 40% aqueous sodium hydroxide solu

tion (195 niL) to a well-stirred solution of potassium permanganate 

(160 g) in water (l L ) . The temperature of the potassium permanganate 

solution, which was preheated to 80 °C, rose to 90 °C. The mixture was 

stirred for 1 hour and filtered hot. The residue was washed repeatedly 

with hot water to remove excess permanganate and a3-kali. The product 

was dried in an oven at 125 Ĉ for 48 hours and then ground to a powdery 

form. This brownish black powder was allowed to equilibrate with 

atmospheric moisture and stored in a tight container. 

40 41 
4-Nitroso-N.N-dimethvlaniline ' 

N,N-Dimethylaniline (24 g) was dissolved in concentrated hydro-



26 

chloric acid (50 mL) and mixed with an equal volume of water. After 

cooling the solution in an ice bath, sodium nitrite (l4 g), dissolved 

in a small quantity of water, was added slowly. 4-Nitroso-N,N-

dimethylaniline hydrochloride salt separated as orange-yellow 

crystals. It was filtered off and then washed with dilute hydrochloric 

acid. 

The free base which was obtained by suspending the hydrochloride 

salt in water and adding a saturated solution of sodium carbonate, was 

taken up in ether, washed with water, and dried over magnesium sulfate. 

4-Nitroso-N,N-dimethylaniline was obtained as green plates, mp 

85 °0 (lit^° mp 85 °C). 

Bindschedler's Green"^^^'^ 

4-Nitroso-N,N-dimethylaniline hydrochloride (4.20 g, 22.5 mmol) 

was added to a beaker containing 42 mL of a 1:1 mixture of hydrochloric 

acid and water. The slurry was stirred in an ice bath with the temper

ature below 10 ^C. Zn dust (l4 g) was then added very slowly to the 

slurry with the temperature kept below 30 °C. Addition was stopped when 

a permanent colorless solution was obtained, even though hydrogen bub

bles might still be forming. Excess zinc dust was filtered off to give 

a colorless filtrate, (if the filtrate had a dark color, the prepara

tion was unsuccessful.) The filtrate was transferred to a 400 mL beaker 

containing a magnetic stirring bar and cooled in an ice bath. A few 

drops of concentrated hydrochloric acid and dimethylaniline (2.69 g) 

were added, and the whole mixture was cooled to 0 ^C. A solution of 

sodium dichromate dihydrate (2.3 g) in water (5 ^) was added very 
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slowly with the temperature below 10 ®C. Lustrous green leaflets were 

collected and triturated twice with absolute ethanol and anhydrous 

ether, respectively, until the ether filtrate was colorless. 

Bindschedler's Green (l.40 g, 3.10 mmol, 13.8% yield based on 4-nitroso-

N,N-dimethylaniline hydrochloride) was obtained upon drying in a vacuum 

desiccator over calcium chloride. 

43 
Dry Potassium Hydrogen Phthalate ̂  

Analytical grade potassium hydrogen phthalate in a weighing bottle 

was dried in the oven at IO5-IO8 °C until to a constant weight, and kept 

in a desiccator for use. 

44 Pyrogallol Solution 

Pyrogallol (I5 g) was pulverized and dissolved in a 40-50% sodium 

hydroxide solution (100 mL). This solution was kept in a tight contain

er and was used to remove oxygen present in cylinders of compressed 

nitrogen or argon. 

Standardization of Reagents 

45 n-Butyllithium Solution^^ 

Using an oven-dried pipet with a suction bulb, a solution of n-

butyllithium (3.0 mL) in n-hexane was withdrawn and transferred to an 

oven-dried Erlenmeyer flask containing anhydrous diethyl ether (10 ml). 

Distilled water (10 mL) was added to hydrolyze the sample and the mix

ture was titrated with 1.00 N hydrochloric acid (x ml) to determine the 

total alkali present, using phenolphthalein as an indicator. A second 
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aliquot of n-butyllithium solution (3.O mL) was withdrawn and added to 

a solution of anhydrous ether (10 mL) and benzyl chloride (l.O mL) 

under nitrogen. The mixture was swirled gently and allowed to stand 

for 2 min. It was hydrolyzed with distilled water (10 mL) and titrated 

with 1.00 N hydrochloric acid (y mL), again using phenolphthalein as an 

indicator. The normality of the standardized n-butyllithium solution 

was calculated as follows: 

Normality of n-butyllithium solution = 
3 

Ethanolic Hydrochloric Acid Solution -̂  

An ethanolic hydrochloric acid solution was standardized with a 

previously standardized sodium hydroxide solution. 

Sodium Hydroxide Solution -̂  

Well dried potassium hydrogen phthalate was weighed in a weighing 

bottle and transferred to a 50-mL Erlenmeyer flask with water (10 ml). 

The mixture was titrated with sodium hydroxide solution using phenol

phthalein as an indicator. This standardized solution was kept in a 

Nalgene bottle. 

Titanium (ill) Chloride Solution^^ 

A standard potassium dichromate solution (25.0 mL) was placed in a 

100 mL Erlenmeyer flask containing 6.0 N hydrochloric acid (2.5 mL) and 

titrated with a dilute titanium (ill) chloride solution (8.0 mL of 

reagent-grade solution was diluted to 1000 mL with distilled water). 
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At the end point, the color of the dichromate solution turned to pale 

yellow. When a 0.05% solution of Bindschedler's Green was used as an 

indicator, the color at the end point was pale green, and when p-

diphenylaminesulfonic acid barium salt was used as the indicator, the 

end point was a pale bluish-violet color. 

Synthesis of [4,4'-2H2>zobenzene ([4,4'-2H2]-^) 

Method 1: Use of the Diazonium Tetrafluoroborate Method ^ 

4-Nitroaniline (28) 

Commercial 4-nitroaniline (Aldrich) was recrystallized from boil.-

ing water and dried in a vacuum desiccator. 

4-Nitrobenzenediazonium Tetrafluoroborate (29) 48 

4-Nitroaniline (28) (34 g, 0.25 mol) was dissolved in fluoboric 

acid (110 mL), and a cold solution of sodium nitrite (17 g, 0.25 mol) 

in water (34 mL) was added dropwise. When the addition was complete, 

the mixture was stirred for a few minutes and filtered by suction 

through a sintered glass funnel. The solid product was washed once with 

cold fluoboric acid (25-30 mL), twice with 95% ethanol, and several 

times with anhydrous ether. After drying in a vacuum desiccator, pale 

yellow solid (50.1 g, 85% yield, mp 131 °G) was obtained. 

Nitro[4-2H]benzene (30) ^ 

To a stirred suspension of 29 (21.3 g, 90 mmol) in CDCI3 (200 mL, 

99.6 atom % D, Aldrich) cooled in an ice bath, was added D3PO2 (28.8 mL, 

270 mmol, 50% solution in D2O, 99+ atom % D, Aldrich) and CU2O (I80 mg). 
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The mixture was stirred for 20 minutes and anhydrous sodium carbonate 

was added slowly until the pH was near 7. The reaction mixture was fil

tered and the filtrate "was washed with D2O (99.89% D, Bio-Rad). The 

aqueous layer was backwashed with CDCI3. The combined CDCI3 solution 

was dried over anhydrous magnesium sulfate and filtered. The CDCI3 was 

distilled under normal pressure for recycling. The resulting dark-

colored liquid residue was vacuum-distilled to give a yellow liquid 

(9.68 g, 86.7% yield, bp 82 '̂C under 13 mmHg). % NMR (CCI4) showed an 

AA'XX' pattern at 6 7-50 and 8.20 (d, 2 H, J=8.0 Hz each); IR (neat) 

1520, 1345, and 850 cm"^. 

[4,4'-2H2>zobenzene ([4,4'-2H2]-31)^^ 

To a 500 mL one-necked round-bottomed flask, equipped with a mag

netic stirrer and a reflux condenser, was added sodium hydroxide (20 g) 

in water (45 mL), ̂ 0 (13'6 g, 110 mmol), methanol (15O mL), and zinc 

powder (17 g) • After a reflux of 10 hours, the mixture was filtered hot 

and washed with a little hot methanol. The resulting alkaline filtrate 

was made neutral to litmus by the cautious addition of concentrated 

hydrochloric acid and was filtered again. Methanol was evaporated from 

the filtrate, and azobenzene (10.6 g) separated upon cooling in 

an ice-bath. This crude product was crystallized from aqueous ethanol 

(water, ethanol; 1:12) to give orange crystals (9.5 g, 9 ^ yield, mp 67-

68 °C, lit^9 mp 68 °C). 1H NMR 6 7-59 (d, 4 H) and 7-95 (dt, 4 H ) . 
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Method 2: Reaction of 4-Lithioaniline in D20-50 

[4-2H>niline (32) 

Dry 4-bromoaniline (42.9 g, 249 mmol) in anhydrous ether (120 ml) 

was added dropwise to 1.0 mol of n-butyllithium in hexane (600 ml). 

During the addition, the solution was kept at 0 °C with constant stir

ring. The bright yellow precipitate of aryllithium compound appeared 

within 20 minutes and stirring was continued at room temperature for an 

additional 2 hours. Deuteration was effected with D2O (99.89% D, Bio-

Rad) which was added dropwise by syringe through the septum until no 

more gas evolved. During this time, the color of the reaction mixture 

turned dark red, then pale blue, and finally pale yellow. This reaction 

mixture was refluxed for 1 hour, and the inorganic salt which formed was 

filtered. After removal of the organic solvent, the remaining residue 

was distilled twice under reduced pressure to give a colorless liquid 

(12.1 g, 51^ yield, bp 63-65 °C under 10 mmHg, nj) 1.5736, lit51 np° 

1.5863). % NMR (CCI4) 6 3.30 (s, br, 1.2 H ) , 6.37 (d, 2 H ) , and 6.95 

(d, 2 H ) ; IR (neat) 3400 (m, br, N-H) and 2565-2430 cm'l (m, br, N - D ) . 

[4,4'-2H2]Azobenzene ([4,4'-2H2]-:11)^^ 

[4-2H]Aniline (^) (6.0 mL, G5 mmol) and active manganese dioxide 

(44 g, 510 mmol) were refluxed for 24 hours in benzene (1.2 L) and the 

water formed was removed with a Dean-Stark separator. The hot reaction 

solution was filtered, and the solid was washed with hot benzene until 

the filtrate was colorless. After removal of benzene, the crude produc: 

(5.9 gf 93^) was obtained. This crude product was crystallized from 
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aqueous ethanol to give orange-red crystals (5.O g, 84% yield, mp 65-

66 °C, lit52 mp 67-68 °C). IR NMR (CCI4) 6 7.40 (d, br, 4 H, J=8 Hz) 

and 7.87 (d, br, 4 H, J=8 Hz). Mass spectroscopy showed the deuterium 

content to be 15% D^, 63% D2, Wo D3, and 3.2% D4. This product was 

discarded. 

Synthesis of 2,2'-Dimethoxy[^-%,^%']azobenzene 

Agl5N03 from K15N03 

KI5NO3 (10 g, 98 mmol, Prochem, 99-7 atom % 15N) and silver per-

chlorate monohydrate (22.1 g, 98 mmol) were dissolved in a minimum 

amount of distilled water, respectively. When these two solutions were 

mixed together, a white precipitate of potassium perchlorate was formed. 

Filtration of the potassium perchlorate gave a blue solution which was 

evaporated under vacuum. The residue was dried in a vacuum desiccator 

over sodium hydroxide overnight. 

2-Nitro[15N]phenol (3l)^^ 

The Agl5N03 obtained above was dissolved in dry acetonitrile 

(120 ml), to which phenyl chloroformate (12.3 ̂ » 98 mmol, freshly dis

tilled before use) was added dropwise at room temperature under nitrogen 

atmosphere. During a 25 minute period the color changed to yellow and 

finally brown. After 5 hours of stirring the solid inorganic salt >:as 

filtered, and the acetonitrile filtrate was evaporated using a rotary 

evaporator. The resulting residue was steam-distilled. The product 

(5.6 g, 40 mmol) was obtained from the filtrate. This product was fil

tered and aqueous filtrate was extracted with ether and the product was 



33 

purified by preparative TLC. The combined total amount of the 33 (3.0 g, 

58% yield based on K^5^0^) r̂as methylated directly. 

2-Nitro[15N]anisole (34)54 

To a 250 mL two-necked, round bottomed-flask, fitted with a con

denser and a dropping funnel was introduced ^ (8.0 g, 57 mmol) dis

solved in dried toluene (35 ml), followed by addition of anhydrous 

sodium carbonate. This reaction mixture was heated to 100 °C with stir

ring. Dimethyl sulfate (10.9 g, 86 mmol) was then added slowly, to 

avoid a too vigorous reaction. After addition, the stirring was contin

ued for 10 hours at reflux temperature. The mixture was diluted with 

water (45 ml) and the toluene layer was separated. After washing with 

5% sodium hydroxide solution and water, the toluene was evaporated under 

reduced pressure. The residue obtained (11.9 g» 77 mmol) still smelled 

of toluene, but was used in the next step without further purification. 

2,2'-Dimethoxy[^5N,15N']azobenzene 

To a 250 mL, round-bottomed flask, was added a solution of sodium 

hydroxide (9.6 g, 0.24 mol) in water (20 ml), crude ̂ 4 (11.9 g, 77 mmol), 

methanol (80 mL), and zinc powder (8.0 g, 0.12 mol). This reaction 

mixture was refluxed for 10 hours, the reaction time required to con

vert nitrobenzene to azobenzene. When the TLC was applied to check the 

progress of reaction, no azo compound was detected. Therefore, an addi

tional 10 more hours of reflux was carried out. The whole reaction fix

ture was then subjected to air oxidation with the intention of convert

ing hydrazoaromatic to the azo compound. After bubbling air through -.he 



34 

reaction mixture, 500 mL of water was added. A dark brown solid (I.6I g) 

formed was filtered off. This solid was determined to be crude dimeth-

oxyazobenzene. The remaining aqueous solution was extracted with ether, 

and a viscous liquid (3.91 g) was obtained. This liquid was identified 

as o-anisidine by IR spectrum. The IR spectrum was the same as that of 

an authentic sam.ple. The crude o-anisidine was oxidized to 2,2'-dimeth-

oxyazobenzene by active manganese dioxide in benzene after refluxing 

for 6 hours. The crude azo compound so obtained was purified by column 

chromatography to give the product (2.42 g). Crystallization from aqueous 

ethanol gave orange-red product (1.09 g, mp 153-155 °C, lit52 mp 153 °G 

and 155 °C). 

Unlabeled 2,2'-dimethoxyazobenzene (35) was prepared from o-anisi

dine by oxidation with manganese dioxide and used as a standard for the 

labeled compound. 1H NMR and IR spectra of unlabeled 2,2'-dimethoxy

azobenzene were taken and were as follows. % NMR (acetone-d^) 6 4.05 

(s, 6 H) and 7.0-7.8 (m, 8 H ) ; IR (KBr) 2980-2800 (w,br), I58O (s), 

1485 (s), 1470 (s), 1280 (s), and 1245 cm"! (s). 

