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In 1969, for example, the unexpected decomposition of 1200 moles of 

2,4-dinitro-6-chlorobenzenediazonium bisulfate in concentrated sul-

furic acid caused the death of three workmen. It is through research 

that the causes of such explosions can be elucidated and precautions 

taken to prevent industrial accidents. 

Structure of Arenediazonium Salts 

Griess had supposed that his diazonium compounds had the compo-

2 
sition C^H,N„ . Kekule realized that the diazonium compounds were 

6 4 Z 
structurally analogous to their most important derivatives, the azo 

compounds, and therefore, described their constitution with the for-

mula C-Hc»N:N'X . Other formulas, which are now only of historical 
6 j 

interest are to be found in Saunder's book . In 1895, Blomstrand's 

formula C.Hc'N^'X (with X attached to the alpha-nitrogen), was adopted 

and recognized as being capable of meeting all the known experimental 

facts. According to the current concept of acids and bases, the dia-

zonium ion must be described as a Lewis acid. It is able to add a 

base, such as a hydroxide ion. Expressed in another way, it possesses 

electrophilic character, since in one of its resonance forms, Vo, one 

atom, the beta-nitrogen, is electron -deficient. The only modification 

+ + 
Ar-N5N: -•—• Ar-N=N: 

which current ionic theory requires of Blomstrand's original formula 



special terms diazo-oxide and quinone diazide. The high stability of 

such compounds is due to the resonance Ic-Id. The importance of the 

0" 0 

^ ^ N = N •-^ /^=N=N 

i£ il 

structure îc_f in which the potential nitrogen molecule is less strongly 

bound to the benzene ring, is diminished by ld_. Even an unsubstituted 

phenyl group is able to stabilize a diazonium ion through resonance 

between the pi-electrons of the ring and the -N^ group, leading 

to forms such as le, If and Ig. 

+ -
N /^-N=N: -•—̂  +/^=N=N ^—• {~^=^= 

+ 
lê  if; i£ 

Much work has been done with respect to the effect of the anion 

on the structure of diazonium cations. Most of the information on this 

matter has been obtained from infrared measurements. These have been 

confined to the study of the N=N stretching vibration band in com-

plex molecules and to comparison with spectra of diazonium salts 

of simple anions^'^'^'^^'^^'^^. Independent of the physical state, 

all the diazonium salts studied to date show one absorption band in 

13 
the NsN stretching region. Some authors report two bands in this 

region in £-dialkylamino derivatives. Of these bands the more in-

tense, at 2170 cm"\ is assigned to the N^N stretching vibration and 



-1 
the other, at 2250 cm , appears to be the first overtone of the 

band at 1100cm , assigned to the C-N vibrations of the alkylamino 

14 15 
groups. Other authors ' have also observed a complex band, usually 

with two peaks, for many diazonium salts independent of substitution 

on the phenyl ring. The reason for the appearance of a complex N=N 

band is not clear. In most cases, it is probably due to solid-state 

lattice effects, since only a single band results after regrinding 

13 
the mull . To interpret the presence of complex N=N bands as caused 

by weak bonding between the diazonium group and the anion seems haz-

ardous, although it cannot be entirely excluded. 

16 
In conclusion, the extensive spectroscopic results together 

with X-ray data suggest that the electronic structure of the dia-

zonium cation in arenediazonium salts with complex anions is essen-

tially the same as that in the analogous simple salts. 

Reactions of Arenediazonium lons 

General Concepts 

The reactions of arenediazonium ions are among the oldest to be 

studied intensively by organic chemists. The discussion between A. 

Hantzsch and E. Bamberger in the period 1894-1912 concerning thestruc-

ture of the products formed in the reactions of arenediazonium ions 

with hydroxide, cyanide, and sulfite ions shows the controversial na-

ture of diazonium salt reactions. It was probably one of the first 

times in which arguments based on ideas of physical organic chemistry, 



logues). The variety and complexity of behaviour shown by the dia-

zonium group is very great indeed and interpretation of its chemistry 

has been (and in some cases still is) the subject of renowned contro-

versies. This has arisen since allowance was not always made for com-

peting equilibria in solution and since several parallel reactions 

(e.g. ionic, free radical), whose relative importance can be changed 

by small variations in solvent or reaction conditions, can occur. 

Because of this and the probability that some of the reactions lie on 

a mechanistic border line, it is more satisfactory to classify the 

reactions according to type (e.g. replacement of nitrogen in arenedia-

zonium ions) rather than making the more usual classification based 

on mechanism. Reactions of arenediazonium ions can be classified into 
m 

22 
seven types : 

Reactions with Nucleophiles (Nu) at the beta-Nitrogen 

-NEN Nu (1-2) 

Nucleophiles may be anions (HO", RO", ArO", CN", Np, ammonia, 

amines and , in azo coupling reactions, pi-electron systems containing 

electron-donating substituents. This reaction type will be further 

discussed when the topic of coupling reactions is treated in detail. 

Formation of Complexes with Electron Donors (ED) 
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Complex formation is greatly facilitated by the electron-attrac-

23 
ting effect of the diazonium group . Complex formation with some 

electron-donors will be further discussed under Stabilization of Dia-

zonium lons later in this Chapter. 

Substitution of Nucleofuqal Leaving Groups(X) in the Ortho and Para 

Position of the Aryl Nucleus 

The nomenclature used here and in the classification follows the 

24 
systematic nomenclature for substitution reactions proposed by Bunnett : 

first the name of the group (or atom) introduced is given, followed by 

de- and the name of the leaving group. E.g., ordinary nitration is 

called nitrodeprotonation. Reactions of arenediazonium ions in which 

N„ is the leaving group are dediazoniations, e.g., hydroxydediazoniation. 

For leaving groups there are two types: electrofugal (H , C0„ ) and 

nucleofugal ( Cl~, N^ ). 

Q-^2 -"-JQ-^*! (1-4) 
Nu--^X N u ^ 

One example is the substitution of nitro by hydroxyl groups in 

solutions of 2,4-dinitrobenzenediazonium ion. The reaction probably 

25 
follows the S|̂ Ar mechanism of nucleophilic aromatic substitution. 

Apart from hydroxy groups, other substituents, particularly halogens, 

can also be introduced into benzenediazonium derivatives in this way. 

The groups to be replaced are those easily eliminated as nucleophilic 

species. In addition to NO„(as the anion), they comprise halogens 

(as the corresponding anions) and alkoxy groups (as alcoholate ions). 



Heterolytic Dediazoniations with Nucleophiles (Nu) 

N̂ (1-5) <gVNHN 

^ N u 

Nucleophilic dediazoniations of arenediazonium ions are gener-

ally considered the only cases of an Ŝ l̂ mechanism in nucleophilic 

aromatic substitution and, therefore, the source of aryl cations. As 

well as undergoing hydrolysis and substitution by halide ion, arene-

diazonium ions can act as arylating agents in heterolytic arylations 

of aromatic compounds. Conditions under which such reactions occur 

26—29 
have been found by four groups 

In spite of the general acceptance of nucleophilic dediazoniations 

in reactions of arenediazonium ions via an Sĵl mechanism, there is a 

considerable amount of experimental data which seems to be more con-

sistant with a mechanism having a bimolecular rate-determining step. 

Lewis and Hinds demonstrated that the decomposition rate of £-nitro-

benzenediazonium ions in water is linearly proportional to added bro-

31 mide ion. Lewis et al. found> for several anions, linear depen-

dences of the rates of decomposition on the concentration of the anion. 

This suggests participation of the nucleophile in the rate-determining 

step. These and other results are consistent with an S|̂ 2-like mecha-

nism (Scheme 1-1, path 1), or with an Sĵ Ar mechanism (path 2). These 

two mechanisms differ only in that path 1 is a two-step and path 2 a 

three-step process involving an addition intermediate. 

The mechanism of path 2 corresponds to the Bunnett-Zahler mecha-



10 

+ArX/(1) 

<^N=N: 

# 

+ArX 

+B 

+ HB' 

Scheme I-l 

. 25 
nism , whereas path 1 seems to be unknown in nucleophilic aromatic 

substitution at this time. Nevertheless, path 1 is the more probable 

since the expected substituent effects in path 2, e.g. acceleration by 

electron withdrawing substituents (NO^ etc.) in the ortho and para po-

sitions, are absent in hydroxydediazoniation. 

32 
Recently in an elegant paper, Zollinger et al. have shown that 

diazoniation of arenediazonium ions in homogeneous solution, using 
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solvents of low nucleophilicity, proceed through at least two inter-

mediates; a tight nitrogen aryl cation molecule-ion pair, and a 

(solvated) aryl cation, free or solvent separated from nitrogen. A 

schematic representation is given below: 

ArN^ ^:^ Ar"̂ N2 ^ = ^ Ar"̂  + N^ - ^ ^ Product 
i 

+Nu 
-N^ 

Results indicate that nitrogen rearrangement takes place through the 

first intermediate and nitrogen exchange via the second intermediate. 

Swain et al. have presented several pieces of evidence support-

ing unimolecular reaction of benzenediazonium ion. Mainly fehe rate of 

reaction is remarkably independent of solvent and nucleophile. 

Mechanistic studies of the Schiemann reaction in methylene-

chloride at 25 *C have shown that the nucleophile involved in the de-

composition of arenediazonium tetrafluoroborate is BF. rather than F 

and that the reaction occurs via the rate-limiting formation of an 

aryl cation. 

In conclusion, it seems that the majority of the reactions can 

be explained by an unimolecular mechanism, but at the same time there 

is a growing (although by no means complete) body of evidence for the 

occurrence of a bimolecular rate-determining step, 

Formation of Arynes by Loss of N„ and an Ortho Substituent 



(^.Hl -^ <g) . 

12 

N^ + Y"̂  (1-6) 

Several studies have shown that the aryne route is not important 

in reactions of simple arenediazonium ions in aqueous solutions at mod-

33a erate pH . However, decomposition of benzenediazonium-2-carboxylate 

in non-aqueous solution clearly leads to benzyne formation since this 

intermediate can readily be trapped either as a dimer or by cyclo-

addition to a 4-pi-donor ' . Cadogan ~ , Ruchardt and their 

coworkers have described other simple routes to arynes, involving the 

acetate-induced elimination from benzenediazonium acetate. In general, 

for aryne formation, the electrofugal groups may be a proton or in 

some cases carboxylate ions. 

Homolytic Cleavage of the C-N Bond 

_N=N + X~ ^:^ (^y^z'^ ^ ( ^ ' + N^ + X. (1-7) 

Many reactions of arenediazonium ions are known in which it is 

possible that a homolytic cleavage of the C-N bond occurs. At the 

present time, there are not many reactions which have been investigated 

to an extent that one could say that the mechanism is fully elucidated. 

One of the main problems with this type of reaction is that they 

seem to follow multiple pathways. Small changes in reactants, solvent, 

additives, etc, may change the rate, mechanism, and products drastical-

ly. In addition, it appears that homolytic and heterolytic reaction 
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mechanisms often resemble each other more closely than was previously 

41 
thought. Some examples are: (a) the observation that either hetero-

lytic or homolytic decomposition of some arenediazonium ions can occur 

in acidic methanol depending on the presence or absence, respectively, 

of oxygen; the rates of the two pathways differ only by a factor of two 

and correlate linearly with the substituents effect of the (100?á heter-

olytic) decomposition rates in acidic water; (b) arylation of nitro -

benzene with benzenediazonium ions in DMSO yields nitrobiphenyl iso-

mers in proportions typical of heterolytic process, whereas the same 

29 
reaction with ̂ .-nitrobenzenediazonium ion is clearly homolytic 

To conclude, this type of reaction of arenediazonium ions is not 

fully understood and much work remains to be done. Obviously ESR and 

CIDNIP spectroscopy are more than welcome tools for the detection and 

42 43 
structural elucidation of radical intermediates in these reactions ' 

The question of whether there is a common intermediate for homolytic 

and heterolytic decompositions of arenediazonium ions remains open. 

Photolytic Dediazoniations 

At the end of the last century, Andressen established that 

aqueous solutions of diazonium salts decompose under the influence of 

light. The mechanism of the photochemical decomposition is not com-

pletely understood. It appears to be largely determined by the envi-

ronment and by the chemical species present. In the photolysis of 

crystalline arenediazonium tetrafluoroborates and hexafluorophosphates, 
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the corresponding fluoroarenes were usually the only volatile product, 

as in pyrolysis 

The large number of reactions studied and the complexity of the 

problem do not allow for a discussion here, but for references and 

examples refer to the book edited by S. Patai 

Reactions with Nucleophiles at the Beta-Nitrogen 

Non-aromatic Nucleophiles 

In the reactions of nucleophiles with arenediazonium ions, the 

rate-determined product is, in many cases, a cis azo compound in spite 

of the fact that the trans isomers are thermodynamically more stable. 

In general, the formation of trans azo compounds is observed only when 

the cis isomer is so unstable that it is not detected at all, except 

by a photochemical rearrangement. Cis compounds are formed in reactions 

with hydroxide, methoxide, cyanide, and sulfite ions; trans compounds 

are the products in reactions with amines (formation of triazines or 

diazoamino compounds) and with azo coupling components such as phenols 

and tertiary alkyl amines. 

The bulk of research concerning coupling reactions has been done 

in aqueous media, under different acidic conditions. The use of buffer 

solutions improved the understanding of these systems since the reac-

tion rate is pH dependent. 

One of the most widely studied and complex reactions of arene-

diazonium ions is the deceptively simple combination at the terminal 
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nitrogen with hydroxide ion. The reaction was the source of contro-

versy for many years and the details of the mechanism and even the 

initial product formed are still uncertain. A detailed discussion of 

this reaction as well as the reactions involving other nucleophiles 

(e.g. cyanide ion, alkoxide ions, acetate ion) is beyond the scope of 

this Introduction, but extensive information can be found 

Reactions of arenediazonium ions with nucleophiles became par-

48 
ticularly interesting when Ritchie et al. , found that three groups 

of cations, arenediazonium, triarylmethyl, and tropylium ions, al-

though differing in reactivity by six powers of ten, gave the unique 

reactivity sequence N~> CH^O~ (or HO~)>CN~ . This nucleophilicity 

order was observed in four solvents (H^O, CH,OH, DMSO, and DMF). 

It is interpreted as being an inherent property of the nucleophiles, 

and is related to the solvation energies of the nucleophiles. 

Ritchie concluded that the transition states of these cation-anion 

combination reactions are very close in structure to that of the one-

solvent-separated ion pair, and that two factors are important in 

determining the relative rates of reaction with the four nucleophiles 

mentioned: (1) desolvation energy of the anion, (2) effective ionic 

radii of the cation and anion, which determine Coulombic attractions. 

Aromatic Nucleophiles 

Another coupling reaction worth mentioning is the one where the 

coupling component is another aromatic substrate. The electrophilic 

arenediazonium ion reacts with activated aromatic substrates 1, to 
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yield substitution products 2̂  as in Equation 1-8. 

N=NAr 
X-̂ C )> + ArN^ 

1 
'̂ H 

—^ X-0^=NAr (1-8) 

2 

This reaction has been widely studied, because of its importance in 

49 
the dye industry , and several of the parameters which influence the 

reactivity are now clear. 

In general , the aromatic substrate (1_) must be activated (X=NR„ 

or OR) and when X=OH, the reactive form of the substrate is usually 

the conjugate base (X=0 ). The control of pH is therefore important, 

especially since the concentration of the active arenediazonium ion 

decreases rapidly in basic solution. 