Synthesis of 2,2'-Dimethoxy[4,4'-2H2]azobenzene 

3-Methoxy-4-nitrobenzoyl Chloride (37)^^'^^ 

3-Methoxy-4-nitrobenzoic acid (3G_) (25.0 g, 0.127 mol) was mixed 

with an excess (85 ml) of thionyl chloride in a 250 mL, round-bottomed 

flask fitted with a condenser carrying a cotton wool guard tube. This 

reaction mixture was heated slowly, and refluxed for 40 minutes in an 

oil bath, during which time evolution of hydrogen chloride and sulf-or 
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dioxide occurred. After distilling off the excess of thionyl chloride, 

the remaining yellow liquid residue was allowed to cool to room temper

ature. Gradually the residue turned to yellow solid, which was used 

directly for the next step. 

3-Methoxy-4-nitrobenzamide (38)55,56 

Compound 3Z obtained above was introduced slowly to preceded 

concentrated ammonium hydroxide solution (170 ml) with stirring, giving 

a vigorous reaction and gas expulsion. The formed crude amide (38) was 

ground in a mortar containing concentrated ammonium hydroxide solution. 

After filtering, the product was dried in a vacuum desiccator to afford a 

quantitative yield of 38 (29.6 g), mp 194-196 °C (lit56 mp 193-196 °G). 

IR (KBr) 3400 (s, NH2), 3200-3100 (s, br, NH2), I66O (s, C=0), I5OO 

(s, NO2), and 1250 cm-1 (s, G-O). 

3-Methoxy-4-nitroaniline (39.)-̂ '̂  

To a precooled sodium hypobromite solution made by adding bromine 

(7.1 mL, 0.14 mol) to sodium hydroxide (28.1 g, O.7O mol) in water 

(200 mL), was added 38 (21.9 g. 0.112 mol) at 0-5 °G. The reaction 

mixture was stirred for 40 minutes and during this time all the amide 

dissolved. Hofmann rearrangement was effected by raising the temper

ature to 85 °C and maintaining this temperature for 30 minutes. Cooling 

the solution and filtration gave crude yellow 39 (13-1 g, mp 155-156 °G). 

When the basic filtrate was made acidic, it afforded ca. 5-0 g of 

3-methoxy-4-nitrobenzoic acid (36), the starting material. The crude 

amine product was dissolved in an acidic aqueous solution, which was 
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filtered and made alkaline again using concentrated ammonium hydroxide, 

giving a yellow precipitate (11.7 g, 70% yield, mp 159-l60 °C, lit^^'^^ 

mp 169 °C). % NMR (DMS0-d6, CD3CN, and CDCI3) 5 7.85 (d, br 1 H ) , 

6.25 (d, br, 2 H ) , 6.00 (s, br, 2 H ) , and 3-87 (s, 3 H) ; IR (KBr) 3420 

(S,-NH2), 3310 (s, -NH2), 3190 (w, -NH2), 1270 (s, C-O), and 1240 cm"^ 

(s, C-O), a carbonyl band was absent. 

3-Methoxy-4-nitrobenzenediazonium 

Tetrafluoroborate (4o)^ 

To precooled (-I5 °C) boron trifluoride etherate (17 g, 120 mmol) 

contained in a 3-neck, 2 L round-bottomed flask fitted with two addition 

funnels and a reflux condenser, was added 3£ (9-9 g» 60 mmol) in 1,2-

dimethoxyethane (I60 mL). t-Butyl nitrite (7-9 niL, GG mmol) in methylene 

chloride (55 mL) was added dropwise to the rapidly stirred solution over 

a 10 minute period. The temperature of the reaction solution was 

maintained at -12 °C for 10 minutes and then allowed to warm to 5 °G . 

When anhydrous ether (950 mL) was added to this reaction mixture, a white 

precipitate was formed, which was filtered and dried in a vacuum desic

cator overnight to give 40 (l4.9 g, 55-9 mmol, 93% yield, mp 74-75 °G 

(dec)). IR (KBr) 3070 (s), 2925(m), 2280 (s), and 1200-900 cm"^ (s, v 

br, BF4). This diazonium salt (4o) was unstable in organic solvents and 

expelled nitrogen. However NMR integration showed 1:1 ratio of aromatic 

and aliphtic protons. % NMR 6 8.5-7-8 (m, 3 H ) , and 4.0 (s, 3 H) . 

2-Methoxy[4-%]nitrobenzene (4l) 

To a stirred suspension of 40 (l4.8 g, 55-5 mmol) in GDCI3 (I80 mL, 
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99.6 atom % D ) , cooled in an ice bath, was added D3PO2 (28.6 mL, 267 mmol, 

50% solution in D2O, 99 atom % D, Aldrich) and CU2O (150 mg). The 

reaction mixture began to give off nitrogen. After 2 hours of stirring, 

anhydrous potassium carbonate (56 g) was added very slowly to neutralize 

the acid. This reaction mixture was filtered to remove the residual 

potassium carbonate. The CDCI3 layer was removed and washed twice with 

D2O (40 mL), which was also backwashed with CDCI3. The combined CDCI3 

solution was dried over anhydrous MgSÔ .̂ After filtering off the MgSÔ ,̂, 

the CDCI3 solution was distilled under normal pressure to give a brownish 

liquid (8.0 g) . Further, more crude product (1.2 g) was obtained by 

extraction of the potassium carbonate residue with CCI4. The combined 

crude product was 9-2 g (60 mmol). When this crude product was sub

jected to rotary evaporation to completely remove the solvent, it 

afforded 4l (8.10 g, 52.6 mmol, 95% yield). ^H NMR (acetone-d^) 6 7-80 

(d, 1 H, J=8 Hz), 7.18 (s, 1 H ) , 7.03 (d, 1 H, J=8 Hz), and 3-92 (s, 

3 H). 

2-Methoxy[4-%]aniline (42)^"^ 

2-Methoxy[4-%]nitrobenzene (8.10 g, 52.6 mmol) was dissolved in 

benzene (lOO mL), to which platinum oxide (0.4l g) was added as a 

catalyst. Hydrogenation was effected readily in a Parr shaker at room 

temperature under 40 psi pressure. After 5 hours of reaction, the 

catalyst was filtered off, and the benzene was removed. A quantitative 

yield of pink liquid was obtained. % NMR (GCI4) 6 6.80-6.35 (m, 3 H), 

3.78 (s, br, 2 H), and 3-58 (s, 3 H ) . 
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2,2'-Dimethoxy[4,4'-2H2]az obenzene52 

Crude 2-methoxy[4-2H]aniline (42) was dissolved in benzene (35 mL) 

and active manganese dioxide was added. After refluxing for 8 hours, 

the reaction mixture was filtered hot and the benzene was evaporated to 

give a dark-red crude product (4.94 g) which solidified overnight. This 

crude product was subjected to column chromatography (silica gel) using 

benzene as the eluting solvent. A mixture of £is- and trans-dimethoxy-

azobenzene (2.22 g) was obtained and crystallization from ethanol gave 

a first crop of trans-dime thoxyazobenzene (0.77 g, mp 152-153 °C, lit-52 

mp 153 °G and 155 °C). A second crop of trans-dimethoxyazobenzene (0.13 

g, mp 152-153-5 °G) was isolated. A later fraction from column chromato

graphy contained three compounds (1.90 g, cis/trans-dimethoxyaz obenz ene 

and an unidentified impurity). Crystallization from ethanol gave addi

tional trans-dimethoxyazobenzene (0.26 g, mp 152-153-5 °C). Total yield 

was 18% based on 42. ^H NMR (DMSO-d^) 6 7-48 (d, 2 H, J=8 Hz), 7-27 (s, 

br, 2 H ) , 7-02 (d, 2 H, J=8 Hz) and 3-98 (s, 6 H ) ; IR (KBr) 1575 (s), 

1565 (s), 1555 (s), 1465 (s) and 1220 cm-1 (s). 

Synthesis of 2,2'-Dimethoxy[4,4'-13c2]azobenzene 

Sodium Nitromalonaldehyde Monohydrate (4^) 

In a 500 mL, three-necked flask, equipped with a thermometer, 

dropping funnel, mechanical stirrer, and gas vent were placed sodium 

nitrite (lOO g, 1.5 mol) and water (100 ml). This mixture was heated 

until all of the nitrite dissolved and a solution of mucobromic acid 

(100 g, 0.4 mol, Aldrich) in warm 95% ethanol (lOO ml) was added drop-
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wise with vigorous stirring over a period of 70-80 minutes. An exo

thermic reaction occurred and the solution in the flask became deep red 

and gas was given off. During the addition the temperature was main

tained at 54±1 «C. The reaction mixture was stirred for an additional 

10 minutes at this temperature, and cooled to 0-5 °C. A fine yellow 

precipitate formed and was collected on a Biichner funnel. This crude 

product was crystallized from a mixture of 95% ethanol (l60 mL) and 

water (40 mL). Filtering and drying gave 4^ (22.5 g, 37 % yield, lit^^ 

yield 36-4l^). 

4-Nitro[l-^3c]phenol (44)^^'^^ 

Sodium nitromalonaldehyde monohydrate (43) (6.6 g, 42 mmol) and 

sodium hydroxide (1.2 g, 30 mmol) were dissolved in water (l40 mL) and 

the solution cooled to 3-5 °C. [2-13c]Acetone (2.0 g, 34 mmol, 90.0 

atom % 13c, Prochem), precooled in an acetone-dry ice bath, was added 

to the clear solution. The mixture was diluted to 400 mL with cold 

water and placed in the refrigerator at 0 °C. After 8 days, 50% sodium 

hydroxide solution (194 ml) was added slowly such that the temperature 

was maintained at 4-10 °C. The resulting solution was kept in the 

refrigerator for 8 hours and then acidified with concentrated HCl 

solution (32 mL) under 30 °C. Filtration gave a brown, chocolate 

colored solid. The ether solution was dried over anhydrous magnesium 

sulfate overnight and evaporated to give a pale, brownish-yellow solid 

(3 07 g. 7^ yield based on [2- -^C]acetone). The crude product was 

purified on a silica gel column by eluting with a mixture of chloroform 
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and ethanol (100:1). The first fraction contained a negligible yellow 

residue. The second fraction contained 44 (3.05 g, 22 mmol, mp 106-

112 °C, lit^^^'^ mp 112 °C and 114 ̂ C, G5% yield based on [2-1^G]-

acetone). This was used for the next step. 

This same procedure was applied to another portion (1.86 g, 32 mmol) 

of labeled acetone (0.92 g from Prochem and 0.94 g from. Merck) and gave 

crude 44 (3.07 g, mp 101-111 °C, 69% yield based on [2-13G]acetone. 

Further purification by column chromatography afforded 44 (2.71 g, 19-5 

mmol, mp 109-5-113 °C, 111̂ -̂ -̂*̂  mp 112 °C and 114 °C, 6l% yield based on 

[2-13c]acetone). 

4-Amino[l-^3G]phenol (4^)^^ 

Labeled nitrophenol (3-05 g, 22 mmol) was dissolved in anhydrous 

ethanol (87 mL) containing 5% Pd/C catalyst (460 mg). To this reaction 

mixture, hydrazine hydrate (4.9 mL, 85% solution, Fischer) was added 

dropwise and stirred for 30 minutes at room temperature. This solution 

was then refluxed for 4 hours during which time additional hydrazine 

hydrate (2 mL) was added. The hot reaction mixture was filtered to remove 

the Pd/C and the ethanol was removed to afford pale yellow labeled amino-

phenol (2.3 g, 21 mmol, 96.2% yield, lit yield, 97%, mp 182-185 °G, 

lit mp 186 °C). From the second portion, labeled 4-aminophenol was 

obtained in a quantitative yield (2.14 g, 20 mmol, mp I85-I87 °C, lit°° 

mp 186 °C). 

5-(4-Amino[l--^^C]phenoxy)-l-

phenyl-lH-tetrazole (46)^^ 

Labeled 4-aminophenol (2.3 gt 21 mmol), 5-chloro-l-phenyl-lH-
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tetrazole (4.0 g, 22 mmol), and potassium carbonate (8.5 g) were placed 

in a 250 mL, round-bottomed flask which contained acetone (137 mL) as the 

solvent. This reaction mixture was refluxed for three days, during which 

time complete conversion to product took place. The mixture was filtered 

from the potassium carbonate and evaporation of the acetone gave crude 

product (6.8 g, 27 mmol, 129% yield based on crude 45, mp 159-164 °C). 

This crude product was crystallized from 95% ethanol to give pure com

pound (5.06 g, 20 mmol, with a 95% yield based on labeled 4-aminophenol, 

mp 171-173-5 °C, lit̂ '̂  mp 171-173 °G). 

From the second portion, 5-28 g (21 mmol) of the tetrazole deriva

tive was obtained from 2.14 g of labeled 4-aminophenol, mp I66-I69 ̂ C. 

After crystallization from 95% ethanol, 4.65 g (l8 mmol) was obtained 

(mp 171-173 °C, lit̂ "̂  mp 171-173 °C, 9 ^ based on labeled 4-nitrophenol) . 

5-(4-Acetamino[l- 3G]phenoxy)-l-phenyl-lH-

tetrazole (47)^^ 

To a solution of 46 (5.O6 g, 20 mmol) dissolved in acetic acid 

(79 mL), acetic anhydride (4 mL) was added. After refluxingfor 8 hours, 

acetylation was complete. This reaction mixture was subjected to the 

next step without work-up. Similarly, 46 (4.65 g, 18 mmol) from second 

portion was used and subjected to the next step. 

[4-^3G]Acetanilide (48)^^ 

To the acetic acid solution of 47, 5% Pd/C (l.l g) and acetic acid 

(80 mL) were added. This reaction mixture was heated to 60 °G and hydro

gen was passed through the solution for 24 hours. Filtration to remove 
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the Pd/C, and evaporation gave a residue (7-85 g). Addition of chloroform 

precipitated l-phenyl-5(4H)-tetrazolinone (2.31 g after filtration). 

After removal of chloroform from the filtrate, the residue was column 

chromatographed on alumina and eluted with methylene chloride. Labeled 

acetanilide (2.54 g, 18.8 mmol, 94^ yield based on 46, mp 110-113 °C, 

lit̂ "̂  mp 114 °C) was obtained. 

From the second portion, tetrazolinone (2.28 g) was isolated, mp 187-

189 °G (lit°^ mp 189-190 °C or 192-193 °C). Column chromatography of 

the residue gave labeled acetanilide (2.34 g, 17.3 mmol, 95% yield, mp 

112-113 °G, lit^^ mp 114 ^'C). 

Each batch of labeled acetanilide was analyzed by mass spectroscopy 

for isotope distribution. For the next step, the two batches of acet

anilide were combined (4.80 g, 35-5 mmol). 

[4-^3c>niline (49)^^ 

Crude acetanilide, 48, (4.80 g, 35-5 mmol) was dissolved in 15% 

sulfuric acid solution (310 mL) and refluxed for 6 hours. After cooling 

to room temperature, sodium carbonate was added slowly to make the solu

tion alkaline and the solution was extracted with ether (1.5 L). After 

drying over anhydrous magnesium sulfate and filtering, the ether was 

evaporated to give a brownish liquid (3-42 g, 103% yield based on 48). 

This crude aniline was distilled under reduced pressure to give a color

less liquid (2.96 g, 89.5% based on 48). 

[4-13G]Phenol (̂ 0)̂ ,̂70 

Labeled aniline (2.96 g) was'introduced to a solution made by 
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diluting concentrated sulfuric acid (8.7 mL) with water (30 mL) and 

cooling to O'̂ C in an ice salt bath. To this solution was added drop-

wise a solution of sodium nitrite (3.1 g) in water (25 mL). After 

addition of the sodium nitrite solution, the reaction mixture was stir

red for 30 minutes at 0 ̂ C and urea (210 mg) was added. The color of 

the diazotized solution was yellow. This solution was steam distilled 

by adding it dropwise to a flask through which steam was passed. During 

the addition, the reservoir of diazotized solution was kept at 0-2 °C 

with ice. The collected distillate (500 mL) was extracted with ether 

(1.4 L ) . The ether extract was dried over anhydrous magnesium sulfate 

and filtered. Removal of ether gave a crude, dark-brown phenol (3-02 g). 

The crude material was distilled under reduced pressure to give labeled 

phenol (2.05 g, 21.6 mmol, 69% based on 49, lit^3,70 yield, 67% and 91fo). 

2-([4-^3G]phenoxy)-5-nitrobenzophenone (^)^3»71,72 

Labeled phenol (2.05 gi 21.6 mmol) was mixed with pulverized KOH 

(1.47 g) and melted in the oil-bath by heating to 120-125 ^C, giving a 

fused, red solid. 2-Ghloro-5-nitrobenzophenone (5-64 g, 21.6 mmol) was 

added and the reaction mixture was heated to 145 °C. A vigorous reac

tion followed, giving off gas (HCl). After heating for 30 minutes at 

this temperature; dry N,N-dimethylformamide (3-5 ml) was added and the 

mixture was again heated to 155 °0 for an additional 30 minutes to 

complete the reaction. After cooling to room temperature, the reaction 

mixture solidified. It was washed with 5% sodium hydroxide solution 

(70 mL) and then with water (50 mL), giving crude product, ̂  (6.28 g, 
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19-6 mmol, 91% based on labeled phenol, mp 133-147 ^C, lit'̂ ^ mp I50 °C). 

2-(2-Hydroxy[4-13c]phenoxy)-5-

nitrobenzophenone (̂ 2)̂ -̂ ''̂ -'-''̂ ^ 

A mixture of cold, concentrated sulfuric acid (12.3 mL), and 5I 

(6.28 g, 19.6 mmol) was stirred for 30 minutes at 5 °C and acetic acid 

was added, followed by addition of 30% hydrogen peroxide solution 

(16.5 mL). After stirring for an additional 30 minutes at 5 °C, the 

mixture was stirred overnight at room temperature. A small amount of 

ice was added and the mixture was filtered to give a pale yellow solid, 

52 (5-28 g, 15.8 mmol, 80.4% based on 51, mp I55-I56.5 °C, lit'̂ '̂  mp 

159 °C). 

2-(2-Methoxy[4-13c]phenoxy)-5-

nitrobenzophenone (53) -̂  

All of the product obtained from the previous step was dissolved in 

a mixture of ether (300 ml) and methanol (10 ml), and the solution was 

cooled to below 5 °0. To this cold ether solution was added a cold 

73 ethereal diazomethane solution which had been made as follows.'^ A 

solution of 35% sodium hydroxide solution (25 mL) was covered with ether 

(200 mL) and was cooled to 3 °C, to which l-methyl-l-nitroso-3-

nitroguanidine (5.7 g) was added and stirred for 5 minutes. The yellow, 

ethereal diazomethane solution was decanted into another Erlenmeyer 

flask containing sodium hydroxide pellets. After drying over the sodium 

hydroxide pellets, the ethereal diazomethane solution was used as above 

for methylation. After 5 days of reaction in a cold Dewar vessel, the 

ether was removed to give product (5'55 g» 15-8 mmol, 100% yield based 
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i2, mp 127-128 °G, lit71 mp I30-I32 °C). 

[4-^^C]Guaiacol (l4)^^'"^^ 

Crude 53 (5-55 g, 15-8 mmol) was transferred to a 100 mL, one-

necked flask, to which piperidine (8.5 mL) was added. The mixture was 

refluxed in an oil-bath at I50 °C for 90 minutes. The color became dark 

brown. Benzene (50 ml) was added to the cooled reaction mixture and the 

solution was washed with 2 N sulfuric acid solution (I70 ml). The acid 

solution was extracted with ether (l L). The combined organic solvent 

was washed with 2 N sodium hydroxide solution. Acidification of the 

aqueous layer with 2 N sulfuric acid solution in an ice-bath, extraction 

with ether (l L), drying, and evaporation of ether gave crude product 

(1.98 g, 15-9 mmol, 100.6% yield). 

4-(2-Methoxy[4-^3G]phenoxy)-2-

phenylquinazoline (55)'^ 

Crude ̂  (1.98 g, 15-9 mmol), 4-chloro-2-phenylquinazoline (3.68 g, 

15.3 mmol), and potassium carbonate (5-0 g) were refluxed in dry acetone 

(90 mL) for 41 hours. The hot reaction mixture was filtered from 

potassium carbonate. After removal of the acetone, the crude product 

(5-07 g, 15.4 mmol) was obtained, 97% yield based on crude guaiacol 

(mp 102-102.5 °C). The melting point of crystallized unlabeled 5^, simi

larly prepared as above, was IO6-IO8.5 °C. ^H NMR (CCl/j,) 6 8.50-7.0 

(m, 13 H), 3.68 (s, 3 H). 

3-(2-Methoxy[4-^^C]phenyl)-2-phenyl-4(3H)-

quinazolinone (5G) 

A suspension of ̂  (5-07 g, 15.4 mmol) in mineral oil (41 ml) was 
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degassed for 30 minutes, and nitrogen was allowed to pass through the 

suspension while it was slowly heated to 320-325 °C. After 9.5 hours of 

heating, TLC showed complete conversion to the thermally rearranged 

product. This was used for the next step without further isolation. 

On the other hand, unlabeled 5G^, made similarly, was worked up as 

follows. A small aliquot of reaction mixture in mineral oil was filtered 

and cyclohexane was added to the filtrate until all the mineral oil was 

dissolved in cyclohexane. From the solution a pale yellow crude product 

(0.4l g) was obtained and purified by column chromatography on alumina 

and benzene as an eluting solvent. Recrystallization from ethanol gave 

unlabeled ^ (0.27 g, colorless solid, mp l6l-l62 °C, lit"̂ ^ mp 159-

160 °C). ^H NMR (DMS0-d6) 6 8.40-6.70 (m, 13 H) , 3-68 (s, 3 H) ; IR 

(KBr) 1670 (s, carbonyl). 

2-Methoxy[4-^^C]aniline Hydrochloride (2L)^^ 

The above mineral oil solution was transferred to a 500 mL, round-

bottomed flask with the aid of hot diethylene glycol (I30 mL). After 

adding powdered potassium hydroxide (10 g) and water (2 mL), this reac

tion mixture was heated slowly to 110-120 °C under nitrogen and kept at 

this temperature for 12 hours. After cooling to room temperature, water 

(90 mL) was added and ether (l L) was used to extract the organic 

product. The ether solution was washed with water (50 mL) and dried 

over anhydrous magnesium sulfate. After filtering, dry hydrogen chlo

ride was passed through the solution to give a pale, chocolate-colored 

solid (2.68 g, 16.8 mmol). 
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2-Methoxy[4-^3c]aniline (jS) 

Crude ̂  (2.68 g, 16.8 mmol) was dissolved in a mixture of water 

(35 mL) and 5% hydrochloric acid solution (10 mL), and the solution was 

filtered. The acidic pink filtrate was made alkaline by adding sodium 

carbonate and was extracted with ether (1.2 L). After drying the ether 

solution over anhydrous magnesium sulfate, filtering and evaporating, 

it afforded crude o-anisidine (1.26 g, 10.2 mmol, 66.2% based on ^ ) . 

2,2'-Dimethoxy[4,4'-^3G2]azobenzene 

([4,4'--L^G2]-^5)^ 

The crude _q-anisidine obtained above and active manganese dioxide 

were added to benzene (200 mL) and refluxed for 6 hours under nitrogen. 

The reaction mixture was filtered hot and the manganese dioxide was 

washed with hot benzene several times. After removal of benzene, the 

residue was subjected to flash column chromatography, using benzene as 

an eluting solvent. From the yellow and red bands, [4,4'--'-3c2]-^ 

(0.659 g) was obtained and this was crystallized from aqueous ethanol 

to give product (O.303 g, 1-25 mmol, mp 154-155 °G, lit-̂ ^ mp I55 °G). 

Furthermore, the filtrate obtained from recrystallization was 

evaporated and the residue was purified by flash chromatography again 

to give additional [4,4'-^^C2]-^ (0.035 g, mp 151-5-153-5 ''C). The 

overall yield was 27.4% based on crude 58. 

Preparation of Mixtures of Labeled and 

Unlabeled Azobenzenes 

50 Mol % of [4,4'-%2]AZ obenz ene in Azobenzene (31) 

A mixture of [4,4*-2H2]azobenzene (4.00 g) and unlabeled azoben-
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zene (4.00 g) was crystallized from aqueous ethanol to give orange-red 

crystals (7-60 g, 95% yield mp 67.5 °G, lit-̂ ^ mp of unlabeled azoben

zene, 68 °C). 

5 Mol % of 2,2'-Dimethoxy[^5N,^5N']azobenzene 

in 2,2'-Dimethoxyazobenzene (35) 

A mixture of [^%,^^N']-3^ (O.5O g) and 3i (9-5 g) was recrystal

lized from aqueous ethanol to give orange-red crystals (9-24 g, 92% 

yield, I56 °C, 111^^ mp of unlabeled 35, I55 <=C). 

5 Mol % of 2,2'-Dimethoxy[4,4'-2H2]azobenzene 

in 2,2'-Dimethoxyazobenzene (35) 

A mixture of [4,4'-2H2]-^ (O.8O g) and 25 (15-20 g) was recrys

tallized from aqueous ethanol to give orange-red crystals (14.63 g, 91% 

yield, 154.5 °C, 11t^^ mp of unlabeled ^5, 155 °G). 

5 Mol % of 2,2'-Dimethoxy[4,4'--^3G2]azobenzene 

in 2,2'-Dimethoxyazobenzene (35) 

A mixture of [4,4'-13G2]-3i (0.30 g) and 35 (5-74 g) was recrys

tallized from ethanol to give orange-red crystals (5.6 g, 93% yield, 

mp 156-156.7 °C, lit^^ mp of unlabeled 35, 155 °G). 

Preparation of Dilute Mixture of Heavy-Isotope 

Labeled Hydrazobenzenes from Azobenzenes 

50 Mol % of [4,4'-2H2]Hydrazobenzene 

in Hydrazobenzene (3̂ ) 

A mixture of 1.00 g of labeled and unlabeled azobenzene was 

dissolved in acetone (lOO ml) to which Zn dust (6.0 g) and saturated 
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ammonium chloride solution (4 mL) was added. This mixture was shaken at 

room temperature until the orange colored solution became colorless. 

The solution was filtered into a 10% (v/v) ammonium hydroxide solution. 

A white precipitate formed, which was filtered rapidly and dried in a 

vacuum desiccator to give enriched hydrazobenzene (90-97% yield, mp 

129-130 °C, litis»29 ĵp 127 oc and I3I °G). 

5 Mol % of 2,2'-Dimethoxy[15N,15N']hydrazobenzene 

in 2,2'-Dimethoxyhydrazobenzene (2) 

The same procedure was used as above to give enriched hydrazo

benzene (90-97% yield, mp 102-103 °C, litlS'27 îp 100, 101, and 102 °C). 

Unlabeled 2,2'-dimethoxyhydrazobenzene had the following spectral 

data. % NMR (CDCI3) 6 7-20-6.65 (m, 8 H ) , 6.35-5-90 (s, br, 2 H ) , and 

3.90 (s, 6 H ) ; IR (KBr) 3365 (m) and 3320 cm'l (m). 

5 Mol % of 2,2'-Dimethoxy[4,4'-2H2]hydrazobenzene 

in 2,2'-Dimethoxyhydrazobenzene (2) 

The same procedure as above was applied giving the same results. 

5 Mol % of 2,2'-Dimethoxy[4,4'-13c2]hydrazobenzene 

in 2,2' -Dimethoxyhydrazobenzene (2̂ ) 

The same procedure as above was applied giving the same results. 



CHAPTER III 

BENZIDINE REARRANGEMENT 

Kinetic Measurement of Rate Constants by Titration 

with Bindschedler's Green Solution 

Hydrazobenzene (l) 

General conditions for rearrangement. Rearrangements of 3̂  were 

carried out at 0 °C in "75% aqueous ethanol" (i.e., 150 mL of 95% 

ethanol and 50 mL of water) so as to produce the kinetic conditions and 

rate constants of earlier work.-'- In each run of the rearrangement 

study, the ionic strength was maintained at 0.4 by adding the required 

amount of lithium chloride and the titrations were carried out under 

nitrogen. The starting concentrations of 1̂  and acid (hydrogen chloride) 

were 0.01 M and 0.1 M, respectively in the rearrangement mixture. 

Kinetic method. The analytical procedure has been described by 

Hammond and Shine. For each run, hydrazobenzene (3̂ ) (368 mg, 2 mmol) 

was dissolved in 95% ethanol (75 mL) and distilled water (25 ml). A 

second solution (lOO ml) was prepared by adding 75% ethanol to the 

acidic 75% ethanol until the resulting solution was 0.200 N in acidity. 

Then, the required amount of LiCl (2.52-2.54 g) was added. Both solu

tions were kept in an ice-bath for at least one hour prior to mixing. 

They were then mixed and aliquots (10 ml) were taken with a precooled 

pipet at 10 or 15 min intervals into the Bindschedler's Green solution 

(25.0 mL), the concentration of which was approximately 0.01 N. The 

excess of Bindschedler's Green was back titrated under nitrogen with 

50 
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the use of standard TiCl3 solution. The standard TiCl3 solution (3 L) 

was made to be approximately 0.01 N by diluting commercially available 

20% solution (24 mL) with distilled water. The oxidizing titer of the 

Bindschedler's Green solution was monitored by titrating blanks at 

30 minutes intervals. The values of the blanks were plotted against 

time and the value at the time of back titration of the samples was 

then read off the graph. The normality of the acid in the reaction 

mixture was checked by titration of a 10.0 mL aliquot with standard 

sodium hydroxide solution at the beginning and end of the runs. 

[4,4'-2H2]Hydrazobenzene ([4,4'-2H2]-1) 

The [4,4'-2H2]hydrazobenzene used for this purpose was obtained by 

reduction of [4,4'-2H2]azobenzene which was made via lithiation of 

4-bromoaniline (page 31 and 32). The rearrangement was carried out 

exactly the same as described for hydrazobenzene (3.). 