Briefly, themost important aspects of the reaction are: (a) The 

site of coupling. The normally preferred site of coupling is para to 

the activating group and large amounts of ortho substitution are only 

rarely observed. The products are also trans about the azo linkage, 

probably arising from the reversible first step in the coupling re-

action which results in a highly selective electrophile. Base removal 

of the proton may be also facilitated in para attack. Nevertheless, 

there are cases where depending on the substrates and varying concen-

tration/nature of the base present, the relative amounts of ortho and 

para products can be changed . (2) Reactivity of arenediazonium ions. 

The reactivity of arenediazonium ions as electrophiles is increased by 

the presence of electron-withdrawing substituents which enhance the 
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ferred that the solvation of arenediazonium ions and the conceivable 

ion pair interactions were weak. However, a reinvestigation of this 

reaction in acetonitrile and nitromethane showed that in these solvents 

it is a two-step process (Sp2), the proton transfer being the rate 

limiting step. 

Mechanistic information concerning azo coupling in solvents of 

low polarity is almost entirely absent. Bradley and Thompson have 

reported a coupling reaction in benzene. Their main conclusion was 

that the reaction is not essentially different from that which occurs 

in aqueous solution, but that by-products may arise from radical re-

actions if the conditions of coupling favor the formation of diazo-

ethers or diazoamino compounds at the first stage of the reaction. 

In conclusion, azo coupling reactions are extremely important in 

scientific research and in the dye industry. The reaction mechanism 

is fairly well understood in aqueous media, but there is less informa-

tion about the mechanism operating in polar organic solvents. Finally 

there has been very little research done using non-polar solvents and 

mechanistic inforraation is almost entirely absent. 

Stabilization of Arenediazonium lons 

Inorganic Counterions 

Arenediazonium salts are isolated on relatively rare occasions 

and the solutions or suspensions containing them are usually employed 

for further reaction as such. The ready solubility of most arenedia-
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The stabilizing effect of arylsulphonic acids is of great practi-

cal importance. Becker discovered that the addition of 1- or 2-

naphthalenesulphonic acid to a solution of tetrazotized benzidine or 

£- nitrobenzenediazonium salt gave rise to precipitates which could be 

filtered off and dried without danger. Even after long storage, they 

can still be dissolved smoothly in water and immediately exhibit the 

reactions typical of diazonium ions. 

For many years it was assumed that the stabilizing effect was 

due to the formation of diazosulphonates (ArN„OSO„Ar') but recently 

61 Zollinger has shown that the stabilization is due to the formation 

of a charge-transfer complex and not to diazosulphonates. It was 

also found that the sulphonic group is not essential for the stabili-

zation. Also it is reported that the charge-transfer complex forma-

tion decreases the electrophilicity of the diazonium ion (rate of azo 

coupling reaction) only slightly. 

Stabilization by arylsulphonic acids offers the alternative of 

stabilizing diazonium ions in solution as opposed to the preparation 

of stabilized solid arenediazonium salts, previously discussed. 

Other Types of Complexes 

Recently it has been possible to affect stabilization of arene-

diazonium ions by the use of macrocyclic polyethers (crown ethers, a 

more detailed description of them is given in the next section of this 

Chapter). The complexes formed by the interaction of a diazonium ion 
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with an appropriate macrocyclic polyether in a suitable solvent have 

a two fold advantage: (a) The complex is stable in solution and, (b) 

in many instances it is possible to isolate a stable crystalline solid. 

The complex formed by the interaction between an arenediazonium 

salt and an appropriate macrocyclic polyether is an insertion complex. 

62 
The first case was reported by Gokel and Cram . Although no solid 

complex could be isolated, the insertion nature of the complex was ad-

duced from the following data: (1) £- tolyldiazonium tetrafluoroborate 

(-N̂  cylindrical diameter 2.4 A) was complexed by crowns having esti-

mated diameters of 2.6 A, 2.8 A, and 3.75 A, but was not complexed by 

a crown ether with diameter of approximately 2.2 A; (2) 3,4-dimethyl-

benzenediazonium cation was complexed, but the ortho sterically hin-

dered 2,6-isomer gave no evidence of solubilization-complexation; (3) 

in several cases arenediazonium salts were solubilized in chloroform 

by the crowns, being insoluble when the crowns were absent; (4) PMR 

spectra showed changes when the crowns were complexed with diazonium 

ions. 

The geometry of the complex was thought to be like the one shown 

below: 

o \ 

x,0-
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Since the mentioned work by Gokel and Cram, several groups have 

reported data on this novel type of complexes. Solid crystalline 

complexes have been isolated ' . Spectral studies of the complexes 

in solution have been made and also on the crystalline solids ' 

Thermodynamic parameters have also been determined recently . The 

stability of these complexes towards thermal and photochemical 

decomposition has been demonstrated. 

From the collected data concerning complexation, it is possible 

to conclude that the conditions necessary for the formation and the 

factors influencing the stability of the complexes mainly include: 

(1) the relative sizes of the ion and the hole in the polyether ring, 

(2) the basicity of the oxygen atoms, and (3) steric hindrance in the 

polyether ring. 

Multidentate Liqands 

Macrocyclic Polyethers 

History 

Compounds comprised of sequential -Y-CH^-CH^- groupings have been 

known for many years. A preparation of diglyme, for example, was re-

ported ^^ in 1925. Likewise, the cyclic polyethers, formally oligomers 

69 
of ethylene oxide, were first prepared by Luttringhaus and Ziegler . 

Despite the long history , it was not until 1967 that the fieldof crown 

ether chemistry was really born when Pedersen recognized the ability 

of these materials to complex a variety of cationic substrates. 
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Nomenclature and Characteristics 

Pedersen reported ' that during an attempted synthesis of 

bis 2-(£-hydroxyphenoxy)ethyl ether 3̂, by reacting in aqueous n-

butanol, bis (2-chloroethyl) ether 2̂  with the sodium salt of 2-(£-

hdroxyphenoxy)tetrahydropyran 1_, contaminated with some catechol, a 

very small amount of a white, fibrous, crystalline byproduct was 

obtained. The corresponding reaction is shown in Equation 1-9. 

n 

R 

°^ + (CICH CH ) 0 
OH ^ ^ ^ ^ ^ 0 0'̂  

(1-9) 

The crystalline byproduct was found to be 2,3,11,12-dibenzo-

1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene, a cyclic polyether. 

It is obvious that the rigorous name, even for this simple compound, 

is too cumbersome for repeated use, so, abbreviated names have been 

coined for ready identification. This compound was called dibenzo-

18-crown-6, and using it as an example, the trivial name is derived 

as follows: dibenzo describes the non-ethyleneoxy substitution; JŜ , 

the total number of atoms in the ring; crown for the class name; and 

6 is the total number of heteroatoms in the ring portion of the 
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structure. Compound 5_ would thus be called simply 15-crown-5. 

0 Ô  0 X 

The appelation "crown" arises from the appearance of the space filling 

(CPK) molecular models and the ability of these compounds to "crown" 

cations by complexation. Note the similarity of structure £ to a re-

gal crown. Although some of the molecules might resemble the drawings 

used for depicting the structure of the crowns, they are not intended 

to represent their actual configuration. 

In general crown ethers are defined as macroheterocycles having 

the repeating unit (-Y-CH^-CH^) where Y may be a heteroatom like 0, 

S , N , P , or conceivable CH„ , (also included are compounds 

with substituents on the polyether ring, e.g, compound 4̂ ). The 

ethylene unit is fundamental to the crowns because a methylene unit 

substituted with two heteroatoms (like an acetal) would tend to be hy-

drolytically unstable, and if there were more consecutive methylene 

units, hydrogen-hydrogen conformational interactions would become very 

troublesome. 

There are other compounds, e.g. T̂ , 8̂ , which do not comply with 

the strict (-Y-CH^-CH^-) definition previously advanced, but the re-

lationship to the crowns compounds should be obvious. The potential 

for variations is enormous, particularly if one bends the definition 
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a bit, and an extensive listing of multidentate polyheteroatom macro-

cycles has been compiled , and several papers and reviews have been 

.,. . .77-79 
published 

Applications 

Besides the already mentioned property of forming complexes with 

several cationic species, crown ethers have found enormous application 

in synthesis, probing of reaction mechanisms, phase transfer catalysis 

and other uses. A survey of these reactions is beyond the scope of 

80 
this Chapter, but numerous references can be found 

In conclusion, the recognition by Pedersen that crown ethers are 

potent complexing agents for a variety of substrates and his prepara-

tion of numerous crowns and crown analogs has led to a large body of 

interesting chemistry in the last ten years. There can be little 

doubt that the future will see the preparation of many new and varied 

crown compounds and these will be utilized in a variety of new types 

of complexes, and for many mechanistic and synthetic applications. 

Acyclic Polyethers 

Acyclic polyethers are the open chain analogs of crown ethers. 
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They are formed by the repetitive unit (-Y-CH„-CH„-) where in most 

cases Y=0, (the so called glymes). It is important to recognize that 

open chain-compounds may behave very much like crown ethers under some 

conditions, but still they are not considered macrocycles. In order 

to function like crown ethers, these acyclic compounds must overcome 

the entropy of wrapping about a cation (a problem not inherent to the 

preorganized heteromacrocycles). These might be accomplished by u-

tilizing strong interactions between the hereroatoms of the chain and 

the Lewis acid being complexed. 

Their complexing ability has been shown in the use of ethers of 

oligoethylene glycols, CH^O^CH^CH^O) CH^, for the complexation of al-

kali and alkaline earth cations and as phase transfer catalysts. 

Formulation of Research Plan 

As has been mentioned, arenediazonium salts are rather unstable 

species and prone to decompose explosively. Their stability can be 

improved by making more stable solid salts by using certain inorganic 

anions (e.g. BF~, PF" ); by forming double salts like (ArN^^^ÍPtCl^)". 

Another method consists in the addition of arylsulphonic acids to 

arenediazonium salts in solution . The stabilization of diazonium 

ions by complexation with crown ethers is a very attractive alterna-

^ , ̂ .,. .. 62,63,67 
tive. Though there are precedents for such stabilization , 

there is no detailed study of such complexation reaction in non-polar 

solvents. Consequently it is desirable to examine the stabilization 
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of arenediazonium ions in non-polar solvents, focusing the attention 

on the structural characteristics of different crown ethers, The 

goal is to determine how structural parameters of the crown ethers 

would influence the stabilization, and by doing so, to determine the 

best crown ether(s) to achieve maximum complexation. Some of the 

parameters to be tested are: (a) crown ether cavity size, (b) the 

presence of heteroatoms other than oxygen, (c) effect of substituents 

on the crown ether ring, (d) basicity of oxygens (oxyarene crown 

ethers versus oxyalkyl crown ethers), (e) stabilization in different 

solvents. These goals will be achieved by studying the thermal de-

composition of arenediazonium salts in solution, in the presence of 

different macrocyclic ligands. 

Since open-chain compounds may behave very much like the cyclic 

polyether analogs, and since there is precedent of their ability to 

81—83 
complex alkali and alkaline earth cations , it was decided to in-

vestigate their behavior in systems similar to the ones used in the 

stabilization studies with crown ethers. With this respect different 

systems might be used so as to determine: (a) stabilization by means 

of complexation, (b) influence of the chain length, (c) effect of 

terminal groups present in the open-chain compounds, (d) comparison 

with the macrocyclic analogs. To achieve the proposed goals, acyclic 

polyethers of varying chain length and having different terminal 

groups will be tested in thermal decomposition reactions of arenedia-

zonium salts in solution. 
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As was previously mentioned, arenediazonium ions undergo a large 

variety of reactions. Most of the research done involves the study 

of reactions taking place in aqueous media and/or organic solvents 

of relatively high polarity ~ . Reports concerning the behavior of 

arenediazonium salts in non-polar solvents are very limited , and 

mechanistic studies are sparse. For these reasons, it is desirable 

to investigate reactions of arenediazonium salts in non-polar solvents 

and by doing so, to obtain information regarding some aspects like: 

(1) suitability of non-polar solvents for researching reactions of 

arenediazonium salts, (2) possibility of performing mechanistic and 

kinetic studies, (3) assessment on the effect of crown ethers on the 

reaction rates to probe the feasibility of using macrocyclic ligands 

to effect solubilization of arenediazonium salts in chlorocarbon sol-

vents. The reaction selected was an azo coupling reaction, using 

N,N-dimethylaniline as the coupling component. It was decided that 

this would be a suitable reaction since it has been thoroughly studied 

and it is very clean in the sense that, at least in other solvent me-

dia, shows no complications or side reactions. The arenediazonium 

salt selected was p-tert-butylbenzenediazonium tetrafluoroborate which 

is synthetically accesible and stable enough to permit working without 

having to adopt extreme precautions. Depending upon the results,sim-

ilar studies would be performed by using the hexafluorophosphate salt 

which also exhibits a relatively high stability. 

Work by several groups, mainly by Zollinger's , have shown that 
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the anionic component of arenediazonium salts plays no role as such 

in affecting reaction rates. This has been correlated with weak ion-

pair interactions in solution. Again this has been the case in water 

and polar organic solvents. So it seems reasonable to determine if 

such passive presence of the anions would also be found in a non-polar 

medium. The problem could be approached in two ways: (a) study the 

thermal decomposition in solution of arenediazonium salts having dif-

ferent counterions, and (b) perform a coupling reaction with diverse 

gegenions as components of the arenediazonium salts. In both cases, 

determination of reaction rates should provide with an indication of 

the effect exerted by the anionic species. The results will pro-

vide a background which could be used for comparing with the data a-

vailable in other solvents. The arenediazonium salts selected will 

have as counterions species like BF~, PF~, and £-toluenesulphonate. 

In the kinetic derivation (see kinetic formulae in the Appendix 

section), one of the assumptions made is that per each mole of arene-

diazonium salt that undergoes decomposition, simultaneously one mole 

of crown ether is eliminated by reaction with an active species gen-

erated by the counterion (e.g. with boron trifluoride produced by the 

34 V 
attack of a p-tert-butylphenyl cation on boron tetrafluoroborate ). 

In order to verify this possibility it was decided to prove if such 

a reaction actually takes place. Reactions of gaseous BF^ with solu-

tions of crown ethers were planned in order to assess the formation 

of a product. Eventually, if isolation were to be possible, identifi-
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cation of the rection product would be attempted. 

For all the suggested reactions of this proposal, the solvent of 

choice will be 1,2-dichloroethane.. The reasons for its selection 

are: (a) It is commercially available in high degree of purity and 

can be purchased in spectrophotometric grade. This allows its use in 

spectrophotometric determinations without problems derived from sol-

vent impurities, (b) Its relatively high boiling point (83 "C) which 

gives a certain flexibility in temperature conditions, (c) Solubility 

of arenediazonium salts in this solvent eliminates the potential pro-

blem of studying kinetics under heterogeneous reaction conditions, 

and (d) Good solubility of the crown ethers 

In order to assess the nature and relative composition of reac-

tion products from the thermal decomposition of arenediazonium salts 

in solution in the absence and presence of multidentate ligands, it 

was planned to perform a series of analysis by gas chromatography. 