Control Experiments in a Search for the Possibility 

of Ring-Deuterium Exchange During Work-Up 

Rearrangement of Ordinary Hydrazobenzene (l̂ ) in 

DCl/D20/EtOD (50% Conversion) 

Two solutions were prepared and cooled to 0 °C before mixing. The 

first solution contained ordinary hydrazobenzene (105 mg, 0.571 mmol) 

in 95% EtOD (20 mL, Bio-Rad, 99-5 atom % D) and D2O (6.7 mL, Aldrich, 

99 + atom % D ) . The second contained 26.7 mL of 0.2 N DCl (Bio-Rad, 

99 atom % D) in 75% EtOD in D2O, containing lithium chloride (686 mg). 

The mixture was allowed to stand for 97 minutes and then treated with 

40% sodium hydroxide solution until the pH of the resulting solution 
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was 14. The remaining hydrazobenzene was oxidized back to azobenzene 

by bubbling of air through the solution for 24 hours. The recovered 

crude azobenzene was purified by applying preparative TLC to obtain 

54 mg, which was crystallized from aqueous ethanol for mass spectro

metric analysis. Two runs were made. 

[4,4'-2H2]Azobenzene During Reduction 

and Oxidation Conversions 

[4-2H]Aniline from [4,4'-2H2]azobenzene. [4,4'-2H2]Azobenzene 

(2.00 g, 11 mmol) prepared from 4-nitrobenzenediazonium tetrafluoro

borate (see page 29 and 30) was dissolved in benzene (200 mL) and 10% 

Pd/C (3-0 g) was added. The reaction mixture was reduced by bubbling 

hydrogen overnight at room temperature during which time the orange azo 

color disappeared and complete conversion was verified by TLC. 

[4-^H]Aniline hydrochloride. The above mixture was filtered to 

give a colorless filtrate through which hydrogen chloride was passed. 

The formed solid was filtered and dried in a vacuum desiccator. A 

crude product (2.13 g) was obtained, mp 191-192 °C (lit"̂ ^ mp I98 °C). 

[4,4'-2H2]Azobenzene. [4-2H]Aniline hydrochloride (2.13 g) was 

dissolved in a small amount of water and basified with sodium hydroxide 

solution until the pH was 12. Methylene chloride was used to extract 

the aniline and methylene chloride was concentrated. To the resulting 

residue, active manganese dioxide (7 g) and benzene (lOO mL) were added. 

After a reflux of 15 hours, the reaction mixture was filtered while hot 

and benzene was evaporated to give crude [4,4'-2H2]azobenzene (1.5 g, 

75% based on starting azo compound). 
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Some of this crude [4,4'-^H2]azobenzene was column chromato

graphed and crystallized from ethanol for mass spectrometric analysis. 

[4,4'-^H2]Azoxybenzene 

[4,4'-2H2>zobenzene (2.50 g, I3.6 mmol) was introduced to mix

tures of acetic acid (90 mL), acetic anhydride (40 mL), and 30% hydro

gen peroxide solution (15 mL). A total of 14 hours reflux was needed 

for complete conversion. The hot solution was poured into water (l L) 

to give product (2.52 g, 12.6 mmol, 93% yield, mp 34 °C, lit"̂ ^ mp 

36 °C). This obtained product was analyzed by mass spectrometry. 

5 Mol % of 2,2'-Dimethoxy[4,4'-2H2]azobenzene 

([4,4'-2H2]-35) 

Washing [4,4'-2H2]-15 with 5% HCl solution. Dilute 5 mol % of 

[4,4'-2H2]-2i (30 mg) was dissolved in ether (200 mL) and washed with 

5% HCl solution (I85 ml), followed by washing with water (90 mL). The 

ether solution containing the azo compound was dried over anhydrous 

magnesium sulfate for 24 hours. After filtration, the ether was 

evaporated to give a quantitative recovery of the azo compound, which 

was crystallized from ethanol to give the orange-red product (18.5 mg, 

mp I54.5-I55 °C). This was analyzed by mass spectrometry. 

Flash column chromatography of [4,4'-2H2]-25- Dilute 5 mol % of 

[~4̂ 4'_2j|̂ ~|_3̂  (230 mg) was dissolved in a small amount of benzene and 

subjected to the flash column chromatography on silica-gel eluting with 

benzene. After removal of benzene, a quantitative recovery of the azo 

compound was obtained. This azo compound was crystallized from ethanol 
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to give an orange-red product (l62 mg, mp I55-I56 °C, lit52 ̂ 33 OQ). 

This was analyzed by mass spectrometry. 

Benzidine Rearrangement for Mass 

Spectrometric Analysis 

50 Mol % of [4,4'-2H2]Hydrazobenzene 

in Unlabeled Hydrazobenzene (l) 

General conditions for the rearrangement. The same kinetic condi

tions were maintained as in the rearrangement of 1 (pages 50 and 51). 

Since the purpose of carrying out the rearrangement was to study 

the deuterium kinetic isotope effect exhibited by that rearrangement, 

it was necessary to analyze the Unrearranged hydrazobenzene mixture. 

Therefore, high conversion rearrangements were carried out and the 

unrearranged hydrazobenzene mixture for each was oxidized to an azo

benzene mixture for the mass spectrometric analysis. 

100% Conversion (Standard procedure). Two solutions were prepared 

and cooled to 0 °C before mixing. The first contained the enriched 

hydrazobenzene (2.21 g, 12.0 mmol) in 95% ethanol (450 mL) and water 

(150 mL). The second contained 95% ethanol (132 mL), ethanolic hydro

chloric acid solution (318 mL, 0.378 N ) , and water (I50 mL, containing 

15-25 g of lithium chloride). A mixture of these two solutions was 

allowed to stand for 24 hours under oxygen-free argon then treated 

with 40% sodium hydroxide solution (30 ml). To work up the azobenzene, 

which was formed by either disproportionation or air oxidation of the 

enriched hydrazobenzene during the rearrangement, the ethanol was 

removed from the reaction mixture, and the organic materials (azoben-
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zene and rearrangement products) were extracted with ether. The rear

rangement products were removed next by washing the ether solution with 

4 N hydrochloric acid, and the dried ether solution was evaporated to 

give crude azobenzene. Purification of this crude azobenzene by pre

parative TLC gave the product (11.4 mg), which was further crystallized 

from aqueous ethanol for the mass spectrometric analysis. 

Three more 100% conversion rearrangements were carried out under 

the same conditions as above. The amounts of azobenzene after purifi

cation by preparative TLC were as follows: 15 mg, 55.8 mg, and 12.9 mg 

from the rearrangements of 4.814 g, 2.357 g, and 2.6o6 g of enriched 

hydrazobenzene. 

95% Conversion. The rearrangement conditions were the same as 

above except for the time and scale (The scale was one half of that of 

100% conversion case). 

Enriched hydrazobenzene (1.104 g) was allowed to rearrange for 

7 hours and 2 minutes, after which the rearrangement was stopped by 

adding 40% sodium hydroxide solution (30 ml). Air was bubbled through 

the quenched reaction mixture for 24 hours to oxidize the remaining 

hydrazobenzene to azobenzene. Following the same workup procedure 

as described in the 100% conversion rearrangement, crude azobenzene 

(83 mg) was obtained. This product was purified by preparative TIX] to 

give azobenzene (75 mg) which was further crystallized from aqueous 

ethanol. 

This 95% conversion rearrangement was carried out in duplicate. 

% Conversion. The rearrangement conditions were same as above 
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except the time of rearrangement. 

Enriched hydrazobenzene (1.104 g) was allowed to react for 3 hours 

and 47 minutes. The same workup procedure as described in the 95% 

conversion rearrangement gave crude azobenzene (209 mg), and this was 

purified by preparative TLC to give the product (I65 mg). 

In another rearrangement of the same degree of conversion, a simi

lar amount of azobenzene (174 mg) was obtained after preparative TLC. 

70% Conversion. Under the same conditions as above, the azobenzene 

mixture was worked up after 2 hours and 50 minutes of reaction. 

60% Conversion. Under the same conditions as above, the azobenzene 

was worked up after 2 hours and 9 minutes of reaction. 

50% Conversion. Under the same conditions as above, the azobenzene 

was worked up after 1 hour and 38 minutes of reaction. 

40% Conversion. Under the same conditions as above, the azobenzene 

was worked up after 1 hour and 12 minutes of reaction. 

5 Mol % of 2,2'-Dimethoxy[15N,15N']hydrazobenzene 

in 2,2'-Dimethoxyhydrazobenzene (2) 

General conditions for the rearrangement. These rearrangements 

were carried out at 0 °C under oxygen-free argon in 60% aqueous dioxane 

(60:40 dioxane-water by volume), as described by Banthorpe and Cooper.36 

The buffer solution used in each rearrangement was made by mixing 

1.0 N chloroacetic acid (6O.O ml), 1.0 N sodium hydroxide solution 

(18.0 mL), and water (22.0 mL). The dioxane was distilled over lithium 

aluminum hydride just before use. Since the purpose was to find out the 

nitrogen KIE for the formation of 3,3'-dimethoxybenzidine, which had 



57 

been reported to be the sole product in the rearrangement of 2,3^ it 

was necessary to work up two portions 3,3'-dimethoxybenzidine in each 

run of rearrangements (one from the low conversion and the other from 

the 100% conversion). For this purpose, an aliquot (ca. 150 mL) was 

removed from the reaction mixture (ca. 1 L) and allowed to react 

completely (to 100% conversion). Concurrently, the remaining solution 

(ca. 850 mL) was treated with a sodium hydroxide solution to quench the 

rearrangement after a required time of specific conversion, which had 

been re-established in the rearrangements of unlabeled 2. 

From each of these two solutions, 3,3'-dimethoxybenzidine was 

worked up and then treated with trifluoroacetic anhydride to make 4,4'-

bis-trifluoroacetamino-3,3'-dimethoxydiphenyl. The general procedure 

for making the trifluoroacetyl derivative of 3,3*-dimethoxybenzidine is 

as follows: Crystallized 3,3'-dimethoxybenzidine was dissolved in a 

small amount of benzene at room temperature, and trifluoroacetic anhy

dride was added dropwise until no more precipitate was formed. This 

precipitate was filtered and crystallized from ethanol to obtain a 

colorless product. 

Each low conversion reflects the actual amount of isolated 3,3'-

dimethoxybenzidine based on that of the original enriched 2,2'-

dimethoxyhydrazobenzene. Therefore, Wo conversion means that the 

amount of 3,3'-dimethoxyhydrazobenzene was equivalent to 4% of the 

enriched hydrazoaromatic with which the rearrangement was started. 

An example of the method used in isolating the products is given 

below for Wo conversion. 
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% Conversion. To a solution of enriched 2,2'-dimethoxyhydrazo

benzene (1.021 g) in dioxane (600 mL) and water (300 mL) at 0 °C was 

added, quickly, 100 mL of a buffer solution also at 0 °C. 

Prior to stopping the rearrangement, an aliquot (I50 mL, contain

ing ca. 153 mg of the starting enriched hydrazoaromatic mixture) was 

withdrawn from the solution (l L of 60% aqueous dioxane solution) and 

placed in the refrigerator at 0 °C for 100% conversion. To work up the 

products from the low conversion rearrangement, the remaining solution 

(ca. 850 mL, containing ca. 868 mg of the starting enriched hydrazo

aromatic mixture) was treated with 40-45% sodium hydroxide solution 

(50 mL) after 1 hour and 30 minutes of rearrangement. Air was bubbled 

through the quenched reaction mixture for 2 days and 10 hours to oxi

dize the remaining hydrazoaromatic to the azo compound, and the reac

tion products were extracted with ether. The ether solution (contain

ing the azo compound and the rearrangement product) was washed with 5% 

hydrochloric acid to remove the rearrangement product, and the dried 

ether solution was evaporated to give enriched 2,2'-dimethoxyazobenzene 

(817 mg, mp 153-155 °C, lit-̂ ^ mp 155 °C). The hydrochloric acid solu

tion was basified with sodium hydroxide pellets in an ice bath and 

extracted with ether. Drying and evaporating the ether gave the crude 

rearrangement product (54.7 mg), which was purified by flash column 

chromatography eluting with a mixed solution of benzene (15OO ml) and 

ether (275 mL). From the bands, 2,2'-dimethoxyazobenzene (13-2 mg), 

3,3'-dimethoxybenzidine (32.4 mg), and other unidentified compounds 

(4.6 mg) were isolated. The 3,3'-dimethoxybenzidine (32.4 mg) was 
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crystallized from water to give the product (21.2 mg, mp 135-136 °C, 

77 
lit mp 138 °C), and some (11.4 mg) of this was used to make the 

trifluoroacetyl derivative of 3,3'-dimethoxybenzidine (l8.3 mg). This 

product was further crystallized from ethanol to give a colorless 

compound (l4.3 mg, mp 235-236 °C). 

By a comparable process, the reaction products from the 100% 

conversion rearrangement were worked up as follows: The reaction mix

ture was basified by adding 40-45% sodium hydroxide solution (30 mL) 

and ether was used to extract the reaction products. The dried and 

filtered ether solution was evaporated to give the crude reaction 

products (l82 mg) which were separated by flash chromatography. From 

the bands, 2,2'-dimethoxyazobenzene (12.1 mg), an unidentified compound 

(38 mg), and 3,3'-dimethoxybenzidine (131-6 mg) were obtained. Recrys

tallization of the 3,3'-dimethoxybenzidine from water gave the product 

(37-5 mg, mp 137-137-5 °C, lit'̂ '̂  mp 138 °C), and some (21.2 mg) of this 

was used to make its trifluoroacetyl derivative (37-3 mg, mp 235-

235-5 °G). 

Unlabeled 3,3'-dimethoxybenzidine (mp I36-I37 °C), made similarly 

to that described above, was used as a standard for the enriched com

pound. % NMR (acetone-d6) § 7-0-6.5 (m, 6 H ) , 4.2 (br, 4 H ) , and 3-8 

(s, 6 H); IR (KBr) 3400 (m), 3310 (m, br), 1500 (s), and 1225 cm"^ (s). 

Also, unlabled 4,4'-bis-trifluoroacetamino-3,3'-dimethoxydiphenyl 

(mp 235-236 °C) was prepared as previously described (page 57) and 

used as a standard for the enriched compound. 1H NMR (DMSO-d^) 5 7.7-

7.3 (m, 6 H) and 4.1 (s, 6 H) ; IR (KBr) 3340 (m, br), 1700 (s), and 
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Il60 cm"l (s). 

13% Conversion. The same procedure was used as in Wo conversion 

rearrangement, except in the amount of starting hydrazoaromatic 

(1.230 g) and the time of low conversion rearrangement (90 minutes). 

The results are as follows: 2,2'-Dimethoxyazobenzene (89I mg), an 

unidentified compound (12 mg), and 3,3'-dimethoxybenzidine (134 mg) 

from the low conversion reaction mixture (ca. 850 mL, containing ca. 

1.045 g of the enriched starting hydrazoaromatic mixture). 

2,2'-Dimethoxyazobenzene (29.8 mg), a mixture (10.5 mg) of 2,2'-

dimethoxyazobenzene and 3,3'-dimethoxybenzidine, 3,3'-dimethoxybenzi

dine (148 mg), and an unidentified residue (I9.8 mg) from the 100% 

conversion reaction mixture (ca. I50 mL, containing ca. 184 mg of the 

enriched starting hydrazoaromatic mixture). 

The two portions of 3,3'-dimethoxybenzidine (one from the low-, 

the other from the 100% conversion) were crystallized from water sepa

rately, and some of each product was used to make its trifluoroacetyl 

derivative (mp 235-236 °C). 

15% Conversion. The same procedure was used as above, except in 

the amount of starting hydrazoaromatic mixture (1.177 g) and the time 

of low conversion rearrangement (2 hours). 

The results are as follows: 2,2'-Dimethoxyazobenzene (807 mg), a 

mixture (24 mg) of 2,2'-dimethoxyazobenzene and 3,3'-dimethoxybenzi

dine, 3,3'-dimethoxybenzidine (l47 mg), and a residue (36 mg) from the 

low conversion reaction mixture (ca. 85O mL, containing ca. 1.001 g of 

the enriched starting hydrazoaromatic mixture). 
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2,2'-Dimethoxyazobenzene (17 mg), a mixture (3 mg) of 2,2'-dimeth

oxyazobenzene, 3,3'-dimethoxybenzidine, and an unidentified compound, 

3,3'-dimethoxybenzidine (153 mg), and a residue (28 mg) from the 100% 

conversion reaction mixture (ca. I50 mL, containing ca. 177 mg of the 

enriched starting hydrazoaromatic mixture). 

The two portions of 3,3'-dimethoxybenzidine were crystallized from 

water separately, and some of each product was used in making its tri

fluoroacetyl derivative (mp 234-235 °G), which was further crystallized 

from ethanol to give the product (mp 235-236 °C). 

5 Mol % of 2,2'-Dimethoxy[4,4'-13c2]hydrazobenzene 

in 2,2'-Dimethoxyhydrazobenzene (2̂ ) 

General conditions for the rearrangement. The rearrangement condi

tions and workup procedure were exactly the same as described in the 

rearrangement of 5 mol % of 2,2'-dimethoxy[15N,15N']hydrazobenzene 

(pages 5^ and 57)• 

2% Conversion. The same procedure was used as described in the Wo 

conversion rearrangeijient (page 58), except in the amount of starting 

hydrazoaromatic mixture (1.285 g) and the time of low conversion rear

rangement (28 minutes). 

Results are as follows: 2,2'-Dimethoxyazobenzene (1.039 g) and 

3,3'-dimethoxybenzidine (13 mg) from the low conversion reaction mixture 

(ca. 850 mL, containing ca. 1.092 g of the enriched hydrazoaromatic 

mixture). 

2,2'-Dimethoxyazobenzene (18 mg) and 3,3'-dimethoxybenzidine 

(169 mg) from the 100% conversion reaction mixture (ca. I50 mL, contain-
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ing ca. 193 mg of the enriched starting hydrazoaromatic mixture). 

Each portion of 3,3'-dimethoxybenzidine was used to make its 

trifluoroacetyl derivative (mp 235-236 °C). 

Wo Conversion. The same procedure was used as above, except in 

the amount of starting hydrazoaromatic mixture (1.204 g) and the time 

of low conversion rearrangement (5G minutes). 

Results are as follows: 2,2'-Dimethoxyazobenzene (l.26l g) and 

3,3'-dimethoxybenzidine (34.4 mg) from the low conversion reaction 

mixture (ca. 850 mL, containing ca. 1.023 g of the enriched starting 

hydrazoaromatic mixture). 

2,2'-Dimethoxyazobenzene (43 mg) and 3,3'-dimethoxybenzidine 

(153 mg) from the 100% conversion reaction mixture (I50 mL, containing 

ca. 181 mg of the enriched starting hydrazoaromatic mixture). 

Each portion of 3,3'-dimethoxybenzidine was used in making its 

trifluoroacetyl derivative (mp 236-236.5 °C). 

IW Conversion. The same procedure was used as above, except in 

the amount of starting hydrazoaromatic (1.072 g) and the time of low 

conversion rearrangement (l hour and 51 minutes). 

Results are as follows: 2,2'-Dimethoxyazobenzene (774 mg), a mix

ture (27 mg) of 2,2'-dimethoxyazobenzene and an unidentified compound, 

3,3'-dimethoxybenzidine (129 mg), and a residue (13-9 mg) from the low 

conversion reaction mixture (ca. 850 mL, containing ca. 911 mg of the 

starting hydrazoaromatic mixture). 

2,2'-Dimethoxyazobenzene (21.6 mg), a trace of an unidentified 

compound, and 3,3'-dimethoxybenzidine (139 mg) from the 100% conversion 
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reaction mixture (ca. I50 mL, containing ca. I6I mg of the starting 

hydrazoaromatic mixture) . 

Each of the 3,3'-dimethoxybenzidine samples was crystallized from 

water to give the product (mp 135-136 °C, lit'̂ 7 ĵp 138 °C) and used in 

making its trifluoroacetyl derivative (mp 235-236 °C). 

5 Mol % of 2,2'-Dimethoxyr4,4'-2H2]hydrazoben-

zene in 2,2'-Dimethoxyhydrazobenzene (2) 

General conditions for the rearrangement. The rearrangements were 

carried out at 0 °C under oxygen-free argon in 60% aqueous dioxane 

(60:40 dioxane-water by volume), as already described in the rearrange

ment of 5 mol % of 2,2'-dimethoxy[15N,15N']hydrazobenzene (page 5G and 

57)- Since the purpose of the rearrangements was the recovery of the 

substrate rather than the products (see page 54 in the rearrangement of 

50 mol % of [4,4'-2H2]-3.), the unrearranged hydrazoaromatic mixture 

was oxidized to the 2,2'-dimethoxyazobenzene mixture by air oxidation. 

In this case, rearrangement was allowed to proceed toward high conver

sion, sampling being carried out at 77%, 64%,-57%, and 37% conversions. 

The high conversion rearrangement was accomplished with the use of 

one of the following stock buffer solutions (buffer A and B ) . The com

positions of each stock buffer solution are given below :-̂  

Buffer A, 1.0 N chloroacetic acid (8O.O ml), 1.0 N sodium hydroxide 

(4.0 ml), and water (I6.O mL); Buffer B, 1.0 N chloroacetic acid 

(60.0 mL), 0.1 N sodium hydroxide (I8.O ml), and water (22.0 mL). 

77% Conversion (Using stock buffer A). A solution of enriched 

2,2'-dimethoxyhydrazobenzene (501 mg) in dioxane (300 mL) and water 
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(150 mL) at 0 °C was mixed with stock buffer A (50 mL), and the rear

rangement was allowed to proceed for 17 hours and 30 minutes. After 

treatment with sodium hydroxide and air (2 days and 10 hours), the reac

tion products were extracted with ether, and the ether solution was 

dried over anhydrous potassium carbonate, filtered, and evaporated. 

The resulting reaction products were isolated by flash column chromato

graphy to give enriched 2,2'-dimethoxyazobenzene (ll8 mg), which was 

further crystallized from ethanol to give product (mp 153-154 °C, lit-* 

mp 155 °G). 

64% Conversion. The procedure was the same as above (77% conver

sion), except in the amount of starting enriched 2,2'-dimethoxyhydrazo

benzene (500 mg) and the time of rearrangement (12 hours). Purification 

by flash column chromatography gave enriched 2,2'-dimethoxyazobenzene 

(178 mg) which was further crystallized from ethanol to give the pro

duct (mp 152-153-5 °G, lit52 nip 155 0^). 

57% Conversion. The same procedure as above was used except in 

the time of rearrangement (8 hours and 45 minutes). Flash column chro

matography gave enriched 2,2'-dimethoxyazobenzene (218 mg), which was 

then crystallized from ethanol to give the product (mp 152-153 ^C, lit52 

mp 155 °G). 

37% Conversion (Using stock buffer B ) . A solution of enriched 

2,2'-dimethoxyhydrazobenzene (l.lOO g) in dioxane (6OO ml) and water 

(300 mL) at 0 °C was mixed with stock buffer B (100 ml), and the rear

rangement was allowed to proceed for 15 hours. Using the same workup 

procedure as described in the 77% conversion rearrangement (page 63), 
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enriched 2,2'-dimethoxyazobenzene (832 mg, mp I55 '̂ C, lit52 mp 155 °C) 

was obtained. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Synthesis of Heavy-Atom Isotope Labeled 

Hydraz oaromatic s 

General Remarks Concerning the Syntheses 

The preparation of isotopically labeled hydrazoaromatics with 

heavy-atoms is the general objective of this work. The hydrazoaromatics, 

prepared in the present research, were synthesized in all cases from the 

corresponding isotopically labeled azo compounds. 

A doubly labeled azo compound was diluted by crystallizing with an 

appropriate amount of unlabeled azo compound and kept, so that the 

enriched hydrazoaromatics mixture, which was used finally in rearrange

ments, contained approximately the same degree of dilution as that in 

the starting azo compound. 

In this work, four of the heavy-atom isotopic derivatives of azo

benzene (21) a<nd 2,2'-dimethoxyazobenzene (25) were prepared. These -

include, [4,4'-2H2]-31 (Scheme Vl), [15N,15N']-35 (Scheme VIl), [4,4'-

2H2]-3^ (Scheme VIIl), and [4,4'-13c2]-25 (Scheme X). Each of these was 

diluted with unlabeled azo compound. The dilute mixture of labeled and 

unlabeled azo compounds in acetone was reduced to a hydrazoaromatic 

mixture with zinc dust and saturated aqueous ammonium chloride at room 

temperature.' 

66 
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The hydrazoaromatic mixture prepared in this way gave a pure pro

duct, thus making crystallization unnecessary. However, at one time, 

a low melting point (83-85 °C) for 2,2'-dimethoxyhydrazobenzene (2) was 

obtained (lit̂ '̂̂ '̂ mp 100, 101, and 102 °C) although ̂ H NMR and IR 

spectra were the same as those of the authentic sample (see also Table 4 

for the elementary analysis of low melting point 2) . 

Table 4 

Elementary Analysis of Low Melting Point 

2,2'-Dimethoxyhydrazobenzene 

Elements 
requested 

C 

H 

N 

Theoretical 
value (%) 

68.85 

6.56 

11.48 

Results 
(%) 

68.58 

6.34 

11.36 

Later on, this method of reduction gave a product with the 

correct melting point of 2_. 

[4,4'-2H2]Azobenzene ([4,4'-2H2]-31) 

["4,4'-2H2]-31 was prepared as shown in Scheme VI. As a first attempt 

(Method 2), 4-bromoaniline was treated with n-butyllithium to make 

4-lithioaniline which was treated with deuterium oxide to make ̂ , as 

described by Swain et al.-50 However, the azobenzene obtained by oxida

tion of the expected ̂ 2 was found by mass spectrometry to contain mix

tures of [2H]-, [2H2]-, [^H3]- and [2H4]azobenzene (Azobenzene A and 3 

in Table 5), so this approach was discarded. 
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Scheme VI 

Synthesis of [4,4'-2H2]Azobenzene 

Method 1: From 4-Nitrobenzenediazonium Tetrafluoroborate 

28 

HEF4 
NaN02 

0-5 °C 

N2BF4 

O2 

29 

CDCI3 
D3PQ2 

0-5 °c 

N02 

30 

CH3OH 
NaOH 
Zn 

[ 4 , 4 ' - 2 H 2 > ^ 

Method 2: Lithiation of 4-Bromoaniline 

Br 

n-BuLi 
0 °C 
D2O 

Mn02 
•* [4,4'-2H2]-11 

D 

22 



Table 5 

The Mass Spectrometric Analysis of the 

Labeled Azobenzene 

69 

Composition {%) 

C^HQ] [2%] [%] [2H3] [%;,] Azobenzene 

Method 1 

Method 2 

A^ 

B" 

0.1 

50.4 

5-8 

15.3 

7.4 

94.1 

63-1 

31-3 

18.5 

9.2 

3.2 

1.8 

100 

Error in analysis is estimated to be ± 0.5%-

, 2 ^ [4,4'-^H2]-ll obtained by Method 2 in Scheme VI, 

^ Approximately 50% of A and C. 

^ Unlabeled azobenzene used as a standard. 
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[4,4'-2H2]-21 obtained by the diazonium tetrafluoroborate proce

dure (Method 1 in Scheme Vl) was found to have an acceptable 2H2 con

tent. Mass spectrometry showed that [4,4'-2H2]-31 was a mixture of 

94.1% [2H2]-, 5.8% [%]-, and 0.1^ unlabeled azobenzene (Method 1 in 

Table 5)- The diazonium tetrafluoroborate procedure was a modification 

of that of Gokel and co-workers.^"^ Banthorpe and Hughes"̂ ^ also had 

prepared the 4,4'-dideuteriohydrazobenzene with the use of similar 

method as in Method 1 in Scheme VI, but they first deuterated the amino 

group in 4-nitroaniline by exchange with deuterium ethoxide, then 

diazotized, and reduced with D3PO2 to make [4-2H]nitrobenzene. This 

procedure described by Banthorpe and Hughes was almost the same as that 

80 
of Hammond and Grundmeier. 

The f4,4'-2Hp]-31 prepared by the Method 1 in Scheme VI was mixed 

with an equal amount of ordinary azobenzene and crystallized for use 

in determining the secondary deuterium KIE in the rearrangement of 

[4,4'-2H2]-1. 

2,2'-Dimethoxy[^5N,15N']az obenzene 

([15N,15N']-^) 

[^5N,15N']-^ was made as shown in Scheme VII. The procedure to 

make 22. f^om phenyl chloroformate was a modification of that of Chaney 

and Wolfrom-̂ -̂  who prepared unlabeled 33. by reaction of silver nitrate 

with phenyl chloroformate in acetonitrile at room temperature. This 

compound (22.) was methylated to give 2ii which was refluxed with zinc 

dust and base to make [15N,15N']-2^. But this reduction step produced 

with a mixture of o-anisidine (major) and [15N,15N']-2^. Therefore, 
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the labeled o-anisidine was oxidized to the azo product by manganese 

dioxide. The reason for obtaining a mixture of _o-anisidine and 

[-••̂ N, %']-35 was attributed to a reflux period that was twice as long 

as necessary.36,77 

This [^•5N,-'--5N']-35 was mixed with an unlabeled azo compound (35) 

and crystallized to form a mixtiore of approximately 5 mol % of [-'-•̂N, 

15N']-35 in 21' Mass spectrometry showed that the mixture contained 

6.3 mol % of [^%,^%']-35. The dilute [^%,^%']-25 was kept for use in 

determining the primary nitrogen KIE in the rearrangement of [ -̂ N, -^N']-

2. For the preparation of [-'--5N,^5N']-35, other synthetic methods were 

also considered. The first one was the use of cupric nitrate and phe

nol. Menke^-^ reported that only o-nitrophenol was formed from the reac

tion of phenol with cupric nitrate in the acetic acid media (eq 28). 