Also this technique will be used in the identification of reaction 

products in the study on counterion effects. The use of gas chroma-

tography in the product analysis of arenediazonium salt reactions 

has precedent in the literature ' 



CHAPTER II 

THERMAL STABILIZATION OF ARENEDIAZONIUM lONS BY COMPLEXATION 

WITH MULTIDENTATE LIGANDS (I) : EXPERIMENTAL 

General Methods 

Melting points were determined on a Mel-Temp apparatus (Labora-

tory Devices) and are uncorrected. Infrared spectra were recorded on 

a Perkin-Elmer 457 spectrophotometer using sodium chloride plates. 

-1 1 
All infrared absorptions are reported in wavenumbers (cm ). H NMR 

spectra were taken on a Varian A-60 or XL-100 spectrometer. In all 

cases (unless otherwise specified) the solvent used was DCCl., with 

tetramethylsilane as internal standard. Abbreviations used in iden-

tifying the multiplicities of proton magnetic resonance spectra are: 

(s): singlet, (m): multiplet. Chemical shifts are reported in delta 

units (ppm) relative to tetramethylsilane. 

Synthesis of Substrates 

Arenediazonium Salts 

p-tert-Butylbenzenediazonium Tetraflouroborate 

Diazotization of p-tert-butylaniline in tetrafluoroboric acid was 

done according to the literature procedure by addition of the acid 

followed by a solution of sodium nitrite in water. Crystals were 

washed with anhydrous diethyl ether and dried i£ vacuo. The title 

31 
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compound was obtained in 15% overall yield, mp 91 °C (sealed tube, 

34 0 
decompose, Lit. 99-102 C, decompose). 

1 r f 

The H NMR spectrum showed i7.8-8.4 (m, 4H) andb1.24 (s, 9H). 

IR spectrum (Nujol mull) indicated bands at 3120 (=CH), 2270 (N„ 

stretching vibration), 1590 ( aromatic C=C), broad band centered at 

approximately 1025 (BF~), and another band at 830 (aromatic out-of-

plane vibration). 

p-tert-Butylbenzenediazonium Hexafluorophosphate 

The title compound was prepared according to the procedure by 

84 
Rutherford by reacting p-tert-butylaniline with an excess of con-

centrated hydrochloric acid. Diazotization was effected by the drop-

wise addition of a water solution containing a slight molar excess of 

sodium nitrite until an excess of nitrous acid was observed using 

starch-iodide paper. Then hexafluorophosphoric acid was added (about 

20?á excess) rapidly in one portion. The crude arenediazonium salt 

was washed with cold anhydrous diethyl ether, recrystallized and then 

dried i.n- vacuo. Yield 80?o, mp 125'C (decompose). 

The H NMR spectrum (DMSO-d.) showed resonance peaks atc7.8-8.6 
6 

(m, 4H), í1.34 (s, 9H). 

IR spectrum (Nujol mull), showed bands at 3120 (=CH), 2280 ( N^ 

stretching vibration), and a broad band centered at approximately 820 

( overlap of PFT band and aromatic CH out-of-plane). 
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p-tert-Butylbenzenediazonium p^-Toluenesulphonate 

The title compound was prepared according to the procedure given 

by Bradley and Thompson . The arenediazonium salt was obtained by 

reacting p-tert-butylaniline with concentrated hydrochloric acid. 

Diazotization was preformed by addition of a water solution containing 

sodium nitrite (present in a slight molar excess). After the addition 

of sodium nitrite solution was completed, £-toluenesulphonic acid 

momohydrate was added in one portion and the reaction mixture was 

vigorously stirred. The crude arenediazonium salt was washed with cold 

anhydrous diethyl ether. Recrystallization was effected by dissolving 

the diazonium salt in the minimum amount of methylene chloride and 

inducing precipitation by addition of cold anhydrous diethyl ether, in 

sufficient amount as to produce formation of a few crystals. Then the 

mixture was placed in a Dry Ice-acetone bath to complete precipitation. 

Yield 12?á, mp 103°C (decompose). ^H NMR spectrum showed S7.1-8.8 (m, 

6H), 52.28 (s, 3H),á^1.25 (s, 9H). 

IR spectrum (Nujol mull) showed bands at 2295 (N^ stretch), 1590 

(aromatic C=C), 1200 (SO stretch) and 820 (aromatic CH out-of-plane). 

Multidentate Ligands 

18-Crown-6 

This compound was made from triethylene glycol and 3,6-dioxa-

1,8-dichlorooctane (triethylene glycol dichloride) using potassium 

hydroxide as base in 10?á aqueous tetrahydrofuran, according to the 
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literature procedure . Yield 45?á, mp 34-36*0. The H NMR spectrum 

showed only asinglet at ̂ 3.6. IR spectrum (Nujol mull) showed a 

strong band at 1350 (alkane CH), and 1125 (C-0 stretch), 

21-Crown-7 

The title compound was prepared by reacting triethylene glycol 

with tetraethylene glycol ditosylate in the presence of potassium t̂-

butoxide/^-butanol, benzene as solvent, according to Dale's proce-

86 
dure , Purification was done following method B of the procedure, 

but it proved ineffective, The contaminated product was purified by 

85 
a modification of Cram's method . Due to the presence of impurities, 

the correct ratio of product and acetonitrile needed for complexation 

was unknown, so, an excess of acetonitrile was used. The technique 

consists in repeated removal of acetonitrile (using a rotary evapo-

rator) as many times as necessary until the solution crystallized 

when placed in the freezer. The white solid formed (21-crown-7 -

acetonitrile complex) was washed with cold hexane. The acetonitrile 

was removed from the complex under high vacuum (0.5 - 0.9 mmHg) 

with gentle heating (£40*C). The H NMR spectrum showed only a sharp 

singlet at S 3.7 . 

Isolation of Dicyclohexano-21-Crown-7 

A sample of dibenzo-21-crown-7 was subject to hydrogenation by 

the Parish Chemical Company (Provo, Utah). The resulting product was 

returned as a n̂ -butanol solution, In order to obtain the pureproduct, 
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the solution volume was reduced in a rotary evaporator and the re-

maining solution was distilled in_ vacuo. A single fraction was col-

lected (bp 174 /.15mmHg), Spectral analysis showed an impure product, 

so it was purified by column chromatography using alumina (Fisher, 

Brockman-Activity I) and elution with diethyl ether, Solvent was re-

1 r 

moved in vacuo. The H NMR spectrum of the residue 03.67 (s,distorted, 

24H);Sl-2 (broad absorption, 16H). The IR spectrum (neat) showed 

bands at 2880 (alkane CH), 1450 and 1350 (alkane CH), and 1130 (C-0 

stretch). Thin layer chromatography (alumina plate, diethyl ether, 

1« development) showed two components (Rf values: 0.79 and 0.72), as 

expected for the presence of at least two of the five possible isomers. 

Probably the mixture contains the cis-syn-cis and the cis-anti-cis 

forms ' , but no further separation was attempted. 
Polyethylene Glycol Derivatives 

Polyethylene Glycol 1000 Dimethyl Ether 

A 250 ml three necked flask, equipped with a condenser bearing a 

calcium choride drying tube and a mechanical stirrer, was placed in a 

water-ice bath. Polyethylene glycol 1000 (Applied Science Labora-

tories, 12.5g, 0.012 moles) and powdered sodium hydroxide (7.5g, 0.19 

moles) were vigorously stirred in 100 ml of dry methylene chloride 

for one hour. Dimethyl sulphate (Eastman, 5 ml, 0.053 moles) was 

slowly added, and after the addition was completed, the reaction mix-

ture was stirred at room temperature for two hours, and then refluxed 
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for three hours to destroy excess dimethyl sulphate. The reaction 

mixture was filtered and the filter cake was washed with methylene 

chloride. The solvent was evaporated from the methylene chloride 

solution in vacuo. The resulting product was dissolved in a minimum 

amount of methylene chloride and adsorbed on top of an alumina column 

(Fisher, Brockman-Activity I). Elution with diethyl ether and removal 

of the eluent in vacuo gave the title compound. The IR spectrum (Neat) 

showed bands at 1450 and 1350 (alkane CH) and broad band at 1120 (C-0 

stretch). Absence of band at 3500 demonstrated the lack of contam-

ination by unreacted glycol. 

Polyethylene Glycol 1500 Dimethyl Ether 

Polyethylene glycol 1500 (Applied Science Laboratories, 8.0g, 

0.005 moles) and powdered sodium hydroxide (7.5g, 0.19 moles) in 100 

ml of dry methylene chloride, were reacted with dimethyl sulphate 

(Eastman, 3 ml, 0.03 moles) and worked up by the same procedure as 

used above. The IR spectrum (Neat) showed bands at 1450 and 1350 (al-

kane CH) and broad band at 1150 (C-0 stretch). Absence of band at 

3500 demonstrated the lack of contamination by unreacted glycol, 

Triethylene Glycol Ditosylate 

This compound was obtained from reacting triethylene glycol and 

£-toluenesulfonyl chloride in pyridine, according to a literature 

method^^. The yield of product (mp 78-79°C, Lit. 78.5-79*0 was 

65.5g (71?o). ^H NMR showed ̂ 2.45 (s,6H); S" 3.50-4.20 (m,12H); 
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S7,4-7.9 (m,8H). 

p-tert-Butylhalobenzenes 

p-tert-Butylchlorobenzene 

The title compound was prepared by reacting chlorobenzene with 

t_-butylchloride in the presence of iron trichloride at 30*C, according 

to Lerer's method . Yield 80?í, the H NMR spectrum showed Ô1.28 (s, 

9H), ô7,38 (s,5H), The IR spectrum (Neat) matched the spectrum given 

in the mentioned reference. 

p-tert-Butylfluorobenzene 

The title compound was prepared by thermal decomposition of solid 

p-tert-butylbenzenediazonium tetrafluoroborate, following aliterature 

90 1 C r 

procedure , The H NMR spectrum showed 0 1.28 (s,9H), b6.8-7.5 (m, 

4H). The IR spectrum (Neat) showed bands at 1610, 1520 and 1470 (C=C 

aromatic), 1370 (alkane CH), 1230 (aryl-F), 800-830 (aromatic CH). 

Preparation of Solid Complexes of Arenediazonium Salts and Multi-

dentate Ligands 

p-tert-Butylbenzenediazonium Tetrafluoroborate Complexed with 18-

Crown-6 and 21-Crown-7 

In both cases, and equimolar mixture of the arenediazonium salt 

and the crown ether was dissolved in 1,2-dichloroethane or methylene 

chloride. After solution was attained, the solvent volume was reduced 

in vacuo. The remaining solution was allowed to stand at room tem-
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perature until crystals formed and the resulting solid was washed with 

cold pentane. Residual solvent was removed in vacuo and crystals were 

dried in the same way (on some occasions, solids were kept in the 

refrigerator prior to solvent removal). 

Complex of p-tert-Butylbenzenediazonium Tetrafluoroborate and 21-

Crown-7 

The H NMR spectrum showed Sl.29 (s,9H), $3.41 (s,28H), and 

07.70-8.58 (m^A^B^ pattern, 4H). Integration is consistent with a 

1:1 complex. IR spectrum (Nujol mull) showed bands at 2296 (N„ 

stretch) 1585 (C=C aromatic), 1000-1170 (broad, overlapping BF" and 

C-0 bands). It is worth noting that the N„ stretch band was shifted 

from 2270 in the uncomplexed diazonium salt to 2296 in the complex. 

Such shifts have precedent in the literature ' 

Complex of p-tert-Butylbenzenediazonium Tetrafluoroborate and 18-

Crown-6 

The ^H NMR spectrum showedSl.30 (s,9H), 83.40(s,24H) and S7.8O-

8.63 (m^A^B^ pattern, 4H). Integration is consistent with a 1:1 com-

plex, IR spectrum (Nujol mull) showed bands at 2300 (N^ stretch), 

1585 (C=C aromatic) and two overlapping bands at 1030-1150 (BF^ and 

C-0 stretch bands). Again it was noticed that upon complexation the 

N„ band is shifted to higher frequency values. The mp (107 -108 C, 

decompose) is higher than the melting point for the uncomplexed salt. 

Spectrophotometric Method 
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The thermal decomposition of arenediazonium salts (complexed and 

uncomplexed) in 1,2-dichloroethane (Aldrich, spectrophotometric grade) 

at 50,0 "C was followed by ultraviolet spectroscopy (Cary 17, spectro-

photometer). 

The arenediazonium salts exhibited maxima in the 280-285 nm re-

gion in 1,2-dichloroethane. In the presence of certain multidentate 

ligands, the Amax values were shifted to somewhat shorter wavelengths. 

The disappearance of the absorption bands were followed as a function 

of time, covering at least two reaction half-lives. Reaction products 

were transparent in the spectral region of interest. 

In all cases, 50 ml of the corresponding solution was placed in 

a thermostat at 50.0 "C. From these solutions, samples were withdrawn 

at different time intervals and immersed in ice-watwer. In some in-

stances samples were stored in the freezer and ultraviolet spectra 

were recorded at a later time. 

Kinetic Method 

Plots of In (A.-Ay,) versus time, where Aa, is the absorbance in 

the infinity sample and A. the absorbance at time ;t, were drawn to 

insure linearity (for kinetic derivation see Appendix). Then reaction 

rate constants were calculated with a Wang 720A computer using a linear 

least squares analysis program, which determined the slope and the 

standard deviation. Tables II-2, II-3, and II-4 summarize the data 

from these runs. Table II-1 lists structures, names and code numbers 

for all multidentate ligands used. 
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TABLE II-1 

List of Multidentate Ligands Showing Formula, 

Code Number, Name and Common Name 

O 
h 

II 

I I I 

IV 

1,4,7,10-tetraoxacyclododecane 

1,4,7,10,13-pentaoxacyclo-

pentadecane 

1,4,7,10,13,16-hexaoxacyclo-

octadecane 

1,4,7,10,13,16,19-heptaoxa-

cycloheneicosane 

2,3-benzo-1,4,7,10,13,16-hexaoxa-

cyclooctadeca-2-ene 

12-crown-4 

15-crown-5 

18-crown-6 

21-crown-7 

Benzo-18-

crown-6 

CtfX ^ 2,3,14,15-dibenzo-1,4,7,10,13,16-

~P O 9̂ "̂̂ ^̂  hexaoxacyclooctadeca-2,14-diene o í °Q-~0 
VI 

• < ^ -

Dibenzo-

18-crown-6 

Dibenzo-( ^ r ^ ^ d Y ^ 2,3,11,12-dibenzo-1,4,7,10,13,16-

^ ^^^ rps 19-heptaoxacycloheneicosa-2,11-diene 21-crown-7 

VII 



41 

TABLE I I - 1 Continued 

^ o ^ 
n̂ 

VIII 

Ph 

IX 

Ph '̂ "̂p Q ^ 

Fh 

Ph 

2,3,14,15-dibenzo-1,4,7,10,13,16,19- Dibenzo-

22-octaoxacyclotetracosa-2,14-diene. 24-crown-8 

syn-2,3,11,12-tetraphenyl-1,4,7- syn-tetra-
phenyl-18-

10,13,16-hexaoxacyclooctadecane. crown-6 

anti-2,3,11,12-tetraphenyl-1,4,7-

10,13,16-hexaoxacyclooctadecane. 

anti-tetra-
phenyl-18-
crown-6 

CH-

XI 

2,7-(4-methylbenzo)-1,8,11,14,17-

20-hexaoxacyclooctadeca-2-ene. 

rn-methyl-
benzo-18-
crown-6 

CHO 2,7-(4-carboxybenzo)-1,8,11,14-

17,20-hexaoxacyclooctadeca-2-ene 

XII 

R Crgjcr 
R=t-butyl 

R 2,3,15,16-(4,4'(5')-di-^-butyl-
benzo)-1,8,11,14,17,20-hexaoxa-
cyclooctadeca-2,15-diene. 

rn-formyl-
benzo-18-
crown-6 

di-^-butyl-
dibenzo-18-
crown-6 

XIII 
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2,3,11,12-dicyclohexano-1,4,7,10-

13,16-hexaoxacyclooctadecane. 