HOAc 
Cu(N03)2 ^^^^^^-^ \ { ) (28) 

When we repeated Menke's procedure using Cu(NO3)2-3H20, o-nitrophe

nol was isolated in 27% to 51% of yield based on nitrate. The second 

choice was the nitration of phenol with the use of potassium nitrate in 

the nitric acid.^-^^ But this method was also not utilized due to the 

low. yield (21%) of o-nitrophenol based on the nitrate. 
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Scheme VII 

Syn thes i s of 2,2'-Dimethoxy[^5N,15N']azobenzene 
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2,2'-Dimethoxy[4,4'-^H2]azobenzene 

([4,4'-2Hp]-2i) 

The preparation of [4,4'-2H2]-2i is shown in Scheme VIII. As 

already discussed in the preparation of [4,4'-2H2]-21 (pages 67-70), 

deuterium was incorporated into the aromatic ring in the place of the 

amino group (39 to 4l in Scheme VIII) using the same diazonium salt pro

cedure. From the 4l, it was straightforward to make [4,4'-2H2]-2i-

The first approach to make the 29 involved the use of the Schmidt 

rearrangement. 2, 3 ^^le purpose of the Schmidt rearrangement was to 

convert a carboxylic group in 2§. into an amine (29) by treatment with 

hydrazoic acid in concentrated sulfuric acid. But the Schmidt rear

rangement did not work at all in this case; instead,only starting acid 

(36) was recovered quantitatively. 

The second approach to make 22. involved the nitration of 3-methoxy-

acetanilide as described in the literature. ' ' However, this 

method was also not successful, since the expected 4-nitro-3-methoxy-

acetanilide (mp I65 °C) was not isolated. Instead 5-methoxy-2-nitro-

acetanilide (mp 124-5 °C) was obtained together with other unidentified 

byproducts. 

The third approach to make the 29 was the nitrosation of m-anisi-

dine. This method was successful only to make 4-nitroso-m-anisidine 

(mp 207 °C, lit mp 207 °C). However, oxidation of 4-nitroso-m-anisi

dine to the 21 was not successful with the use of 30% hydrogen peroxide 

in trifluoroacetic acid media, a method which has been successful with 

other primary arylamines. ' 
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Scheme VIII 

Syn thes i s of 2,2 '-Dimethoxy[4,4 '-2H2]azobenzene 
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Scheme IX 

Alternative Synthesis of [4,4'-2H2]-15 

D - < O ^ N = K - ^ B H2O2 
•* D H0>-I-O-^ 
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Another possibility lies in the synthesis of azoxybenzene-SbCl^ 

complexes and their selective ortho-Wallach rearrangement^^ (Scheme IX), 

but this method was never attempted. 

The [4,4'-2H2]-2i was mixed and crystallized with unlabeled 21 "to 

make approximately 5 mol % of [4,4'-2H2]-2i i^ 21' Mass spectrometry 

showed that this dilute [4,4'-2H2]-2i contained approximately 3.2 mol 

% of [4,4'-2H2]-2i (Table 6). 

Table 6 

Mass Spectrometric Analysis of the Labeled 

Dilute [4,4'-2H2]-25 

run l"-" 

run 2 

[2H2] 

3-25 

3.18 

Composition (%) 

[2H] 

-0.34 

0.39 

Ĉ Ho] 

97-09 

96.43 

^ Error in analysis is estimated to be ± 0.5% 

^ Run 1 and 2 were measured at different times. 

2,2'-Dimethoxy[4,4'-13c2]azobenzene 

([4,4'-13G3]-2i) 

The synthesis of [4.4'-i3Gp]-35 was accomplished as shown in 

Scheme X. A total of I6 steps was required from the starting labeled 

acetone to the target molecule ([4,4'-13c2]-2i) - Among these I6 steps, 

the first 11 steps (from 42 to ̂ ) had been well described by Kratzl 

and Vierhapper,^^ who had prepared [5- G]guaiacol from [2-i^C]acetone 

using known procedures. The last 5 steps (from ̂  to [4,4'-i3G2]-22 

were the extended application of a procedure by Scherrer and Beatty, 

who had developed general methods to convert phenols to anilines with 
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Scheme X 

Synthesis of 2,2'-Dimethoxy[4,4'-13c2]azobenzene 
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the use of 4-chloro-2-phenylquinazoline (eq 29). 74 

(29) 

0 

r'/^^'Xi^N-Ar Hydrolysis 

Ar: C5H3; 2,4-Cl2C5H3; 2,3,6-(CH3)3G5H2; 4-NO2C5H4 

In order to make [4,4'-13c2]-2i, 3-85 g of labeled acetone was 

divided into two portions (2.00 g and I.85 g). Each portion of labeled 

acetone was used to prepare the labeled nitrophenol (44) •^' with a 

yield of G5% and 6l^ after purification by column chromatography. The 

literature for this condensation of acetone with sodium nitromalonalde

hyde (42) recorded varying yields of GW (crude)°^, 65%^^, and 7Wo . 

The purified 44 was reduced to aminophenol (45), which was then con

verted to 4-aminophenoxytetrazole (46) to replace the hydroxyl group 

67 
by hydrogen as described by Musliner and Gates. ' The compound 46 was 

crystallized from ethanol and used to make the acetyl derivative (47) by 

refluxing with acetic acid and acetic anhydride. The compound 47 in ace

tic acid solution was subjected to hydrogenolysis to make labeled 

acetanilide (48). Two portions of 48, after being purified by column 

chromatography to remove the byproduct (tetrazolinone), were combined 
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and used to make the k± by acid hydrolysis. In addition to the above 

conversions (44- 4^-* 46 - 47-* 48-^ 49), there were two other pos

sible pathways leading to the 49. One was the use of (4-nitrophenoxy) 

1-phenyl-lH-tetrazole (eq 30). 

^ N — N 
H5C6 

H2 

Pd/G 

49 

(30) 

The other was the use of 46, followed by direct hydrogenolysis to 

the labeled aniline 49 (46 to 49). However, these two alternatives 

were found to give low yields. 

The labeled aniline (42.) prepared as in Scheme X was distilled and 

was used to make phenol (^) in 69% yield after steam distillation. 

The literature procedure reported 91%°3 and 67%'̂ ^ yields in this case. 

C6H5 \ 
•C=0 OH 

52 

NaOH 

(CH30)2S02 -0" "\_= 

C6HS 

•* 1 1 '^ ^2^ 
- ^ 

.C=0 QCH 

(31) 
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The phenol was next converted to guaiacol (^) following the pro

cedure of Loudon and co-workers."̂ '̂"̂ ^ In particular, use of diazometh

ane was required to methylate the 52 to ̂  in order to avoid the Smiles 

rearrangement in the basic media (eq 31), which might cause scrambling 

of isotopic CcLrbon in the benzene ring. 

Scission of 52_ with piperidine gave guaiacol (^) which was then 

converted to o-anisidine (58) utilizing the procedure of Scheorrer and 

Beatty (eq 29)- The 18 was oxidized to the final product by oxidation 

with active manganese dioxide. Unfortunately, the yield of this last 

step was very low (27% after crystallization). Wheeler and Gonzales-̂  

had reported the general yield to be above 90% in the oxidation of 

substituted anilines (including o-anisidine) to azo compounds. But 

no substantial improvements could be obtained in spite of many efforts 

to increase the yield in this case. 

The overall yield therefore, was 4.3% based on labeled acetone 

(8.4% yield before crystallization). 

Before carrying out the labeled work, all steps were perfected 

beginning with unlabeled acetone and the comparable yield was obtained 

as in the labeled work. 

This synthesized [4,4'-^3c2]-ll was mixed and crystallized with 

unlabeled 21 so that the final product contained about 5 mol % of 

[4j4'_13c2]-H. The results of mass spectrometry for the starting 

labeled acetone (commercially labeled 90% C-13), [4,4'-13G2]-21, and 

diluted mixture (5 mol % of [4,4'-13G2]-21) are listed in Table 7-
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Table 7 

Mass Spectrometric Analysis of Starting [2-13c]Acetone, 

[4,4'_13G2]-21, and Dilute Mixture of [4,4'-i3G2]-3^ 

Compounds 

Acetone Run 1 
Run 2 

[4,4'-13G2]-25 

^^Co 

8.95 
9.41 

1.00 
(1.00)^ 

Composition 

91.05 
90.59 

16.77 
(18) 

(%)^ 

13G2 

82.23 
(81) 

^ Error in analysis is estimated to be ± 0.5%-
•L. 

Values in parentheses are those expected based on 90% of 

13G content in the commercially available acetone. 
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Gis and Trans Properties of 

2,2'-Dimethoxyazobenzene 

C is-trans isomerism has been one of the well known features of 

azo compounds since the discovery and isolation of cis-azobenzene by 

Hartley.90 The general method for preparing a cis-isomer has been via 

the photochemical equilibration with the trans-isomer and chromatogra

phic separation of the cis-isomer,91,92 although Hyatt°3 reported the 

stereospecific synthesis of cis-azo compounds by treating hydrazoben

zenes or substituted anilines with active manganese dioxide at room 

temperature (eq 32). 

ArNHNHAr 70 °C „ AT 

- ĤClT Ar/ V ^ ^ A r / V (3̂) 
ArNH2 25 °C 

In the case of 2,2'-dimethoxyhydrazobenzene (2), Hyatt prepared 

cis-11 (mp 96-98 °C, lit^^ mp of trans-35 155 °G) in 96% yield. 

94 
On the other hand, Gabor and Bar-Eli^ studied the photoisomerism 

of 21- Tbey found that the photochemistry of 21 >̂ as similar to that of 

unsubstituted azo compounds down to -120 °G; that is, on irradiation, 

geometrical isomers were obtained and the cis/trans ratio at photo-

equilibria was independent of the contribution of these species in the 

initial mixture. 

However, at 77 °K, Gabor and Bar-Eli found that the composition of 

the photochemical steady state depended on the content of one.(D) of the 

two conformational cis isomers (C and D) in the initial mixture since 

only C was converted into the trans isomer while D remained unchanged 
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at 77 °K by 365 mji monochromatic light. (Gabor and Bar-Eli reported 

evidence of the conformational isomers for cis- and trans-35 from a 

study of the absorption spectra and designated the two conformational 

trans isomers as A and B, while the two conformational cis isomers as 

C and D.) 

Therefore, starting with pure trans-35, the contribution of trans-

35 at the photochemical steady state, attained by irradiation by 365 mp, 

monochromatic light, was 70% (eq 33), while when the initial mixture 

had only 10% trans, the contribution of the trans-31 was 40% (eq 34). 

all trans-(A+B) ^ ! ^ 0.7 trans-(A-HB) -H 0.3 cis-C (33) 
77 °K 

0.90 cis-(C+D) + 0.10 trans-(A-HB) ^^ o^ > 0.4 trans-(A-̂ B) 

+ 0.60 ci£-(C-HD) (0.17 cis-C) (34) 

The last mixture contains 0.17 cis-C assuming that at photoequi-

librium the (A-HB)/C ratio is the same as in eq 33, while cis-D is inert 

to irradiation. 

However, a detailed description of cis-trans behavior of 21 at 

room temperature was not available in the literature. The trans-35, 

which we made by oxidation of o-anisidine with active manganese dioxide 

followed by crystallization from ethanol, gave one spot on TLC (Rf: 

0.28, on Analtech silica gel 254 plate activated by heating at 125 °G 

for 10 minutes). But a solution of trans-H in acetone or benzene 

began to give another spot which moved more slowly with Rf - 0.08 (using 

benzene as an eluting solvent), after standing on the bench for 20 min-
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utes. Obviously, this slower moving compound was the cis-35, since a 

solution of trans-11, Placed in the dark drawer for several days, re

mained unchanged. 

The rate of this isomerization seemed to be so fast that a solu

tion of trans-21 in acetone gave preferentially cis-21 over trans-35 

after placing the solution on the bench (where the direct sunshine was 

not available) for 7 hours, and this was confirmed by TLC. 

Therefore, a further "quantitative "study was carried out by placing 

a solution in acetone by a south side window. After 2 days of standing 

by the window, the acetone solution was subjected to preparative TLC 

(E. Merck, 20x20 cm, 2 mm, silica gel F 254) in order to purify each 

isomer by eluting with benzene. Each band was extracted with ether, 

and the ether solution was evaporated using a rotary evaporator at 25-

30 «C. 

Although all this work was carried out in dim light, a concentrated 

solution of cis-35 again showed a small amount of trans-35 on the TLC 

plate. The amount of each isomer obtained by preparative TLC was 52 mg 

of trans"21 and 138 mg of cis-35 containing a small amount of newly 

formed trans-35- This results showed that 30% of trans-35 was in equi

librium with 70% of cis-21 (eq 35)-

sunliffht , V 
All trans-35 > 0.3 trans-35 ->" 0.7 cis-35 (35) 

2 days at 
room temp 

It is interesting to compare our result (eq 35) with that of Gabor 

and Bar-Eli (eq 33), since they are exactly the opposite of each other. 



Although our attempts failed to isolate the pure cis-H, a mix

ture of cis-11 and a small amount of trans-35 was obtained. This mix

ture was used to examine the melting point behavior. A hot stage 

microscope melting point apparatus showed that the mixture melted at 

87-92 °C, resolidified at I31 ^C, and melted again at 155 °G (lit^^ mp 

155 °G). 

Our observation of melting point behavior can be well explained 

by comparing the melting point of cis-H (mp 96-98 °C) reported by 

Hyatt.9^ 

Control Experiments in a Search for the Possibility 

of Ring-Deuterium Exchange During Work-Up 

Rearrangement of Hydrazobenzene 

in DCl/D20/EtOD 

The purpose of carrying out the rearrangement in deuterated sol

vents was to study whether or not ring protons would be exchanged with 

solvent deuterium during the course of rearrangement. Also, this had 

a connection with the ring protonation theory proposed by Olah and co

workers'̂ ^ (see below). 

The proponents of the ring protonation theory regard the first 

protonation to occur at one of the nitrogens and the second protonation 

at one of the ipso carbons attached to the hydrazo group, in the case 

of the two-proton rearrangement. This idea was first suggested by 

95 Hammick and Mason for stereochemical reasons'.̂  Thus, they assumed a 

very high polar transition state in which some of the bonds are mainly 

electrovalent, a circumstance which allows them considerably greater 
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lengths and very different angles from ordinary bonds. 

At that time, however, all the rearrangements were thought to pro

ceed via a one-proton mechanism. Later, ring protonation was adopted 

96 
by Allan, and by Heesing and Schinke.^^ Also, they considered the 

ipso protonation as occurring at the carbon atom adjacent to the posi

tively charged nitrogen atom. 

12 

34 On the other hand, Olah and co-workers^ have represented ipso 

protonation as occurring on the more remote ring (27, page 20). 