XIV 

í T ^ ^ - v ^ 2,3,11,12-dicyclohexano-1,4,7,10-

k x ^ D Or^^ 13,16,19-heptaoxacycloheneicosane, 

XV 

2,3,14,15-dicyclohexano-1,4,7,10-

afo ^ Y ^ 13,16,19,22-octaoxacyclotetra-
p Q-^ cosane. 

XVI 

Í^^Y<^ 
O Q. 2,3-naphtho-1,4,7,10,13,16-

O O hexaoxacyclooctadeca-2-ene 

Dicyclo-
hexano-
18-crown-6 

Dicyclo-
hexano-
21-crown-7 

XVII 

Dicyclo-

hexano-

24-crown-8 

2,3-Naphtho-

20-crown-6 

10,13,16,19,22,25-hexaoxa-

[18] (1,8)naphthalenophane 

1,8-Naphtho-

21-crown-6 

XVIII 
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TABLE II-1 Continued 

10,13,16,19,22,25-hexaoxa-

[l 8 ] (1,5) -naphthalenophane 

XIX 

^ ^ * ^ 

XX 

2,3,14,15-dinaphtho-1,4-

7,10,13,16,19,22-hexaoxa-

cyclooctacosa-2,14-diene. 

3,6,9,12,15,18-hexaoxabicyclo-

Íl8.3.l]tetracosa-1,(24),20-

22-triene-2,9-dione. 

1,5-Naphtho-

22-crown-6 

Dinaphtho-

24-crown-8 

XXI 

l̂ Ô 

3,6,9,12,15,18-heptaoxabicyclo-

Í21,3.l]heptacosa-1,(27),23,25-

triene-2,22-dione. 

XXII 
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TABLE I I - 1 Continued 

XXIII 

XXIV 

ND 

XXV 

^ ^ 

2,5,8,11,14,17-hexaoxa Íl8l(2,6) 

pyridinophane. 

2,5,8,11,14,17,20-heptaoxa-

felj(2,6)pyridinophane, 

3,12-dibenzo-2,5,8,11,14-

Íl5 |(2,6)pyridinophane. 

5,8,11-trioxa-2,14-dithia-

I151(2,6)pyridinophane. 

XXVI 
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TABLE 11^1 Continued 

XXVIII 

? 3 

2 ,5 ,8 ,11 ,14 -pen taoxa -

[ 1 5 j ( 2 , 6 ) p y r i d i n o p h a n - 1 , 7 5 - d i o n e , 

2 , 5 , 8 , 1 1 , U , 1 7 - h e x a o x a -

[18J(2,6)pyridinophan-1,18-dione, 

2 ,5 ,8 ,11 ,14 ,17 ,20 -hep taoxa -

[ 2 l J ( 2 , 6 ) p y r i d i n o p h a n - 1 , 2 1 - d i o n e 

2 , 5 , 1 1 , 1 4 - t e t r a o x a - 8 - t h i a -

| l 5 j (2 ,6 ) p y r i d i n o p h a n - 1 , 1 5 - d i one 

XXX 



oa9v° 

XXXI 

OCH 

XXXII 

\Qf 

XXXIII 
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TABLE II-1 Continued 

23-chloro-2,5,8,11,14,17-hexaoxa-

[18 I (2,6)pyridinophan-1,18-dione. 

X A 23-methoxy-2,5,8,11,14,17-hexaoxa-

O O ri8l(2,6)pyridinophan-1,18-dione. 
\ - o O^ ^ 

(^ ^ 2,5,8,11,14-pentaoxall5l(2,5)-

furanophan-1,15-dione 

2,5,8,11,14,17-hexaoxa- [l8J(2,5). 

^ O O ^ furanophan-1,18-dione, 

XXXIV 



XXXV 

R R 
\ _ / 
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TABLE II-1 Continued 

2,5,8,11,14,17,20-heptaoxa[2l1(2,5)-

furanophan-1,21-dione. 

Q / 3 N ^ O 19,29-dimethoxy-2,5,8,14-pentaoxa-

/-O Ô ^ [l5j(2,5)furanophan-1,15-dione. 

l^OsJ 
RrOCH^ 

XXXVI 

^ (jy^ 22,23-dimethoxy-2,5,8,11,14,17-

C^ 3 hexaoxa [18] (2,5)furanophan-1,18-dione. 

N - q O^ 

R=OCH^ 

XXXVII 

Rv/R 

^r^y^ 25 ,26 -d ime thoxy -2 ,5 ,8 ,11 ,14 ,17 ,20 -

NQ ^ heptaoxa [21 j (2 ,5 ) fu ranophan-1 ,21-d ione 

RrOCH^ 

XXXVIII 
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XXXIX 

1,4,7,13,16-hexaoxacyclo-

octadeca-2,6-dione, Diketo-

18-crown-6 

0;>. <.o 

u^3 
1,4,7,10,13,16,19-heptaoxacyclo-

heneicosa-2,6-dione, 

Diketo-

21-crown-7 

XL 

1,5,8,11,14-pentaoxacyclo-

hexadeca-2,6-dione. 

Diketo-

16-crown-5 

o ô  
O c Y 

1,4,7,10,16-pentaoxa-13-thia-

cyclooctadeca-2,6-dione. 

XLII 

1,7,10,16-tetraoxa-4,13-dithia-

cyclooctadeca-2,6-dione. 

XLIII 
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Co^o-> 

XLIV 

1,7,10,13,16,19-hexaoxa-4-thia-

cycloheneicosa-2,6-dione. 

''2''2 

^o o^ 

XLV 

1,7,10,13,16-pentaoxa-3,3,4,4-

5,5-hexafluorocyclooctadeca-

2,6-dione. 

XLVI 

1,7,10,16-tetraoxa-4,13-dithia-

cyclooctadecane, 

1,10-dithia-

18-crown-6 

n 
: > 

M 
1,5,9,13,17,21-hexathiacyclo-

tetracosane. 

Hexathia-

24-crown-6 

XLVII 
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/-S 

M 
XLVIII 

M 
XLIX 

} 

1,6,11,16,21,26-hexathiacyclo-

triacontane. 

1,5,9,13,17,21,25,29-octathia-

cyclodotriacontane. 

Hexathia-

30-crown-6 

Octathia-

32-crown-8 

Os. 

M; 

1 ,5,9,13,17,21,25,29,32-decathia- Decathia-

cyclotetracontane. 40-crown-10 

O: 
1,6,11,16,21,26,31,36-octathia-

cyclotetracontane, 

Octathia-

40-crown-8 

LI 
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TABLE II-1 Continued 

1,7,13,19,25,31,37,43-octathia-

cyclooctatetracontane, 

Octathia-

48-crown-8 

LII 

\ 

fe^^ 1,5,9,13,18,22,26,30,35,39,43,47-

i ) dodecathiacyclohenpentacontane 

3 

Dodecathia-

51-crown-12 

LIII 

CH^(OCH CH^)^OCH^ 1,5-dimethoxy-3-oxapentane. 

LIV 

CH,(OCH CH^)^OCH^ 1,8-dimethoxy-3,6-dioxaoctane 

Diglyme 

LV 

CH^^OCH^CH^^^OCH^ 

LVI 

CH^^OCH^CH^^^OCH^ 

LVII 

1,11-dimethoxy-3,6,9-trioxa-

undecane. 

1,14-dimethoxy-3,6,9,12-tetra-

oxatetradecane. 

Triglyme 

Tetraglyme 

Pentaglyme 
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CH^^OCH^CH^^gOCH^ 1,17-dimethoxy-3,6,9,12,15-

LVIII 
pentaoxaheptadecane, 

Hexaglyme 

CH,(OCH^CH^)^OCH^ 1,20-dimethoxy-3,6,9,12,15-'r'"rr 
LIX 

18-hexaoxaeicosane, 
Heptaglyme 

CH,(OCH«CH„)oOCH^ 1,23-dimethoxy-3,6,9,12,15-

LX 
18,21-heptaoxatricosane, 

Octaglyme 

CH^^OCH^CH^^gOCH^ 1,26-dimethoxy-3,6,9,12,15-18-
Nonaglyme 

LXI 
21,23-octaoxahexacosane. 

CH^^OCH^CH^^^gOCH^ 1,29-dimethoxy-3,6,9,12,15,18. 

LXII 

H^OCH^CH^^^OH 

LXIII 

Ĥ  CH^CH^^^OH 

LXIV 

Ts^OCH^CH^^^OTs 

LXV 

Ts^OCH^CH^^^OTs 

LXVI 

21,24,27-nonaoxacosane. 

1,8-dihydroxy-3,6-dioxa-

octane. 

1,11-dihydroxy-3,6,9-

trioxaheneicosane, 

1,8-dÍ£-toluenesulphonate-3,6-

dioxaoctane. 

1,11-dÍ£-toluenesulphonate-

3,6,9-trioxaheneicosane, 

Decaglyme 

Triethylene 

glycol 

Tetraethylene 

glycol 

Triethylene 
glycol 
ditosylate 

Tetraethylene 
glycol 
ditosylate 
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TABLE II-1 Continued 

CH^^OCH^CH^^^^OCH, polyethylene glycol 1500 dimethyl ether 

LXXVII 

N^ 

LXXVIII 

1 ,4-diazabicyclo [2.2,2loctane Dabco 

r\ 
(-O o^ 
X) N-H 

Coo^ 
\_y 

4,7,10,13,16-pentaoxa-1-aza-

cyclooctadecane 

monoaza-

18-crown-6 

LXXIX 

H-N ^'-^^ 
4,7,13,16-tetraoxa-1,10-

diazacyclooctadecane 

diaza-

18-crown-6 

LXXX' 

4,7,13,16,21,24-hexaoxa-1,10-

diaza Í8.8.8 hexacosane [8.8.8J 
2,2,2-cryptand 

LXXXI 
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TABLE II-2 

Kinetic Data for the Thermal Decomposition of p-tert-Butylbenzene-

diazonium Tetrafluoroborate (Complexed and Uncomplexed) 

in 1,2-Dichloroethane at 50,00 ± 0.03'C^'^ 

Run //1 ( - , - ) 

Time, Minutes 20 30 40 50 60 70 

Absorbance^ 0,768 0,666 0,575 0,495 0,422 0,361 

Run #2 ( - , - ) 

Time, Minutes 0 10 25 44 66 84 

Absorbance 1,010 0.908 0.730 0,556 0,399 0.298 

105 

0,209 

Run #3 ( - , - ) 

Time, Minutes 10 25 35 45 75 101 

Absorbance 0.966 0.798 0,684 0,592 0.378 0.248 

Run #4 ( - , - ) 

Time, Minutes 15 30 45 60 75 90 

Absorbance 0.799 0.643 0,515 0.410 0.326 0.258 

Run #5 (I, 5,84 x 10"^M) 

Time, Minutes 0 10 20 37 57 85 

Absorbance 0,787 0.699 0.572 0,470 0.347 0.221 

Run #6 (II, 5.84 x 10'^M) 

Time, Minutes 0 10 27 70 147 

Absorbance 0,811 0.723 0,583 0.302 0.117 
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TABLE II-2 Continued 

Run in (III, 5.84 x 10"^M) 

Time, Minutes 31 41 55 71 93 114 

Absorbance 0,610 0,565 0,502 0,446 0,380 0.314 

147 165 

0,240 0,205 

Run //8 (IV, 5,84 x lO'^M) 

Time, Minutes 0 10 25 40 56 72 

Absorbance 0.724 0,714 0,709 0,703 0.693 0.684 

86 101 115 

0.675 0.666 0.660 

Run #9 (V, 5.84 x lO'^M) 

Time, Minutes 10 18 30 45 60 77 

Absorbance 0,767 0.712 0,641 0.545 0.471 0.400 

100 135 

0,314 0.217 

Run #10 (VI, 5.84 x lO'^M) 

Time, Minutes 13 

Absorbance 0,519 

Run #11 (VII, 

Time, Minutes 20 

Absorbance 0.792 

25 

0.462 

5.84 X 

35 

0.751 

45 

0,370 

10'^M) 

90 

0,621 

65 

0.288 

125 

0,554 

93 

0,212 

185 

0,460 

110 

0.168 

225 

0.409 
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TABLE II-2 Continued 

Run #12 (VIII, 5,84 x lO'^M) 

Time, Minutes 10 20 30 40 50 60 

Absorbance 0,779 0,739 0.709 0.679 0.661 0.655 

Run #13 (IX, 5.84 x lO'^M) 

Time, Minutes 10 

Absorbance 0.796 

Time, Minutes 11 

Absorbance 0.765 

45 84 

0.543 0.352 

84 X 10'^M) 

26 46 

0.646 0.505 

,84 X 10'^) 

22 32 

0.674 0,609 

127 

0.212 

85 

0.305 

43 

0,555 

128 

0.185 

52 

0,511 

63 

0.463 

Time, Minutes 10 

Absorbance 0.745 

83 92 

0.374 0,350 

Run #16 (XII, 5.84 x lO'^M) 

Time, Minutes 22 43 56 69 79 89 

Absorbance 0.652 0,512 0,437 0.379 0.330 0.297 

108 118 

0.226 0.213 

Run #17 (XIII, 5,84 x lO'^M) 

Time, Minutes 10 18 30 45 60 100 

Absorbance 0.858 0.799 0.734 0.654 0.602 0.451 
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TABLE II-2 Continued 

Run #18(XIV, 5.84 x lO'^M)*^ 

Time, Minutes 0 10 20 30 40 50 

Absorbance 0,725 0,670 0,613 0.561 0.520 0.486 

55 70 

0,471 0.409 

Run #19 (XV, 5.84 x lO'^M) 

Time, Minutes 30 75 120 181 241 308 

Absorbance 0,604 0.494 0.414 0,319 0,249 0,182 

Run #20 (XVI, 5.84 x lO'^M) 

Time, Minutes 10 20 30 40 50 60 

Absorbance 0.731 0,668 0.623 0,574 0.531 0.496 

Run #21 (XVII, 5.84 x lO'^M) 

Time, Minutes 10 22 40 48 57 65 

Absorbance 0,488 0.430 0.366 0,335 0.300 0.280 

Run #22 (XVIII, 5.84 x lO'^M) 

Time, Minutes 19 29 42 50 61 70 

Absorbance 0.771 0.693 0.591 0.549 0.493 0.448 

Run #23 (XIX, 5,84 x lO'^M) 

Time, Minutes 10 20 31 40 50 65 

Absorbance 0.610 0.546 0.480 0.430 0.390 0.330 

81 100 120 

0.270 0.210 0.170 
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TABLE I I - 2 Continued 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

#24 (XX, 5 

10 

0.505 

#25 (XXI, 

12 

0.730 

#26 (XXII, 

10 

0.764 

• .84 X lO'^M) 

40 71 

0.419 0.355 

5.84 X 10'^M) 

20 30 

0.652 0.573 

, 5.84 X 10'^M) 

18 28 

0.695 0.607 

#27 (XXIII, 5.84 X 10'^M) 

0 

0.731 

#28 (XXIV 

0 

0.736 

#29 (XXV, 

16 

0.436 

#30 (XXV, 

16 

0.320 

12 30 

0.645 0.517 

, 5.84 X 10'^M) 

12 30 

0.661 0.549 

5.84 X 10'^M) 

30 43 

0.350 0.311 

5.84 X 10'^M) 

25 36 

0.257 0.205 

100 

0.292 

40 

0.487 

38 

0.522 

75 

0.292 

75 

0.340 

54 

0.272 

77 

0.098 

155 

0.215 

50 

0.419 

48 

0.451 

140 

0.128 

140 

0.160 

66 

0.243 

98 

0.065 

238 

0.139 

65 

0.333 

63 

0.366 

» 

200 

0.085 

78 

0.216 

112 

0.040 
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TABLE II-2 Continued 

Run #31 (XXVII, 5.84 x lO'^M) 

Time, Minutes 0 10 21 32 41 52 

Absorbance 0.611 0.542 0.474 0.406 0.372 0.325 

60 70 

0.297 0.262 

Run #32 (XXVIII, 5.84 x lO'^M) 

Time, Minutes 0 30 60 95 148 225 

Absorbance 0.847 0.756 0.667 0.584 0.477 0.370 

285 354 400 

0.297 0.241 0.210 

Run #33 (XXIX, 5.84 x lO'^M) 

Time, Minutes 0 10 20 30 50 61 

Absorbance 0.763 0.704 0.648 0.585 0.488 0.448 

78 98 

0.382 0.321 

Run #34 (XXX, 5.84 x lO'^M) 

Time, Minutes 10 24 37 51 62 75 

Absorbance 0.572 0.465 0.384 0.312 0.266 0.214 

87 100 

0.184 0,154 

Run #35 (XXXI, 5.84 x lO'^M) 
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TABLE II-2 Continued 

Run #35 (XXXI, 5.84 x lO'^M) 

Time, Minutes 0 15 35 60 97 145 

Absorbance 0.871 0.851 0.752 0.665 0.565 0.445 

Run #36 (XXXII, 5.84 x lO'^M) 

Time, Minutes 0 15 35 60 97 145 

Absorbance 0.712 0.698 0.635 0.580 0.523 0.460 

Run #37 (XXXIII, 5.84 x lO'^M) 

Time, Minutes 10 15 27 46 67 108 

Absorbance 0.395 0,374 0.318 0.233 0.161 0.089 

Run #38 (XXXIV, 5.84 x lO'^M) 

Time, Minutes 11 22 44 68 110 166 

Absorbance 0.470 0.444 0.380 0.310 0.226 0.149 

Run #39 (XXXV, 5.84 x lO'^M) 

Time, Minutes 12 22 35 61 122 

Absorbance 0,477 0,442 0.381 0,296 0.157 

Run #40 (XXXVI, 5.84 x lO'^M) 

Time, Minutes 10 20 31 50 90 140 

Absorbance 0.696 0.623 0.533 0.410 0.220 0.101 

Run #41 (XXXVII, 5.84 x 10' M) 

Time, Minutes 15 35 60 97 145 200 

Absorbance 0,690 0.610 0.510 0.416 0.320 0.240 

Run #42 (XXXVIII, 5.84 x 10" M) 
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TABLE II-2 Continued 

Time, Minutes 11 21 41 67 102 179 

Absorbance 0,691 0.661 0.543 0.421 0.293 0.143 

Run #43 (XXXIX, 5.84 x 10'^M) 

Time, Minutes 0 16 26 36 46 56 

Absorbance 0,825 0.665 0.577 0.497 0.427 0.365 

68 76 86 

0,305 0,268 0,230 

Run #44 (XL, 5,84 x lO'^M) 

Time, Minutes 5 

Absorbance 0,803 

Run #45 (XLI, 

Time, Minutes 10 

Absorbance 0,930 

10 

0,755 

5.84 X 

17 

0.848 

16 

0.699 

10'^M) 

28 

0.737 

27 

0.600 

37 

0.650 

35 

0.542 

51 

0.525 

45 

0.463 

62 

0.446 

71 80 

0.390 0.337 

Run #46 (XLII, 5.84 x lO'^M) 

Time, Minutes 10 

Absorbance 0.648 

65 77 

0,278 0,229 

Run #47 (XLIII, 5.84 x lO'^M) 

Time, Minutes 0 12 21 36 46 58 

23 

0,532 

31 

0.470 

40 

0.410 

48 

0.358 

56 

0.322 
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Absorbance 0.749 0.631 0.557 0.444 0.380 0.314 

68 78 88 

0,266 0.226 0.190 

Run #48 (XLIV, 5.84 x lO'^M) 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

5 10 

0.840 0.780 

#49 (XLV, 5.84 x ' 

5 9.5 

0,737 0.694 

#50 (XLVI, 5.84 X 

0 13 

0.916 0.777 

#51 (XLVII, 5,84 

10 20 

0.770 0.658 

#52 (XLVIII, 5.84 

0 10 

1.025 0.897 

16 

0.715 

lO'^M) 

16 

0.635 

10'^M) 

31 

0.605 

X 10'^M 

30 

0.565 

X 10'^M) 

20 

0.773 

27 

0.618 

27 

0,547 

60 

0.406 

40 

0.488 

30 

0.674 

35 

0.551 

35 

0.481 

94 

0.255 

55 

0.382 

40 

0.587 

45 

0.482 

45 

0.411 

125 

0.168 

65 

0.320 

50 

0.510 

60 70 

0.446 0.390 

Run #53 (XLIV, 5.84 x lO'^M) 

Time, Minutes 10 20 30 40 50 60 
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TABLE II-2 Continued 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

0.692 0.599 0.531 

#54 (L, 5.84 X 10'^M) 

10 20 30 

0.807 0.701 0.597 

#55 (LI, 5,84 X 10'^M) 

0 10 20 

0,955 0.830 0.724 

0.462 

40 

0,518 

30 

0,628 

0,392 

50 

0.451 

40 

0.560 

0.335 

60 

0.393 

50 

0.480 

60 70 

0.411 0,350 

Run #56 (LII, 5,84 x lO'^M) 

Time, Minutes 0 10 20 30 40 50 

Absorbance 0,902 0,796 0.687 0.612 0.518 0.452 

Run #57 (LIII,5.84 x lO'^M) 

Time, Minutes 10 20 30 40 50 60 

Absorbance 0.865 0.765 0.675 0.585 0.501 0.443 

Run #58 (LIV, 5.84 x lO'^M) 

Time, Minutes 0 10 22 44 58 79 

Absorbance 1.013 0.897 0.761 0.565 0.465 0.348 

Run #59 (LV, 5.84 x 10' M) 

Time, Minutes 8 23 38 57 72 

Absorbance 0,885 0.775 0.650 0.530 0.408 0.330 

-4 X 
Run #60 (LVI, 5.84 x 10 M) 
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TABLE I I - 2 Continued 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

14 34 64 

0,709 0,571 0,385 

#61 (LVII, 5.84 X 10'^M) 

15 28 41 

0.790 0,690 0.598 

#62 (LVIII, 5.84 X lO'^M) 

14 25 40 

0.558 0.492 0.421 

#63 (LIX, 5.84 X lO'^M) 

10 20 40 

0.799 0.730 0.610 

#64 (LX, 5.84 X lO'^M) 

13 30 50 

0,715 0,601 0.472 

#65 (LXI, 5.84 X lO'^M) 

10 20 30 

0.900 0.819 0.669 

#66 (LXII, 5.84 X lO'^M) 

0 10 22 

0,725 0.670 0,610 

#67 (LXIII, 5.84 X lO' M) 

10 20 35 

101 

0,230 

61 

0.475 

60 

0.344 

72 

0.449 

74 

0.356 

71 

0.475 

40 

0.530 

53 

132 

0.150 

83 

0,363 

87 

0.263 

118 

0.290 

102 

0.250 

117 

0.285 

60 

0.441 

70 

121 

0,185 

161 

0.190 

132 

0,175 

160 

0.167 

85 

0.356 

98 



67 

TABLE II-2 Continued 

Absorbance 0,833 0.711 0,573 0,447 0,351 0,225 

Run #68 (LXIV, 5,84 x lO'̂ M̂) 

Time, Minutes 10 20 36 55 72 100 

Absorbance 0,912 0.795 0,628 0,483 0.375 0.247 

Run #69 (LXV, 5.84 x lO'^M) 

Time, Minutes 0 10 20 30 53 79 

Absorbance 0.661 0.580 0.510 0,433 0.321 0.223 

102 114 

0,158 0,131 

Run #70 (LXVI, 5.84 x lO'^M) 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

Time, Minutes 

Absorbance 

Run 

0 10 

0.785 0.678 

#71 (LXXVII, 5.84 

10 15 

0.846 0.794 

#72 (LXVIII, 5.84 

11 16 

0,543 0.535 

#73 (LXIX, 5.84 x 

25 80 

0.675 0.475 

#74 (LXX, 5.84 x 

22 

0.562 

X 10"^M) 

26 

0.721 

X lO'̂ M̂) 

27 

0,492 

10'^M) 

128 

0.345 

-4 v 

in îO 

36 

0.473 

45 

0.596 

46 

0.431 

160 

0.280 

66 

0.340 

72 

0.446 

73 

0.336 

82 

0.280 

107 

0.309 

108 

0.270 
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TABLE II-2 Continued 

Time, Minutes 13 81 129 161 

Absorbance 0,625 0.410 0,307 0.256 

Run #75 (LXXI, 5,84 x lO'̂ M̂) 

Time, Minutes 8 22 30 39 59 76 

Absorbance 1.066 0.930 0.864 0.795 0.660 0.560 

Run #76 (LXXII, 5.84 x lO'̂ M̂) 

Time, Minutes 25 46 67 103 196 

Absorbance 0.567 0.480 0.405 0,313 0.158 

Run #77 (LXXIII, 5.84 x lO'^M) 

Time, Minutes 13 26 47 68 104 197 

Absorbance 0.795 0.719 0,622 0.510 0,427 0.220 

Run #78 (LXXIV, 5.84 x lO'^M) 

Time, Minutes 10 22 40 60 100 122 

Absorbance 0,728 0.651 0.558 0.455 0.314 0.250 

Run #79 (LXXV, 5.84 x 10"^M) 

Time, Minutes 10 24 40 65 109 157 

Absorbance 0.650 0.590 0.522 0.431 0.305 0.206 

Run #80 (LXXV, 5.84 x lO'^M) 

Time, Minutes 10 20 76 136 

Absorbance 0.480 0.452 0.330 0.243 

-4 N 

Run #81 (LXXVII, 5.84 x 10 M) 

Time, Minutes 10 20 39 70 127 195 
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TABLE II-2 Continued 

Absorbance 0,648 0,628 0.556 0.508 0.292 0,188 

Run #82 (LXXVIII, 5,84 x lO'^M) 

Time, Minutes 12 17 22 29 36 48 

Absorbance 0,590 0,540 0.487 0,450 0.392 0.322 

Run #83 (LXXIX, 5.84 x lO'^M) 

Time, Minutes 7 23 43 68 96 127 

Absorbance 0,654 0,602 0.520 0.430 0,358 0,288 

177 277 261 290 

0,208 0,156 0.128 0.108 

Run #84 (LXXX, 5,84 x lO'^M) 

Time, Minutes 0 12 26 50 81 140 

Absorbance 0,811 0.806 0.798 0,775 0.755 0,713 

210 324 

0.663 0.584 

Run #85 (LXXX, 5.84 x lO'^M) 

Time, Minutes 7 

Absorbance 0,375 

Time, Minutes 0 

Absorbance 0.320 

60 70 

0.047 0.040 

10 

0.328 

I, 5,84 

10 

0,195 

16 

0.253 

X 10'^M) 

20 

0.144 

19 

0.232 

30 

0,110 

22 

0.206 

40 

0.087 

25 

0.186 

50 

0.075 
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TABLE II-2 Continued 

a. Conditions listed following the run number are identified as 

follows: multidentate ligand number, multidentate ligand con-

centration 

b, In all cases the concentration of diazonium salt was 5.84 x 10" M 

c, Corresponds to the difference (A.-Ajp) 

d. Taken from reference 63 

TABLE II-3 

Kinetic Data for the Thermal Decomposition of p-tert Butylbenzene-

diazonium Hexafluorophosphate (Complexed and Uncomplexed) 

in 1,2-Dichloroethane at 50,00 ± 0.03 •Ĉ ''̂  

Run #87 ( 

Time, Minutes 28 

Q 

Absorbance 0,639 

Run #88 (III, 

Time, Minutes 32 

Absorbance 0.560 

5 

38 

0.532 

5.84 X 

61 

0,450 

) 

48 

0.437 

10'^M) 

110 

0.304 

60 

0.347 

180 

0,160 

75 

0.255 

240 

0.094 

100 

0.157 

a. Conditions listed following the run number are identified as 

follows: multidentate ligand number, multidentate ligand 

concentration 

b. In all cases the concentration of diazonium salt was 5.84 x 10 M 

c. Corresponds to the difference (A.-AOD) 
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TABLE II-4 

Kinetic Data for the Thermal Decomposition of p-tert-Butylbenzene-

diazonium £-Toluenesulphonate (Complexed and Uncomplexed) 

in 1,2-Dichloroethane at 50,00 ± 0,03 °Ĉ »'̂  

Run 

Time, Minutes 

Q 

Absorbance 

Run 

Time, Minutes 

Absorbance 

#89 ( -

11 

0.872 

#90 (III, 

15 

0,752 

, - ) 

26 50 

0,665 0,405 

5.84 X 10'^M) 

32 61 

0,590 0.387 

78 

0,233 

110 

0.207 

110 

0.125 

180 

0,096 

180 

0.038 

a. Conditions listed following the run number are identified as 

follows: multidentate ligand number, multidentate ligand con-

centration 

b. In all cases the concentration of diazonium salt was 5.84 x 10 M 

c. Corresponds to the difference (A.-A^) 

Activation Parameters 

In the case of p-tert-butylbenzenediazonium tetrafluoroborate, 

reaction rate constants were determined at different temperatures for 

the uncomplexed salt and for the arenediazonium salt complexed with 

18-crown-6 and with 21-crown-7. 

From the Arrhenius exoression, Equation II-1, a plot of In k 
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d In k/dT = -E /RT^ (II-1) 

versus 1/T is linear with a negative slope. If E is constant with 

respect to temperature, integration results in Equation II-2 

In k = -E /RT + const. const. = InA (II-2) 
a 

Equation II-2 is of the form 

y = mx + b (II-3) 

where -E /R = m = slope, 1/T = x, Ink = y, and b (y intercept)= InA. 

Values of In k versus 1/T were plotted and then analyzed using a 

computer with a linear least squares program. The slope was multi-

plied by -R to give the Arrhenius activation energy. The error in the 

activation energy was taken to be the standard deviation of the In k 

values from the computer calculated slope, multiplied by R. 