Of course, the ring protonation theory has not been accepted gen

erally, since this theory was based on intuition rather than firm ex

perimental evidence. One of the arguments against this theory is that 

if ring protonation is to occur it should occur not only at the ipso 

position but (preferentially) also at the ortho and para positions of 

the ring.11'12,97,98 

Regarding this. Cox and Dunn studied the rearrangement of 2,2',3, 

3',4,4',5,5',6,6'-decadeuterio-N-acetylhydrazobenzene in a protic acid 

and found by mass spectrometry that the deuterium labeled N-acetylben-
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zidine product did not contain the ring proton, from which they consid

ered the ring protonation theory to be inconsistent with these re

sults . -̂^ 

Olah also looked at the benzidine formed from the rearrangement of 

hydrazobenzene in deuterated solvents by ̂ H NMR and found that deuter

ium was not incorporated into the rings of the benzidine.^^ 

Considering, however, that the benzidines are formed via 4,4'-

bonding, the above two studies could not give any information on ex

change at the 4,4'-positions. 

Therefore, we set out to study the remaining hydrazobenzene, rather 

than the product, in the partial rearrangement of hydrazobenzene using 

deuterated solvents. 

For this purpose, the rearrangement of hydrazobenzene was allowed 

to go to 50% conversion in 75% EtOD/D20, which was 0.1 M in DCl, and 

then stopped by adding sodium hydroxide. The unrearranged hydrazoben

zene was oxidized to azobenzene and separated for mass spectrometry. 

A search for ring deuteration was made by measuring the ratio of 

masses, 182/183, in the recovered and starting azobenzene. The results 

of two separate runs are listed in Table 8. These results (Table 8) 

give strong evidence that exchange of the ring protons with solvent 

deuterium had not occurred during the rearrangement. This also indi

cated that, although one can not test directly for ipso protonation, i^, 

too, did not occur. 
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Table 8 

Ratio of Masses I82/I83 for the Starting 

and Recovered Azobenzene 

M182/M183 

starting azobenzene 

6.652 ± 0.03 
(20,000 scans) 

Recovered azobenzene 

6.665 ±0.02 
(20,000 scans) 

6.645 ±0.04 
(10,000 scans) 
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[4,4'-%2]Azobenzene During Reducti on 
and Oxidation Conversions 

Before the use of [4,4'-2H2]-31 in the benzidine rearrangement, it 

was necessary to check the stability of the ring deuterium under various 

conditions. Therefore, [4,4'-2H2]-21 was reduced to aniline, which was 

next converted to its hydrochloride salt. By the use of aniline hydro

chloride, azobenzene was remade (Scheme Xl). The mass spectrometric 

analyses of the starting- and remade [4,4'-2H2]-11 are given in Table 9. 

The results show that the two azobenzenes are essentially the same since 

M+1 values of 13.89% and 13.87% are the same within experimental error. 

5 Mol % of 2,2'-Dimethoxy[4,4'-2H2]azobenzene 

Before the use of 5 mol % of 2,2'-dimethoxy[4,4'-2l^]azobenzene 

([4,4'-%21-35) in the benzidine rearrangement, we checked the stability 

of the ring-deuterium during the work-up procedure. 

In washing with 5% hydrochloric acid solution. 5 Mol % of [4,4'-

2HP]-35 was dissolved in ether, and the ether solution was washed with 

5% hydrochloric acid solution. From the ether solution, dimethoxyazo

benzene was worked up and analyzed by mass spectrometry. The results 

are listed in Table 10. The results show that there is no ring deuter

ium exchange with solvent protons during washing with 5% hydrochloric 

acid solution, since the values (M-f-1 and M-t-2) of the washed and starting 

azo compound could be considered as the same. 

In flash column chromatography. The same ca. 5 mol % of [4,4'-

^Hzl-ll ^s®^ above was subjected to flash column chromatography with 

the use of 40 |j.M silica gel and benzene as an eluting solvent. The 
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Scheme XI 

Preparation of Remade [4,4'-%p]-31 
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Table 9 

Mass Spectrometry of Starting- and 

Remade [4,4'-2H2]-21 

m/e 

184 

185 

Starting 

[4,4'-2H2]-31 

100% (M) 

13.89% ± 0.09% 

Remade 

[4,4'-2H2]-31 

100% (M) 

13-87% ± 0.2% 



Table 10 

93 

Mass Spectrometry of about 5 ̂ ol % of 

2,2'-Dimethoxy[4,4'-2H2]azobenzene 

m/e \,^ 

242 (M) 

243 

244 

Starting 
azo compound 

100 

• 15-79 

5-35 

Azo compound 
washed with 
5% HCl solution 

100 

15-82 

5-69 
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azo compound obtained was crystallized from ethanol. Two runs were made 

at different times, and each of the results is compared with the start

ing azo compound in the Table 11. In one run (run l), the content of 

[2H2]azobenzene was smaller than that of the starting azo compound by 

0.5%. On the contrary, in another run (run 2), the content of [%2]-

azobenzene was larger than that of starting azo compound by 0.32%. 

Although there are small drifts in either direction, it was obvious that 

there had not been any ring-deuterium exchange during the flash column 

chromatography. 

Measurement of Rate Constants Using 

Bindschedler's Green 

Hydrazobenzene and [4,4'-2H2]Hydrazobenzene 

The deuterated hydrazobenzene used for this kinetic measurements 

was obtained by reduction of deuterated azobenzene which was a mixture of 

[2H4]-, [^H3]-, [%2]" ^^^ [2Hi]azobenzene (see page 5l)-

The rearrangement of 1 was shown to be second order in acidl° 

and to give two products, benzidine in 70% and diphenyline in 30% yield. 

Since our purpose was to measure a deuterium KIE in the rearrange

ment of 1, 1 and [4,4'-2H2]-i were employed. The first approach was to 

carry out the traditional kinetics of 1 and rearrangement of [4,4'-2H2]-

1, separately, using the well-known Bindschedler's Green method (pages 

6 and 7). The pseudo first order rate constants for the disappearance 

of 1 and [4,4'-2H2]-1 at 0 °C in 0.1 N hydrochloric acid are collected 

in Table 12. (The general reaction conditions and kinetic methods are 

specified on pages 50 and 5l)- The pseudo first order rate constants 
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Table 11 

Mass Spectrometry of about 5 Mol % of 

2,2'-Dimethoxy[4,4'-2H2]azobenzene 

m/e 

242 

243 

244 

% Label
ing 

[SHI] 

C'Ha] 

Starting 
azo compound 

(%) 

Run 1 Run 2 

100 

17-714 

8.765 

96.17 

0.08 

3-75 

100 

17-13 

10.25 

96.43 

0.39 

3.18 

Azo compound after flash 
column chromatography 

(%) 

Run 1 Run 2 

100 100 

17.274 17.24 

8.142 10.61 

97.09 96.01 

-0.34 0.49 

3.25 3.50 
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(kT) were calculated experimentally from the plots of log [Hyd] versus 

time (minutes). In every run (Table 12) the concentration of acid was 

10 times that of the substrate, and measurements of [Hyd] (the concen

tration of remaining hydrazobenzene) were carried out during three half-

life periods. Since there were small differences in the concentration 

of acid in each run (Table 12), the rate constant ob-bained (kT) was con

verted to k3 using the relationship: kT = k3[H"̂ ]2. From the rearrange

ments of 1 (18 runs at [H"̂ ] = 0.1 N, 2 runs at [H"̂ ] = 0.2 N ) , the average 

of specific rate constant (k3) was found to be 0.66 ± 0.07 M'^min"^, 

while that of [4,4'-2H2]-1 was 0.697 ± 0.04 M-^min"!. From the two re

sults, an inverse secondary deuterium isotope effect of 6% was obtained. 

That is, the rate constant for disappearance of [4,4'-2H2]-2: was faster 

than that of 1 by 6%. But this result of a 6% inverse secondary deuteri

um KIE was not so convincing, considering the low accuracy of the kinetic 

method. However, all the specific rate constants (k3) in Table 12 were 

plotted versus experiments to show the distributions between k3(2H) and 

k3(lH). As is shown in Figure 3, where the x-axis is the average of 

k3(lH), k3(2H) was distributed higher than that of k3(lH). 

Regarding the use of this titration procedure in the rearrangements 

of 1 and labeled 1, there are two precedents in the literature. One 

was reported by Banthorpe and Hughes,79 who studied the rearrangements 

of 1, [4,4'-2H2]-1' a^^ [2,2',3,3',5,5',6,6'-2H8]-1. They obtained the 

pseudo first order rate constants (lOkT, sec" ) of 0.113 and 0.111 for 

1, 0.112 and 0.116 for [4,4'-2H2]-1, and 0.115 for octadeuterio-1. 

Banthorpe and Hughes inte2rpreted these results to mean that the deproto-
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Table 12 

Rate Constants (kT i n min"-^, k3 i n M~^min ^) f o r 

Rearrangement of 1 and [ 4 , 4 ' - 2 H 2 ] - 2 : 

Run 

1 

2 

3 

4 
5a 

6 

7 

8 

9 

10 

11^ 

12 

13 

14 

15 

16 

17 

18 -

19 

20 

21^ 

22^ 

kT X 103 

7.098 

6.973 

6.253 

6.672 

7-558 

7.043 

7.356 

5-585 

6.382 

6-239 

7-146 

7.003 

7-259 

7-556 

7.349 

7-089 

5.488 

5.421 

7-176 

7.112 

32.24 

26.02 

[H+] 

0.1006 

0.1006 

0.1012 

0.0994 

0.1021 

0.1029 

0.0996 

0.1014 

0.1030 

0.1016 

0.1033 

0.1029 

0.1018 

0.1023 

0.1021 

0.1018 

0.1020 

0.1014 

0.1009 

0.1024 

0.2004 

0.2004 

[H+]^ 

0.01012 

0.01012 

0.01024 

0.00988 

0.01042 

0.01059 

0.00992 

0.01028 

0.01061 

0.01032 

0.01067 

0.01059 

0.01036 

0.01047 

0.01042 

0.01036 

0.01040 

0.01028 

0.01018 

0.01049 

0.04016 

0.04016 

k3(=kT/[H+] )xlO 

7.01 

6.89 

6.11 

6.75 

7-25 

6.65 

7.42 

5.43 

6.02 

6.05 

6.70 

6.61 

7-01 

7.22 

7.05 

6.84 

5.28 

5-27 

7-05 

6.78 

8.03 

6.48 

a Use of [ 4 , 4 ' - 2 H 2 ] - 1 - ^ 1 a t 0.2 N hydrochlor ic a c i d . 
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nation of the initial products (2a and 4a) to give benzidine (3) and 

diphenyline (4) did not involve the rate-determining step, since there 

were no primary deuterium KIE. 

2^ — 

Shine and co-workersl also carried out the rearrangements of 1 and 

[15N^15N']_]_ using the same titration method. From this study, they 

found the kT of 7.0 min"l for 1 and 6.53 min'l for [15N,15N']-1, which 

gave a primary nitrogen KIE of K( N)/k(-'-̂ N) = 1.07- But Shine and co

workers turned to another, more reliable technique, isotope-ratio mass 

spectrometry. They measured k( N)/k( -^N) from the ratio of masses 

N 2 / ^ N 2 obtained when the mixture of products (l and 4) was isolated 

and converted into nitrogen. This technique gave a nitrogen KIE k( N ) / 

k( % ) = 1.0203 for the formation of the products. In view of this, we 

also employed a mass spectrometric technique to study further the deuter-

ium KIE in the rearrangement of 1 and [4,4'- H2]-l, but this time using 

whole-molecule mass spectrometry on the remaining substrate rather than 

on the products. 

Heavy-Atom Kinetic Isotope Effects in the 

Benzidine Rearrangements 

[4,4'-2H2]Hydrazobenzene 

In order to measure the relative rates of rearrangement of 1 and 
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[4,4'-2H2]-1 in a competitive way by whole-molecule mass spectrom

etry, a 1:1 mixture of 1 and [4,4'-2H2]-1 was allowed to rearrange to 

high conversions, and the unrearranged (remaining) substrate was oxidi

zed to azobenzene (3l)- The relative amounts of 31 (mass, 182) and 

2 

[4,4 - H2J-2I (mass, 184) present in the recovered azobenzene were meas

ured at high- and zero conversions and used to compute values of k("'"H)/ 

k(2H) at each partial conversion. The results are collected in Table 13. 

As is shown in Table I3, an inverse secondary deuterium KIE of 3.8% was 

obtained. An inverse secondary deuterium KIE can be observed in reac

tions that involve a change in carbon hybridization^^^'^ during the tran

sition state. Therefore, the inverse secondary deuterium KIE of 3.8% 

indicates that the sp2 hybridization of C-4 in ]. changes to sp3 hybridi

zation in the transition state leading to the intermediate 3a. The deu

terium KIE measured in this way cannot distinguish between forming benzi

dine (1) and diphenyline (4), but suggests that the disappearance of the 

substrate involves a concerted process in harmony with the nitrogen and 

carbon isotope effects.l»°^ 

In the case of the competitive rearrangement of 1 and [4,4'-2H2]-1, 

one may suspect that the deuterium in [4,4'-2H2]-1 might be exchanged 

with a solvent proton during the course of rearrangement in the acidic 

media or during the work-up procedure. To check this we carried out con

trol experiments. One of them was the rearrangement of 1 in deuterated 

solvents, and it was shown that no deuterium was incorporated into the 

ring of recovered substrate (1, Table 8 on page 89). The other was the 

demonstration of the stability of ring deuterium in the reduction of 
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Table 13a 

Secondary Deuterium Kinetic Isotope Effects for 

the Acid-Catalyzed Rearrangement of Hydrazo

benzene (1) and [4,4'-2H2]-1 

Conversion 
(%) 

40 

50 

60 

70 

80 

90 

k(iH)/k(: 
per two 

O.96I8 

0.962 

0.962 

0.961 

0.962 

0.962 

~H) 
(2H) 

Number of 
scans 

20,000 

40,000 

20,000 

40,000 

20,000 

20,000 

k(lH)/k(2H)^ 
per one (2H) 

0.9807 

O.98I 

O.98I 

0.980 

O.98I 

O.98I 

3- These measurements were carried out at the late Professor H. Kwart's 

Laboratory, the University of Delaware, using multi-scan (20,000-

60,000), whole-molecule, quadrupole mass spectrometer. 

^ Results were calculated with following equation. 

/, A T\ In (Raf/^aO) ^ ^^ ^^ich H and L designates 
(kH/kL-1) - m [(1-f)(l+Rao)/(l+Haf)J 

the heavy and light isotope 

respectively, f=extent of reaction, RaO = "the AMU mass ratio at zero 

% reaction, Raf = AMU mass ratio at f extent of reaction. 
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[4,4'-2H2]azobenzene to [4-2H]aniline, which was next converted back to 

azobenzene (Table 9 on page 92). Besides these, the consistent data in 

Table 13 also strongly suggest that no deuterium exchange had occurred 

during the rearrangement. However, there still remains a possibility 

of the effect of deuterium on the basicity of [4,4'-2H2]-1, which might 

result in an inverse secondary deuterium KIE. Ring deuteration in

creases the basicity of aniline.^^^ Shine and co-workers have commented 

on this because an increase in basicity would lead to faster rearrange

ment of a deuterated hydrazobenzene and give the impression of an inverse 

secondary KIE. But the effect of a para deuterium atom on basicity is 

negligible.9o Therefore considering all these aspects, our k(lH)/k(2H) 

results can be regarded as a true secondary deuterium KIE. This result 

added convincing support to the conclusions drawn from the carbon iso

tope effect results (later section). 