The enthalpy of activation was calculated by use of Equation II-4 

AĤ ^ = E - RT (II-4) 
a 

The error in the enthalpy of activation was calculated to be the same 

as that in the activation energy. 

The entropy of activation was calculated by means of Equation 

II-5 
Asî/4.576 =log k-10.753-logT -f E /4.576 T (II-5) 

I a 

The error in the entropy of activation was calculated as three times 

the error in the energy of activation, 

Table II-5 shows the kinetic data used in the determination of 

activation paramenters. 
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TABLE II-5 

Kinetic Data for the Thermal Decomposition of p-tert-Butylbenzene-

diazonium Tetrafluoroborate (Complexed and Uncomplexed) 

a b 
in 1,2-Dichloroethane at Different Temperatures ' 

Run #91 ( - , - , 40.00 ± 0.03'C)^ 

Time, Minutes 25 61 122 199 289 365 

Absorbance^ 0.800 0,704 0.575 0.437 0.313 0.234 

Run #92 ( III , 5.84 x 10"^M, 40.00 ± 0,03'*C) 

Time, Minutes 33 83 137 191 253 320 

Absorbance 0,727 0,671 0.617 0.565 0.512 0.459 

406 460 561 

0.387 0.352 0.301 

Run yA93 ( - , - , 60.00 ± 0.03 "O 

Time, Minutes 6 9 12 16 20 30 

Absorbance 0.715 0.640 0.550 0.449 0.368 0.207 

Run #94 ( III, 5.84 x lO'^M, 60.00 ± O.O^'C) 

Time, Minutes 9 15 24 34 46 59 

Absorbance 0.669 0,545 0.393 0.274 0.170 0.100 

Run #95 (IV , 5.84 x lO'^M, 60.00 ± 0.03'C) 

Time, Minutes 10 20 30 40 64 59 
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TABLE II-5 Continued 

Absorbance 0,750 0.707 0.671 0.625 0.548 0.471 

Run #96 ( - , - , 70.00 ± 0.03 *'C) 

Time, Minutes 7 9 11 14 

Absorbance 0.362 0.241 0.154 0.078 

Run #97 (III, 5.84 x 10'^M, 70.00 ± 0.03 **C) 

Time, Minutes 7 10.5 15 21 

Absorbance 0.435 0.262 0.129 0,051 

Run #98 (IV, 5.84 x lO'^M, 70.00 ± 0,03*C) 

Time, Minutes 10 15 25 35 47 

Absorbance 0,600 0,510 0.365 0.276 0.195 

a. Data for 50.00'c is taken from Table II-2, runs #1,2,3,4,7,and 8 

b. In all cases the concentration of the diazonium salt was 5.84x10 M 

c. Conditions listed following the run number are identified as 

follows: multidentate ligand number, multidentate ligand concen-

tration, temperature 

d. Corresponds to the difference (Â -Agj) 

Gas Chromatographic Analysis 

Product Analysis 

Reaction products (1,2-dichloroethane solutions) containing known 

amounts of internal standard anisole), were analyzed by gas chromato-



75 

graphy using an Antek 400 flame ionization detector gas chromatograph 

or a Varian Aerograph Series 2400 flame ionization detector gas chro-

matograph. In all cases, a 1/8" x 10', 15?á Carbowax 20M on chromosorb 

W column was used at appropriate temperatures (90-110*C). This column 

provided a good separation with the retention times being in theorder: 

tert-butylbenzene < £-tert-butylf luorobenzene <£-tert-butylchloro-

benzene. 

Molar Response Studies 

Synthetic mixtures of tert-butylbenzene, p-tert-butylchloro-

benzene and p-tert-butylfluorobenzene with anisole (internal standard) 

were analyzed to determine molar response values. 

Molar Response= moles internal standard peak weight of product 

moles of product peak weight of internal 

standard • 

Molar responses were calculated prior to product analysis and 

they were repeated in each product determination. 

Molar Response Averaqes 

p-tert-butyl- p-tert-butyl- tert-butyl-
Gas Chromatograph chlorobenzene fluorobenzene benzene 

Antek-400 1,39 ± 0 , 0 3 1.30 ± 0 , 0 3 1,56 ± 0 , 0 5 

Varian-2400 1.30*0.02 1.12 ±0.08 2.08*0.01 

For the thermal decomposition reactions in solution, products 

and internal standard peak areas were traced onto aluminum foil, cut. 
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and weighed (Mettler H78 AR) and then corrected by the molar response 

values to calculate relative ratio of products. In all cases the so-

lutions subjected to thermal decomposition were 0.01M in the respec-

tive arenediazonium salts. Concentrations of multidentate ligands 

were varied, depending on the experiment, from one equivalent to 25 

equivalents per equivalent of arenediazonium salt. 



CHAPTER III 

THERMAL STABILIZATION OF ARENEDIAZONIUM lONS BY COMPLEXATION 

WITH MULTIDENTATE LIGANDS (II) : RESULTS 

Synthesis of Arenediazonium Salts 

The synthesis of p-tert- butylbenzenediazonium tetrafluoroborate 

wasdone following aliterature procedure by diazotization of p-tert-

butylaniline with tetrafluoroboric acid and addition of a solution of 

sodium nitrite in water. Preparation of p-tert-butylbenzenediazonium 

£-toluenesulphonate and p-tert-butylbenzenediazonium hexafluorophos-

54 84 

phate was conducted following the method by Bradley and Rutherford 

respectively. In both cases, p-tert-butylaniline was diazotized with 

hydrochloric acid and a water solution of sodium nitrite. Then ac-

cording to the counter desired, £-toluenesulphonic acid monohydrate 

and hexafluorophosphoric acid were added. In all cases the white so-

iids were washed with cold anhydrous diethyl ether. 

Crude salts were recrystallized by dissolving them in a minimum 

amount of methylene chloride and inducing precipitation by addition of 

cold anhydrous diethyl ether in a sufficient amount as to produce 

formation of a few crystals. Then the mixture was placed in a Dry Ice 

acetone bath to insure complete precipitation. This method proved to 

be very effective. Solids were filtered and washed with cold anhy-

drous diethyl ether. Crystals were protected from light and dried i£ 

vacuo. They were kept in the refrigerator in tightly capped brown 

glass containers. Reported melting points are actually decomposition 

77 
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temperatures. Spectral analysis (NMR, IR) confirmed in all cases the 

identity and purity of the arenediazonium salts. 

Synthesis of Cyclic Multidentate Liqands 

The macrocyclic polyether 18-crown-6, was prepared according to 

85 
the method reported by Cram , by reacting triethylene glycol and tri-

ethylene glycol dichloride using potassium hydroxide in 10?o aqueous 

tetrahydrofuran as base. On some occasions, the crown ether was 

purified by recrystallization which involved dissolving it in a minimum 

amount of warm methylene chloride and allowing the solution to stand 

at room temperature. Then, the mixture was placed in the freezer to 

insure complete crystallization. Melting point and spectral analysis 

(NMR, IR) established the purity and identity of the compound. 

The macrocyclic ligand 21-crown-7 was prepared following the 

procedure by Dale^^. Potassium t_-butoxide in t_-butanol dissolved in 

benzene, was treated with triethylene glycol. Then tetraethylene 

glycol ditosylate was added in small portions to achieve the ring clos-

ing reaction. Isolation of the product was attempted following method 

B of the reference (succesive column chromatographies using benzene 

and chloroform as eluents), but it proved inefficient. A succesful 

purification was effected by performing a modification of Cram's 

85 
method used in the synthesis of 18-crown-6 . The 21-crown-7-aceto-

nitrile coraplex was isolated as a solid and removal of acetonitrile 

in vacuo yielded the desired product (liquid, highly hygroscopic). 
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Spectral analysis (NMR) confirmed the identity and purity of the 

crown ether. 

Dicyclohexano-21-crown-7 was prepared by hydrogenation (Parish 

Chemical Co.) of a sample of dibenzo-21-crown-7 in n-butanol solution. 

Distillation of the solution in vacuo gave a main fraction (bp 174*0/ 

0.15 mmHg), which still contained some impurities. The fraction was 

chromatographied on alumina using diethyl ether as eluent. Removal 

of the ether in vacuo gave the purified crown ether. Spectral analy-

sis (NMR,IR) confirmed the identity and purity of the compound. Thin 

layer chromatography showed two components as expected for the pres-

87 88 
ence of at least two of the five possible isomers ' . No further 

purification or isolation of the isomers was attempted, 

Synthesis of Acyclic Multidentate Ligands 

Dimethylethers of polyethylene glycols were prepared by reaction 

of the polyethylene glycols with dimethyl sulphate and powdered 

sodium hydroxide in methylene chloride, The solvent was evaporated 

in vacuo. The resulting product was dissolved in a minimum amount of 

methylene chloride and adsorbed on top of an alumina column. Elution 

with diethyl ether and removal of the eluent i£ vacuo gave the desired 

products. Spectral analysis (IR) demonstrated the absence of 

unreacted polyethylene glycols in the products. 

Triethylene glycol ditosylate was obtained by reaction of tri-

ethylene glycol and £-toluenesulfonylchloride in pyridine according to 



80 

86 
a literature procedure , Melting point and NMR spectrum demonstrat-

ed purity and identity of the product, 

Synthesis of p-tert-Butylhalobenzenes 

p-tert-Butylchlorobenzene was prepared following Lerer's methocT , 

by reacting chlorobenzene with tert-butylchloride in the presence of 

iron trichloride. Spectral analysis (NMR,IR) confirmed the identity 

and purity of the product. 

p-tert-butylfluorobenzene was prepared according to Vogel's pro-

90 
cedure by the thermal decomposition of solid p-tert-butylbenzene-

diazonium tetrafluoroborate. Spectral analysis (NMR,IR) confirmed the 

identity and purity of the compound. 

Synthesis of Solid Complexes of p-tert-Butylbenzenediazonium-

Tetrafluoroborate with 18-Crown-6 and 21-Crown-7 

In both cases, equimolar mixtures of the arenediazonium salt and 

the crown ethers were dissolved in 1,2-dichloroethane or methylene 

chloride. The solvent volume was reduced in vacuo and the remaining 

solution was allowed to stand at room temperature until crystals were 

formed. The resulting solid was washed with cold pentane, and then 

dried in vacuo to insure removal of solvents. Spectral analysis (NMR, 

IR) confirmed the identity of the complexes. In both cases, the NMR 

spectra were consistent with 1:1 complexes. The white solid com-

plexes were fairly stable at room temperature but needed to be pro-

tected from moisture. 
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Kinetics of the Thermal Decomposition of Arenediazonium Salts 

in 1,2-Dichloroethane in the Presence and 

Absence of Multidentate Liqands 

The thermal decomposition of arenediazonium salts (complexed and 

uncomplexed) in 1,2-dichloroethane at 50,00 * 0.03'C was followed by 

ultraviolet spectroscopy. The arenediazonium salts exhibited maxima 

in the 280-285 nm region in 1,2-dichloroethane, In the presence of 

some multidentate ligands, theAmax values were shifted to somewhat 

shorter wavelengths, Reaction products were transparent in the spectral 

region of interest. 

For each one of the systems, reactions showed good first order 

kinetics. Graphs of In̂ Aoj-A, ), where l\^is the absorbance in the in-

finite sample, and A. the absorbance at time t̂ , versus time gave 

straight lines. Reaction rate constants were calculated using a WANG 

720A computer with a linear least squares analysis program which de-

termined the slope and its standard deviation. Tables III-1 - III-3 

summarize the rate constants obtained in these runs. 

TABLE III-1 

Reaction Rate Constants for the Thermal Decomposition of p-tert-

Butylbenzenediazonium Tetrafluoroborate in the Presence 

and Absence of Multidentate Ligands in 1,2-Di-

chlorethane at 50.00 ± 0.03 "C^''^'^ 
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11 

TABLE III-1 Continued 

4 -1 
Run Multidentate Ligand k , x 10 sec 

1 - 2.52 ± 0.03 

2 - 2.51 ± 0.05 

3 - 2.50 ± 0.04 

4 - 2.51 ± 0.02 

5 I 2.48 ± 0.06 

6 II 2.22 ± 0.05 

7 III 1,35 ± 0.01 

8 IV 0,132± 0.004 

9 V 1.68 ± 0.01 

10 VI 1.94 ± 0.02 

VII 0.54 ± 0.01 

12 VIII 0.61 ± 0.04 

13 IX 1.88 ± 0.02 

14 

15 

16 

17 

18 XIV 

X 2.04 i 0.02 

XI 1.56 ± 0,02 

XII 1,99 ± 0.04 

XIII 1.19 ± 0.01 

19 XV 

20 XVI 

1.34 i 0.02. 

0.76 ± 0.02 

1.33 ± 0.03 
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TABLE I I I - 1 Continued 

Run 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

Multidentate Ligand 

XVII 

XVIII 

XIX 

XX 

XXI 

XXII 

XXIII 

XXIV 

XXV 

XXVI 

XXVII 

XXVIII 

XXIX 

XXX 

XXXI 

XXXII 

XXXIII 

XXXIV 

XXXV 

XXXVI 

4 -1 
k . X 10 sec 
_obs 

1.66 ± 0.03 

1.77 ± 0.02 

1.95 ± 0.02 

0.93 ± 0.01 

2.56 ± 0.05 

2.36 ± 0.02 

2.09 ± 0.02 

1.84 ± 0.01 

1.76 ± 0.07 

3.40 * 

2.01 ± 0.02 

0.58 - 0.01 

1.48 ± 0.01 

2.45 ± 0.02 

0.79 ± 0.01 

0,52 ^ 0.01 

2.39 ± 0.08 

1.27 ± 0.01 

1.70 ± 0.02 

2.50 ± 0.04 
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TABLE I I I - 1 Continued 

Run 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

Multidentate Ligand 

XXXVII 

XXXVIII 

XXXIX 

XL 

XLI 

XLII 

XLIII 

XLIV 

XLV 

XLVI 

XLVII 

XLVIII 

XLIX 

L 

LI 

LII 

LIII 

LIV 

LV 

LVI 

4 -1 
k , X 10 sec 
-obs 

0.95 ± 0.02 

1.59 ± 0,03 

2.50 ± 0.02 

2,34 ± 0,03 

2.42 ± 0.03 

2.58 ± 0,02 

2.60 ± 0.03 

2,31 ± 0,02 

2.45 ± 0.02 

2,29 ± 0.01 

2.59 ± 0,04 

2,31 ± 0.01 

2.47 ± 0,06 

2,36 ± 0.03 

2.36 ± 0,04 

2.39 ± 0.04 

2.27 ± 0,04 

2.27 ± 0.01 

2.30 ± 0.02 

2.22 - 0.04 
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TABLE I I 1 -1 Continued 

Run 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

Multidentate Ligand 

LVII 

LVIII 

LIX 

LX 

LXI 

LXII 

LXIII 

LXIV 

LXV 

LXVI 

LXVII 

LXVIII 

LXIX 

LXX 

LXXI 

LXXII 

LXXIII 

LXXIV 

LXXV 

LXXVI 

4 -1 
k . X 10 sec 
—obs 

1.91 ± 0,03 

1,71 ± 0,01 

1,58 ± 0.01 

1,99 ± 0,02 

1.87 ± 0.03 

1.39 ± 0.01 

2.45 ± 0.03 

2.42 ± 0.02 

2.36 ± 0.02 

2,06 ± 0.06 

1.76 * 0.02 

1.23 ± 0.02 

1.09 - 0.01 

1,01 ± 0.01 

1.57 ± 0.01 

1,24 ± 0.01 

1,15 ± 0.03 

1,59 ± 0.02 

1.31 ± 0.01 

0.90 ± 0.02 
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TABLE III-1 Continued 

Run 

81 

82 ̂  

83 

84 

85 

86 

Multidentate Ligand 

LXXVII 

LXXVIII 

LXXIX 

LXXX 

LXXXI 

LXXXII 

—obs 

1. 