2,2'-Dimethoxy[15N,15N']hydrazobenzene 

The rearrangement of 2,2'-dimethoxyhydrazobenzene (2̂ ) was chosen 

for determining the heavy-atom KIE. There are two reasons for this 

choice of reaction. One reason is that the rearrangement of 2 proceeds 

via a one-proton mechanism. Therefore, it would be interesting to com

pare the heavy-atom KIE in the rearrangement of labeled 2 with that of 

hydrazobenzene (l), which rearranges via a two-proton mechanism. The 

other reason is that the rearrangement of 2 gives 3,3'-dimethoxybenzi

dine (60 in Scheme XIl) as the sole product.3^ Thus, a deuterium KIE 

which is obtained from the analysis of the remaining substrate can be 
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directly related to the formation of product (page 106). 

To study the primary nitrogen KIE in the rearrangement of 2, we 

again employed whole molecule mass spectrometry. The relative rates of 

rearrangement of 2 and [l^N,l%']-2 were carried out in a competitive 

way. In each run a solution of 5 mol % of [15N,15N']-2 in 2 was allow

ed to rearrange, and two portions of 60 were isolated from the low- and 

100% conversions (as is shown in Scheme XIl). Each of the crystalline 

samples of G0_ was converted to 6l, which was used for the mass spectro

metry to obtain a ratio of M (mass, 436) to M+2 (mass, 438). The rel

ative amounts of 6I and [-̂ -5N,-̂ -5N']-61 present in each sample were meas

ured at low- and 100% conversion and were used to compute values of 

k( %)/k(-'--5N) at each partial conversion with the Bigeleisen equa

tion.-'-̂ ^ The results are given in Table 14. They show that there is 

an average primary nitrogen KIE of 3%- Obviously, this substantial 

isotope effect suggests that the rupture of an N-N bond occurs during 

rate-determining transition state. 

2,2'-Dimethoxy[4,4'-13c2]hydrazobenzene 

We next turned to study the carbon KIE in the rearrangement of 2 

and [4,4'-13c2]-2. This work was necessary to completely obtain the 

whole picture of the transition state in the rearrangement of 2. If 

3,3'-dimethoxybenzidine is formed in a concerted way, formation of the 

C-C bond would be expected to show a primary carbon isotope effect. 

The work-up procedure of the product for the mass spectrometry was 

the same as that employed in the nitrogen isotope work (Scheme XIl). 
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Table 14=" 

Primary Nitrogen KIE for the Acid-Catalyzed Rearrangement 

of 2,2'-Dimethoxyhydrazobenzene (Z) 

and [15N,15N']-2 

Run 

1 

2 

Conversion 

4 

100 

15 

100 

(%) M^ 

100 

100 

100 

100 

M-H2^'' 

5.1063 

5.2254 

5.3352 

5.5022 

k(%)/k(15N)^ 

1.024 

1.034 

a These measurements were carried out at the laboratory of Professor 

J. San Filippo, Jr., Rutgers University. 

^ Results are normalized to M=100 (at mass 436). 

^ Results are compensated for the relative intensities in unenriched 

61 in the experimental mixture. 

^ Results are for doubly labeled molecules and were calculated with 

following equation̂ -̂'-

/ x^ r- RAo-^Af f(Vy) -] 
(.H/icL-i) m Ci-f(x/y)] = m [i ̂ ^ ^-^^^ ] 

in which H and L designate the heavy and light isotope respec

tively, f=extent of reaction, RAO=^he AMU mass ratio at 100% reac

tion, RAf=AMU mass ratio at f extent of reaction, X=(1+RAO)» ^̂ -̂  

y=(l+RAf)-
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In this carbon isotope work, a total of three rearrangements were car

ried out to a low extent of conversion. In each run a solution of 

5 mol % of [4,4'- -̂ C2]-2 was allowed to rearrange, and two portions of 

3,3'-dime thoxybenzidine (60 in Scheme XIl) were worked up, from both 

the low- and 100% conversions. The crystalline 60 was converted to 6l 

(Scheme XIl), which was used for mass spectrometry to measure the ratio 

of M (mass, 436) to M-̂ 2 (mass, 438) as before. The relative amounts of 

61. and [4,4'- -̂ C2l-6l present in each sample were measured at low- and 

100% conversion and were used to compute values of k(-'-2c)/k(-'-3c) at each 

partial conversion with the Bigeleisen equation.101 The results are 

given in Table 15- They show an average primary carbon KIE of 3%-

Therefore, the substantial KIE indicates that the formation of the C-C 

bond at the 4- and 4'-position occurs in the rate-determining transition 

state. 

2,2'-Dimethoxy[4,4'-2H2]hydrazobenzene 

If C-G bond formation were part of the rate-determining process, 

one should expect to find an inverse secondary KIE when using [4,4'-

2H2]-2. With this in mind, we have now measured the relative rates of 

rearrangement of 2 and [4,4'-2H2]-2 in a competitive way by whole-mole

cule mass spectrometry. The procedure for the rearrangements and the 

method for isolating samples are similar to those employed with [4,4'-

2H2]-1 (pages 99-100). 

A 5 mol % of [4,4'-^H2]-^ in 2 was allowed to rearrange to specific 

conversions, after which the unrearranged substrate was oxidized to 
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Table 15^ 

Primary Carbon KIE for the Acid-Catalyzed Rearrangement 

of 2,2'-Dimethoxyhydrazobenzene (2) 

and [4,4'-13c2]-2 

Run 

1 

2 

3 

Conversion 

2 

100 

4 

100 

14 

100 

(%) M 

100 

100 

100 

100 

100 

100 

M+2^'^ 

3.9694 

4.1008 

3-9760 

4.0829 

4.0235 

4.1245 

k(12G)/k(13G)^ 

1.033 

1.027 

1.027 

a These measurements were carried out at the laboratory of Professor 

J. San Filippo, Jr., Rutgers University. 

^ Results are normalized to M=100 (at mass, 436). 

c Results are compensated for the relative intensities in unenriched 

61 in the experimental mixture. 

^ Results are for doubly labeled molecules and were calculated with 

the Bigeleisen equation (see page 105 for the equation). 
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2,2'-dimethoxyazobenzene. The relative amounts of unlabeled 2,2'-

dimethoxyazobenzene (21, mass 242) and [4,4'-2H2]-21 (mass, 244) pre

sent in the recovered azobenzene mixture were measured at large and 

zero conversions and used to compute values for k(lH)/k(2H) at each 

partial conversion. The results are given in Table l6. They show that 

there is, indeed, an average inverse secondary deuterium KIE of 7%. 

The deuterium KIE obtained in this work reflects the concerted forma

tion of the 3,3'-dimethoxybenzidine which is the sole product in the 

rearrangement of ̂ . 

To check the stability of the deuterium labels in [4,4'-2H2]-2 dur

ing the work-up procedure, two control experiments were carried out 

(pages 90 and 94). One control experiment involved the washing of 

a 5 mol % solution of [4,4'-2H2]-2 with 5% hydrochloric acid (page 90). 

The other control experiment consisted of the flash column chromato

graphy of a 5 mol % solution of [4,4' -2H2]-2 (pages 90 and 94). 

Since the two control experiments showed that the ring-deuterium was 

stable during the work-up procedure, the obtained secondary deuterium 

KIE of 7% (average) is not due to experimental error. Such a KIE 

indicates that sp2 hybridization of G-4 in 2 changes to sp3 hybrid

ization in the rate-determining transition state, which is consistent 

with the primary carbon KIE (pages 103 and 106). 

Mechanism of Rearrangement 

Hydrazobenzene (].) 

As was discussed previously (page 18), the najor differences be

tween the polar transition state theory and other theories, such as 
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Table l6^ 

Secondary Deuterium KIE for the Acid-Catalyzed 

Rearrangement of 2,2'-Dimethoxyhydrazo

benzene (2) and [4,4'-2H2]-2 

Conversion 

0 

37 

57 

64 

77 

(%) M^ 

100 

100 

100 

100 

100 

M+2^,c 

4.7237 

4.5498 

4.3601 

4.3461 

4.3906 

k( lH)/k(2H)^ 

--

0.920 

0.907 

0.920 

0.951 

^ These measurements were carried out at the laboratory of 

Professor J. San Filippo, Jr., Rutgers University. 

^ Results are normalized to M=100 (at mass, 242). 

c Results are compensated for the relative intensities in unen

riched 2,2'-dimethoxyazobenzene in the experimental mixture. 

^ Results are for doubly labeled molecules and were calculated 

with the same Bigeleisen equation as shown in Table 13 on 

page 101. 
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the Tf-complex and caged-radical theory, lie in the matter of concerted

ness. That is, the polar transition state theory regards the manner of 

formation of all rearrangement products as a concerted process, while 

the Tr-complex and caged-radical theories regard the manner of forma

tion of all rearrangement products to be a dissociative process. In 

order to prove or disprove one or more of these theories, we used the 

heavy-atom KIE method in the investigation of the rearrangement of 1. 

In addition to an inverse secondary deuterium KIE, Shine and co-

workers^^ found a primary carbon and a primary nitrogen KIE for the 

formation of each product in the rearrangement of 1_ (eq 7)-

3 (70%) 

^ M K H ^ 
Two-proton 

Catalysis 
(7) 

4 (30%) 

A summary of the heavy-atom KIE obtained in our laboratory are 

given in Table 17. ̂ ^ They show the sizeable nitrogen and carbon KIE 

for the formation of 1, implying that N-N bond rupture and C-C bond 

formation occur as part of the rate-determining transition state. As 

for the formation of 4, the larger magnitude of the nitrogen KIE and 

the absence of a carbon KIE suggest that N-N bond rupture occurs as 

part of the rate-determining transition state, while C-G bond forming 
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Table 17 103 

Calculated and Experimental Nitrogen and Carbon 

KIE for the Formation of Benzidine (l) 

and Diphenyline (4) 

Product 

3 

4 

1 

^ 

1 
4 

-

Isotope 

nitrogen-15 

nitrogen-15 

carbon-13 

carbon-13 

carbon-l4 

carbon-l4 

deuterium 

Measured KIE 

1.0222 

1.0633 

1.0209 

1.0006 

1.0284 

1.0011 

0.962° 

Concerted 

1.025 

1.027 

1.040 

1.023 

1.0367 

-

<1.0 

Dissociative 

1-055 

1-055 

-

-

-

-

>1.0 

^ k̂ /kji ; KIE values for 15N,13C, and 2 H are for doubly labeled 1. 

^ Calculated values by cut-off method (see text). 

° For the disappearance of 1. 



112 

process does not. These results are interpreted to indicate that 4 

may be formed in a dissociative way. Further, Shine and co-workers 

assumed the two transition state models 62 and 63 represent the con

certed and dissociative configurations, respectively."̂ ^̂  

62 ^ 

With the use of the cut-off approximation method,102 Shine and 

co-workers were able to calculate the theoretical value for the heavy-

atom KIE in the models 62 and 62.-̂ ^ Comparisons of the magnitudes 

of the theoretical nitrogen KIE with the magnitude of the observed 

nitrogen KIE allowed Shine and co-workers to propose 102 that the for

mation of 2. occurs in a concerted way, and that 4 is formed dissoci-

atively. The new findings that benzidine (l) is formed in a concerted 

way and diphenyline (4) in a dissociative way showed that none of the 

major mechanistic theories is correct. Although there are some dif

ficulties in formulating the complete course of the rearrangement 

insofar as the formation of 4 is concerned, it will be instructive to 

attempt to postulate a new mechanism for the rearrangement of 1. 

One of the possible courses of the rearrangement is shown in 

Scheme XIII. For convenience, diprotonated hydrazobenzene is shown 

as 21, although it is not clear at this point whether the second proto

nation is fully transferred in a pre-equilibrium step or not. Compound 

23 can give 1 from a concerted pathway via the transition state 22c, 
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in which the two aromatic rings assume a moderately bent shape (but pos

sessing aromatic character). In this configuration 22£ would not be ex

pected to give any o-benzidine, since the two ortho positions are too 

far apart to be bonded. In fact, in the rearrangement of 1, o-benzidine 

is not formed. 

Conversely, formation of 4 should involve an intermediate in view 

of the absence of a carbon KIE. A possible candidate may be the rr-

complex, or possibly a caged-radical intermediate. In the case of the 

Tr-complex intermediate, the proposed structure should have a displaced 

configuration so that only 2,4'-bond formation is possible. To fulfill 

this requirement, the Tr-complex should be rigidly held so as to prevent 

free rotation. One possible candidate consistent with the discussed 

requirements may be formulated as 26a. 

P2 

f+-H p ^ 26a 

The rearrangement of hydrazobenzene (l) can be treated by the 

frontier-orbital method. Thus, the concerted formation of benzidine 

could be also considered as the [_5,5l sigmatropic rearrangement which 

is an allowed process, while the dissociative formation of diphenyline 

could be looked upon as a [3,5] sigmatropic rearrangement which is not 

allowed. 
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2,2' -Dimethoxyhydrazobenzene (2̂ ) 

As was discussed above, the rearrangement of 2_ is known to give 

60 as the sole product of a one-proton process (eq 36). 

OCH3 OCH3 

(Q^m-.m^Q^ ^1^ H2N^^-^^^NH2 (36) 

60 

Since the magnitudes of the carbon- and nitrogen KIE (each 3%) 

are similar to those obtained in the rearrangement of hydrazobenzene, 

it is proposed that 3,3'-dimethoxybenzidine (60̂ ) is formed in a con

certed way. This was confirmed by the observation of an inverse secon

dary deuterium KIE of 7% for this process. Therefore, the manner of 

formation of 6^ may be considered to be similar to that of 1 (Scheme 

XIV). Although it is not clear why 2_ does not give any other products, 

it may be that the two large methoxy groups located at the ortho posi

tions hinder the formation of an intermediate that could provide the 

other products. In regard to this, a transition state 2b for the forma

tion of 60 would be expected to allow for 4,4'-bonding only, by minimi

zing the steric hindrance of the ortho substituents. 

Also the concerted formation of 3,3'-dimethoxybenzidine could be 

considered as the 15.5'] sigmatropic rearrangement which is an allowed 

process. 
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Scheme XIII 

A Proposed Mechanism for the Benzidine Rearrangement 

of Hydrazobenzene 

N 
H ^H H ^H 

23c 

slow 

la 
fast 

Benzidine (3) + 2H' 

23 

slow 

-> Intermediate 
fast , ^ + 

2+ ^ Diphenyline (4) + 2H 



Scheme XIY 

A Proposed Mechanism for the Benzidine Rearrangement 

of 2,2'-Dimethoxyhydrazobenzene 

llo 

slow 

2a 

3,3'-Dimethoxybenzidine 

60 

+ H 

R= OCH3 
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