X 

15 

4 -1 
10 sec 

t 0,07 

* 

•X-

* 

•)(• 

* 

a. In all cases the concentration of diazonium salt was 5.84 x 10 M 

b, Concentration for all macrocyclic ligands (runs 5-57) was 5.84x10^ 

-4 

c. Concentration for all acyclic ligands (58-81) was 5.84 x 10 M 

d, For runs 82-86 concentration of ligands was 5.84 x 10 M 

*. Kinetic graphs were not strictly linear 

TABLE II1-2 

Reaction Rate Constants for the Thermal Decomposition of p-tert-

Butylbenzenediazonium Hexafluorophosphate in the Presence 

and Absence of Multidentate Ligands in 1,2-Di-

chlorethane at 50.00 ± 0.03°C ̂ ' 

4 -1 
Run Multidentate Ligand k^^^ x ^O sec 



87 

TABLE III-2 Continued 

87 - 3.27 ± 0,02 

88 III 1.44 i 0,02 

a. Concentration of diazonium salt was 5,84 x 10 M 

b. Concentration of ligand was 5.84 xlO' M 

TABLE III-3 

Reaction Rate Constants for the Thermal Decomposition of p-tert-

Butylbenzenediazonium £-Toluenesulphonate in the Presence 

and Absence of Multidentate Ligands in 1,2-Di-

chloroethane at 50.00 ± 0.03 "C ^'^ 

4 -1 
Run Multidentate Ligand k̂ ^̂  x 10 sec 

89 

90 III 2,08 ± 0.07 

3,12 ± 0.06 

c 

a. Concentration of diazonium salt was 5.84 x 10 M 

b. Concentration of ligand was 5.84 x 10' M 

c. Kinetic graph not strictly linear. 

Due to the large number of runs, only representative plots of 

ln(A.-A„) versus time are shown in Figures III-1 -III-3 (see Appendix) 
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Activation Parameters 

Kinetic Data 

In the case of p-tert-butylbenzenediazonium tetrafluoroborate, 

reaction rate constants were determined at different temperatures for 

the uncomplexed salt and for the arenediazonium salt complexed with 

18-crown-6 and 21-crown-7. Table II1-4 summarizes the results from 

these runs, Representative kinetic plots are shown in Figures II1-4 

to II1-6 (see Appendix), 

TABLE III-4 

Reaction Rate Constants for the Thermal Decomposition of p-tert-

Butylbenzenediazonium Tetrafluoroborate in the Presence 

and Absence of 18-Crown-6 and 21-Crown-7 in 1,2-Di-

a b c 
chloroethane at Different Temperatures ' ' 

Run 

91 

92 

93 

94 

95 

96 

97 

98 

Multidentate 

-

III 

-

III 

IV 

-

III 

IV 

Ligand TemperatureCO 

40.00 

40.00 

60.00 

60.00 

60.00 

70,00 

70,00 

70,00 

± 

± 

+ 

± 

+ 

+ 

± 

+ 

0,03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

4 -1 
k . X 10 sec 
—obs 

0.598 ± 0.006 

0.282 ± 0.003 

8.68 ± 0.25 

6.33 ± 0,10 

0.94 ± 0.02 

36,39 ± 0.63 

25.62 ± 0.26 

5.06 i 0,11 
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TABLE III-4 Continued 

a, Concentration of diazonium salt was 5.84 x 10'^M 

b, Concentration of ligand was 5,84 x 10 '^M 

c, Data for 50.00*0 is listed in Table III-1, runs 1-4,7, and 8 

Activation Parameter Values 

Plots of In k^^^ versus 1/T gave straight lines as shown in 

Figure III-7(see Appendix). Slopes of the lines were multiplied by 

-R to give the corresponding Arrhenius activation energy, Table II1-5 

summarizes the data obtained . Calculated enthalpies of activation 

and entropies of activation at 50.00 "C are summarized in Table III-6. 

TABLE III-5 

Arrhenius Energy of Activation for the Thermal Decomposition of 

p-tert-Butylbenzenediazonium Tetrafluoroborate in the 

Presence and Absence of 18-Crown-6 and 

21-Crown-7 in 1,2-Dichloroethane 

Multidentate Ligand E (Kcal/mole) 

29.6 ± 0.9 

III 32,2 ± 0.9 

IV 40.4 ± 0.9 
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TABLE III-6 

Enthalpies and Entropies of Activation for the Thermal Decomposition 

of p-tert-Butylbenzenediazonium Tetrafluoroborate in the 

Presence and Absence of 18-Crown-6 and 21-Crown-7 

in 1,2-Dichloroethane at 50,00 ± 0.03 "C 

Multidentate Liqand AH^^ (Kcal/mole) As^'^ (e.u,) 

28.3 ± 0.9 12.5 ± 2,7 

III 31.6 ± 0,9 21,3 ± 2.7 

IV 39,7 ± 0.9 42.0 ± 2.7 

Gas Chromatographic Analysis 

Reaction products (1,2-dichloroethane solutions) containing known 

amounts of anisole (internal standard) were analyzed by gas chromatog-

raphy using a 1/8" x 10', 15?á Carbowax 20M on chromosorb W column. 

Synthetic mixtures of tert-butylbenzene, p-tert-butylchlorobenzene, 

and p-tert-butylfluorobenzene with anisole as internal standard were 

analyzed to determine molar response values. The average relative 

percentages of products for different systems is summarized in Tables 

II1-7 and II1-8. In the case of the tetrafluoroborate salt, product 

ratios were determined in the presence of increasing amounts of 18-

Crown-6. 
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TABLE III-7 

Relative Percentages of Products for the Thermal Decomposition 

of p-tert-Butylbenzenediazonium Tetrafluoroborate 

in the Presence and Absence of 18-Crown-6 

in 1,2-Dichloroethane at 50,0*C 

Equivalents 

of 18-crown-6 

-

1 

10 

25 

Relative Percentage of 

Alkylchlorobenzene 

61.0 ± 1.3 

65.2 ± 1.4 

63,5 t 1,6 

50,9 

Alky1fluorobenzene 

39,0 ± 1.4 

34,8 ± 1.4 

31,2 i 1,6 

27.5 

Alkylbenzene 

-

-

5.3 i 0,2 

21.6 

TABLE III-8 

Relative Percentages of Products for the Thermal Decomposition of 

p-tert-Butylbenzenediazonium Hexafluorophosphate and 

p-tert-Butylbenzenediazonium £-Toluenesulphonate 

in 1,2-Dichloroethane at 50,0"C 
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TABLE III-8 Continued 

Relative Percentage of 

Counterion Alkylchlorobenzene Alkylfluorobenzene Alkylbenzene 

PF^ 71,2 ± 0,4 28,8 ± 0.4 

£-CH^C^H^SO: 96.5 ± 0.4 - 3.5 ± 0.5 

Under identical conditions, the thermal decomposition of p-tert-

butylbenzenediazonium tetrafluoroborate in the presence of ten equiv-

alents of heptaglyme yielded 64.1?á of p-tert-butylchlorobenzene, 32.1?á 

of p-tert-butylfluorobenzene, and 3.7?á of tert-butylbenzene. 



CHAPTER IV 

THERMAL STABILIZATION OF ARENEDIAZONIUM lONS BY COMPLEXATION 

WITH MULTIDENTATE LIGANDS (III): DISCUSSION 

Complexation Effects by Multidentate Liqands 

Since Pedersen's discovery of the complexing ability of macro-

cyclic ligands towards alkaline and alkaline-earth cations ' , a 

large number of papers have been published concerning selective com-

plexation of these inorganic cations by different macrocyclic ligands, 

phase-transfer, synthetic applications and potential industrial uses . 

On the other hand, complexation of organic aryldiazonium cations has 

received much less attention. Except for the work done by Cram and 

Gokel ' and by Bartsch ' information is scarce. No systematic 

study, comparable with those for the inorganic cations, is available. 

In order to probe the optimal parameters of the multidentate 

ligands for complexation with arenediazonium ions, a series of multi-

dentate ligands were tested under the same experimental conditions 

using p-tert-butylbenzenediazonium ions. 

Data in Table II1-1 indicates that in general, for oxygenated 

multidentate ligands, there is an important complexation effect man-

ifested as a retardation in the thermal decomposition reaction rates, 

i.e, smaller k , values are found, With this regard then, the macro-
obs 

cyclic polyether 21-crown-7 is the best complexing ligand studied. 

Rate retardations may be readily rationalized according to the 

93 
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kinetic method established by Bartsch et al. , in which the thermal 

decomposition of complexed arenediazonium salts in 1,2-dichloroethane 

is depicted as in Equation IV-1. 

ArN^ X' + Ligand ^ ^ Complex 

r (iv-1) 

Products 

1' 
Smaller k , values for the thermal decomposition of complexed arene-

diazonium ions can be explained if complexation of the arenediazonium 

cation by a multidentate ligand converts the arenediazonium ion into 

an unreactive, complexed form. The stronger the complexation, the 

lower the concentration of uncomplexed species is, and therefore 

smaller reaction rates are observed. (For a complete kinetic deri-

v.ation, see Appendix). 

It is interesting to compare multidentate ligands of the same 

type and observe the changes produced in the reaction rate con-

stants, when some characteristic features of the multidentate ligands 

are varied. It is for this purpose that comparisons will be made 

among members of similar structure and the effect of variations upon 

complexation will be assessed. 

Macrocyclic Polyethers 

Rinq Size Effect 

The ring size effect can be assessed by the data obtained for 
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the series depicted in Figure IV-1, showing structures and reaction 

rate constants (k 
'obs 

4 -1 
X 10 sec ), The list below gives estimated 

9l 
diameters for cavities of some macrocyclic polyethers 

Estimated Diameters of Some Macrocyclic Polyethers 

Polyether Rinq 

All 12-crown-4 

All 15-crown-5 

All 18-crown-6 

All 21-crown-7 

Cavity Diameter (A) 

1.2 - 1.5 

1,7 - 2,2 

2.6 - 3.2 

3.4 - 4,3 

o 
2.48 

I^ 

o ô  
^O o-^ 

W 

2,22 

II 

c°^ V 
1,35 

III 

O O^ 

^O cí 
Co o-̂  w 

0,132 

IV 

1,34 

XIV 

0,76 

XV 

1.33 

XVI 
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1,94 

VI 

0.54 

VII 

0.61 

VIII 

Figure IV-1. Ring Size Effect on the Complexation of p-tert-Butyl-

benzenediazonium Tetrafluoroborate in 1,2-Dichlorethane 

at 50.0 'C 

ã. Roman numerals correspond to the code numbers as 

listed in Table II-1 

The first series of macrocycles (I-IV) indicates that the com-

plexation by 12-crown-4 is practically non-existent, and a better ef-

fect is attained as the crown cavity size increases. A maximum com-

plexing effect cannot be seen, since it would be required to use 24-

crown-8 as the complexing agent to determine the next k , value of 

the series. This macrocycle has not been synthetized yet and several 

attempts have yielded polymeric products. Nevertheless, taking into 

account the pattern displayed by the other two series, it would be 

reasonable to expect that the maximum complexing effect is achieved 

with 21-crown-7. 

The other two series of macrocycles (XIV - XVI and VI -VIII) 
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clearly indicate that the complexing effect parallels the increase in 

cavity size of the macrocyclic polyethers, and the maximum effect is 

achieved in the case of the multidentate ligand which possess seven 

oxygen atoms in the ring. It is worth noting that with the macro-

cycles having a seven oxygen ring, a miminum k . value is obtained 

regardless of substitution in the polyether ring. Since in each par-

ticular series the basicity of the oxygens is held constant, it can 

only be concluded that in these series the main factor governing the 

strength of complexation arises from the ring size. It could be as-

sumed that as the ring size increases, the rod-like end of the arene-

diazonium ion (estimated cylindrical diameter'^2.4A) can penetrate 

deeper into the macrocyclic polyether cavity, and by doing so, 

stronger diazonium group-oxygen interactions are achieved. This in-

62 
sertion-type complex has precedent in the literature . When the 

cavity size is too large (more than seven oxygens in the ring), the 

favorable diazonium group-oxygen interactions are probably counter-

balanced by the longer distances between the diazonium group and the 

ring oxygens. It is also possible that the greater flexibility of 

the larger rings would diminish the favorable interactions, due to 

twisting motions of the polyoxygenated ring skeletons. 

As mentioned before, the macrocyclic polyether 21-crown-7 was 

the best complexing agent studied. It seems that in this macrocycle 

several factors combine to make possible the strongest complexation. 

Among these factors, probably the most important are:l) the relative 
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sizes of the cation and the cavity in the polyether ring, (2) the num-

ber of oxygen atoms in the polyether ring, (3) the coplanarity of the 

oxygen atoms, (4) the symmetrical placement of the oxygen atoms, 

Particularly important are the factors regulating the "geometry" 

adopted by the macrocycles upon complexation, (3 and 4 above), These 

factors can also be used to explain the trend observed in the previous 

series considering that: (a) A complex is the more stable the greater 

the number of oxygen atoms, provided the oxygens are coplanar and sym-

metrically distributed in the polyether ring. An oxygen atom is con-

sidered to be coplanar if it lies in the same plane as all the other 

oxygens in the ring, and the apex of the C-O-C angle is centrally di-

rected in the same plane, Symmetry is at a maximum when all the oxy-

gen atoms are evenly spaced in a circle. (b) When seven or more oxy-

gen atoms are present in the polyether ring, they cannot arrange them-

selves in a coplanar configuration, but they can arrange themselves 

around the surface of a right circular cylinder with the apices of 

the C-O-C angles pointed toward the center of the cylinder. A sche-

matic diagram is shown below. 

Coplanar oxygens Non-coplanar oxygens 

Circular symmetry Cylindrical symmetry 
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The "geometry" factor can be assessed by comparing the macro-

cycles III, VI, and XIV, Here the ring size remains approximately 

constant, but the arrangement of oxygen atoms is changed by the pres-

ence of substituents in the polyether rings. Multidentate ligands 

III and XIV show the same complexing ability (k . values are the 

same within experimental error), This indicates that the presence of 

two cyclohexano rings does not alter the symmetry features concerning 

the arrangement of the oxygen atoms, On the other hand, comparing 

macrocycles VI and XIV, the complexation effect is diminished by the 

presence of the two benzo rings (kwj^ <k^j). This would imply that 

the symmetrical arrangement of the oxygen atoms is disturbed by the 

presence of the benzo groups, as expected from a change in the C-O-C 

angles for the oxygens attached to the aromatic rings. Nevertheless, 

this is not the only factor, since other contributing factors to the 

destabilization of macrocycle XIV might arise from the presence of 

four less basic oxygens in the ring and to the fact that molecular 

models indicate less flexibility in dibenzo-18-crown-6 than in the 

saturated dicyclohexano-18-crown-6, 

Effect of Different Macrocycles Containing Six Oxygen Atoms 

The effect of different macrocycles having a polyether ring com-

prised of six oxygen atoms can be assessed by comparisons in the 

4 -1 
series depicted in Figure IV-2, where structures and k̂ ^̂ ^ x 10 sec 

values are given, The roman numerals identify the multidentate li-

gands according to the code given in Table II-1. 
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A 1,35 

III 

1,94 

VI 

R=;t-butyl 
1,19 

XIII 

Ph 

Ph 

1.88 

Ph 

Ph 

1.56 

XI 

2.04 

Ph 

D 1.66 

XVII 

Figure IV-2. Effect of Different Macrocycles Containing Six Oxygen 

Atoms in the Ring, on the Complexation of p-tert-Butyl-

benzenediazonium Tetrafluoroborate at 50.0°C 
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In series A it is seen again that the incorporation of two benzo 

groups to the polyether ring diminishes the complexing ability of the 

macrocycle (compare multidentate ligands III and VI). This was pre-

viously attributed to a distortion of the crown ring symmetry and to 

the presence of four less basic oxygens (the arene-oxygens). Now com-

paring the dibenzo crowns VI and XIII, an increase (lower k . value) 

isnoted in the complexing ability of XIII, Since the geometric re-

quirements of these two macrocycles are approximately the same, the 

better complexation obtained with XIII is assigned to an increase in 

the relative basicities of the arene-oxygens. This increase in the 

relative basicities of the oxygens is attributed to the presence of 

electron-donating _t̂ -butyl groups. 

The effect exerted by electron-withdrawing or electron-releasing 

groups is also seen in series B. The presence of a formyl group in 

the benzo ring (macrocycle XII) "deactivates" the polyether towards 

coroplexation with respect to benzo-18-crown-6 (V). On the other hand, 

the electron-releasing methyl group in (in-methylbenzo-18-crown-6 (XI) 

"activates" the crown ether towards complexation, and a smaller k̂ ^̂  

value is obtained with respect to the corresponding macrocycle V. 

Clearly electron-donating substituents favor complexation. 

Series C depicts the results obtained by the macrocycles XIV, IX, 

and X, where a new factor seems to play an important role. This fac-

tor is related to the steric hindrance provided by substituents in the 

polyether ring.. As was shown before, the presence of two cyclohexano 
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groups does not affect the complexing ability, compare 18-crown-6 

(III) with dicyclohexano-18-crown-6 (XIV), of the crowns since the 

'̂ obs ̂ ^̂ *̂ ®̂  ̂ ^^ t̂ ® same within experimental error. But when four 

phenyl groups are present on the ring, the complexing ability de-

creases. Thus the s ^ and anti tetraphenyl-18-crown-6 derivatives 

(IX and X respectively), show larger k . values when compared with 

the macrocycle XIV. Since in this series the arrangement of oxygen 

atoms in the ring is approximately the same, and the relative basic-

ities of the oxygen atoms is fairly constant, the decrease in com-

plexing ability exhibited by the tetraphenyl derivatives can be attri-

buted to steric hindrance derived from the phenyl groups. In the syn 

compound there is a statistical factor, since only one face of the 

macrocycle is sterically suitable for complexation. In the anti iso-

mer, the arenediazonium group has to pass by the phenyl substituents 

before approaching the complexing polyether ring, Therefore, this 

built-in steric hindrance of the syn and anti-tetraphenyl-18-crown-6 

derivatives results in a poorer complexation. The difference in rate 

constants for the two tetraphenyl-18-crown-6 isomers, though small, 

is larger than the experimental error and tempts one to speculate that 

it might arise from the difference in accessibility to the polyether 

ring which the arenediazonium cation encounters between the syn and 

and anti isomers. 

Series D shows the results obtained with naphtho-derivatives. 

Comparing naphtho-20-crown-6 (XVII) with benzo-18-crown-6 (V), it is 
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seen (though the cavities are not exactly the same) that the addition 

of another benzo group to the previously existent, does not affect the 

complexing properties to a large extent. As it would be expected, the 

second benzo group is far removed from the polyether ring and its pos-

sible influence is not strong enough to reach the crown ring. On the 

other hand, the naphtho group should impose similar geometry require-

ments as does the benzo group. Therefore, there is no added pertur-

bation on the complexing ability of the macrocycle. In comparing the 

three maphtho-derivatives, it is necessary to note that the relative 

effective polyether ring diameters vary along the series and therefore 

it is not possible to make speculations based on constancy of the cav-

ity diameters. Nevertheless, the substitution pattern in the naphtho 

groups is one of the determining factors in the complexing abilities. 

The symmetry conditions required by the oxygen atoms of the polyether 

ring are increasingly perturbed as one moves from the naphtho-20-

crown-6 (XVII) to the 1,8-naphtho, and to the 1,5-naphtho derivatives. 

Following this reasoning then, it is reasonable to find increasing 

k . values paralleling the symmetry perturbations. It is worth not-

ing that in spite of the symmetry problems, even the macrocycle XIX 

in which the crown ether ring passes over the aromatic pi-electron 

cloud, shows an appreciable complexing effect. 

Effect of Different Macrocycles Containinq Seven Oxygen Atoms in the 

Rinq 
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Complexing abilities, expressed as k . values, are shown in Fig-

ure IV-3, together with the corresponding structures for different 

multidentate ligands having seven oxygen atoms in the polyether ring. 

Roman numerals identify each macrocycle according to Table II-1. 

0.132 0.76 0.54 

IV XV VII 

Figure IV-3. Effect of Different Macrocycles Containing Seven Oxygen 

Atoms in the Ring, on the Complexation of p-tert-Butyl-

benzenediazonium Tetrafluoroborate in 1,2-Dichloroethane 

at 50.0 "C 

As was mentioned before, 21-crown-7 was the best complexing macro-

cycle studied. This was attributed to the favorable combination of 

the main factors governing complex stability. It is reasonable to ex-

pect that any perturbation which might alter one or more of the pre-

viously mentioned factors would decrease the complexing ability of the 

crown, consequently yielding larger k̂ ^̂ ^ values, This is proven by 

the data in Figure IV-3, where the k̂ ^̂  values for dicyclohexano-21-

crown-7 (XV) and dibenzo-21-crown-7 (VII) are larger than the k̂ ^̂ ^ 

value for the unsubstituted 21-crown-7 (IV). 
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It was previously shown that in the case of macrocycles with six 

oxygen atoms in the ring, the addition of two cyclohexano groups did 

not affect the complexing ability of the crowns and consequently 18-

crown-6 (III) and dicyclohexano-18-crown-6 (XIV) yielded the same rate 

constant within experimental error. Also in that series it was shown 

that, benzo-18-crown-6 (V) had a poorer complexing effect than III. 

But similar comparisons in this series of macrocycles with seven oxy-

gen atoms in the polyether ring, give different results. In Figure 

IV-3 it is shown that dicyclohexano-21-crown-7 (XV) is a poorer com-

plexing agent than both the unsubstituted 21-crown-7 and dibenzo-21-

crown-7 (VII). It has been already explained why it is reasonable to 

expect a diminished complexing ability of dicyclohexano-21-crown-7 

with respect to 21-crown-7, but comparison of the results obtained for 

the macrocycles XV and VII requires a closer look. At first hand one 

would expect that dibenzo-21-crown-7 would be a poorer complexing 

agent than the saturated analog since the former has four less basic 

oxygen atoms. Obviously the basicity criteria alone cannot explain 

the experimental results. At this point then, it is necesary to re-

member that among the main factors governing complex stability there 

were two concerning symmetry conditions required by the oxygen atoms 

in the polyether ring upon complexation. One factor was that in poly-

ehter rings up to six oxygen atoms, complexation could be maximized 

when the oxygen atoms are evenly spaced in a circle. This concept 

serves well to explain the mentioned behavior of 18-crown-6 and its 
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derivatives. In dicyclohexano-18-crown-6 the presence of the two subs-

tituentsdoes not alterthe oxygens arrengement in a circle to a large 

extent, and therefore its complexing ability with respect to 18-

crown-6 is practically the same. For dibenzo-18-crown-6, although 

symmetry requirements might remain unchanged to a certain extent, the 

presence of four less basic oxygens coupled with less flexibility of 

the polyether ring results in a poorer complexation. 

The other factor related to symmetry requirements was that, when 

seven or more oxygen atoms are present in the polyether ring they 

cannot arrange themselves in a coplanar configuration upon complexa-

tion, but they can arrange themselves around the surface of a right 

circular cylinder with the apices of the C-O-C angles pointed toward 

the center of the cylinder, adopting the so called cylindrical symme-

try. This concept seems to be valuable in explaining the results 

shown in Figure IV-2. For 21-crown-7 the cylindrical symmetry is at 

its maximum, and consequently this macrocycle shows the lowest k . 

value. Incorporation of two cyclohexano groups introduces a perturba-

tion into the cylindrical symmetry and the complexing ability is di-

minished. This perturbation might arise from inversion of the cyclo-

hexano rings attached to the crown ring, In the case of dibenzo-21-

crown-7, the benzo groups seem to introduce a lesser perturbation to 

the cylindrical symmetry than the one caused by the cyclohexano groups. 

This would seem reasonable since in the benzo groups ring inversions 

are absent. Introduction of a lesser perturbation seems to overcome 
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the destabilizing effect due to the presence of four less basic arene-

oxygen atoms and the net result is that the dibenzo derivative is a 

better complexing macrocycle than the saturated analog. This discus-

sion serves to illustrate the point that complex stability is the re-

sult of the interplay of several factors and each system has to be 

analyzed individually. No single general rule can be applied to all 

multidentate ligands. 

Effect of Different Macrocycles Containing Eiqht Oxygen Atoms 

The effect of different cyclic multidentate ligands containing 

eight oxygen atoms in the ring is shown in Figure IV-4, where struc-

4 -1 tures. k . x 10 sec values, and code numbers according to Table 

II-1 are given. 

1.33 

XVI 

0.61 

VIII 

0.93 

XX 

Figure IV-4. Effect of Different Macrocycles Containing Eight Oxygen 

Atoms in the Ring, on the Complexation of p-tert-Butyl-

benzenediazonium Tetrafluoroborate in 1,2-Dichloroethane 

at 50.0 "C 

Again in this series, the concept of relative basicity alone 
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cannot explain the experimental results since it would predict that 

the aromatic derivatives should be of similar complexing abilities, 

and both being poorer complexing agents than the dicyclohexano deri-

vative. Therefore for these 24-crown-8 derivatives , it is necesary 

to make use of the symmetry related concepts. For eight oxygen atom 

rings it is more evident that upon complexation they cannot adopt a 

coplanar configuration (CPK models confirm this point). For these 

rings, a cylindrical symmetry is a necessary condition. On this basis 

then, it is reasonable to expect that the cycloalkano substituents in 

XVI would introduce a perturbation ( maybe ring inversion) to the 

cylindrical symmetry, and the net result is that this multidentate li-

gand (XVI) is the poorest complexing agent of this series. Comparison 

of the two aromatic substituted macrocycles offers an interesting sit-

uation. Since in both cases the cavity diameter and the relative 

basicity of the oxygen atoms remains fairly constant, one would expect 

to find similar k . values. Experimental data shown in Figure IV-4 

indicates that this is not the case. Obviously the symmetry require-

ments play a determining role. In order to explain the results it is 

necesary to realize that the planar structures used in Table IV-4, are 

not the actual configurations adopted by these multidentate ligands 

upon complexation. Interpretation of the data becomes clearer if it 

is assumed that both multidentate ligands, VIII and XX, may adopt upon 

complexation a clam-type structure as shown below. This clam-type 

configuration is favored in the case of the macrocycle VIII where 
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VIII XX 

the two benzo groups confer enough rigidity to the structure to pro-

vide a fairly stable complex. On the other hand, it seems that the 

two cyclohexano groups in XVI are not capable of maintaining the nec-

essary rigidity in the complex, resulting in the poorest complexing 

agent of the series. In the case of the dinaphtho crown XX, it is 

possible that unfavorable interactions between the two large naphtho 

groups counterbalance the necessary rigidity of the crown and, as 

a result, the complexing ability is diminished with respect to the 

dibenzo crown analogue. This clam-type configuration confers to the 

macrocycle dibenzo-24-crown-8 enough stability to make of it one of 

the best complexing agents studied. 

Effect of Heteroatom Variation on Different Cyclic Multidentate Ligands 

The effect caused by replacement of oxygen atoms in the macro-

cyclic ring by a different atom or group (subunit) is shown in Figure 

4 -1 
IV-5, where k , x 10 sec values, structures, and code numbers 

according to Table II-1 are given. In all cases the number of hetero-

atoms within a given series is constant. 
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E 1.94 (VI) 1.76 (XXV) 

Figure IV-5. Effect of Heteroatom Variation of Different Cyclic 

Multidentate Ligands on the Complexation of p-tert-Butyl-

benzenediazonium Tetrafluoroborate in 1,2-Dichloroethane 

at 50.0 °C 

Series A exemplifies the drastic change in the complexing abili-

ty of 18-crown-6 (III) when two oxygen atoms of the polyether ring 

are replaced by two sulfur atoms. The fairly large change in the k 

values can be accounted for by considering two main factors: (1) The 

sulfur atom has a relatively lower basicity than oxygen and this would 

tend to diminish the complex stability by creating weaker interactions 

between the arendiazonium cation and the sulfur atoms. (2) Most im-

portant, sulfur is a bigger atom than oxygen and its spatial require-

ments are larger (angles in C-S-C bonds are larger than C-O-C bond 

angles). These factors would directly affect the geometry of the 

crown and as a result the coplanarity of the ring atoms upon complex-

ation, cannot be achieved as efficiently as in the case of III. The 

net result of these factors is a destabilizing effect, and consequent-

ly 1,10-dithia-18-crown-6 is a much poorer complexing macrocycle. 

Series B depicts macrocyclic crown ether ester derivatives of 18-
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crown-6. The all oxygen crown ether ester XXXIX shows no complexing 

effect and therefore the replacement of oxygen atoms by sulfur atoms 

(XLII and XLIII) does not introduce any significant chanqe in the k . 
^ obs 

values within experimental error. Nevertheless it confirms the fact 

the presence of sulfur in the macrocyclic ring does not improve the 

complexing ability, This argument is again confirmed in series D 

(compare macrocycles XVII and XXX). 

Series C is a dramatic example of the effect produced by replace-

ment of an oxygen atom by a nitrogen atom (as part of a pyridyl sub-

unit). Probably the results in this case are quite marked because, 

as was shown before, the seven membered oxygen ring maximizes condi-

tions for an optimum complexation, It is worth noting that, even 

though a more basic center is being introduced in the ring, the cylin-

drical symmetry of the macrocycle upon complexation is so severely 

distorted that this unfavorable effect greatly counterbalances the po-

tential gain in stability due to the presence of a relatively more 

basic center, The net result is that the pyridyl-21-crown-7 deriva-

tive XXIII is a much poorer complexing agent. 

Finally, series E shows the effect when again a pyridyl subunit 

is replacing an oxygen atom, this time on a dibenzo-18-crown-6 system. 

Contrary to the effect observed in series C, in this case the substi-

tution results in a better complexing effect, though the changes in 

k . values are not very significant. It seems in this situation that 

the probable distortion in the coplanarity of the ring is overcome by 
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the stronger interaction derived by the presence of a relatively more 

basic center, 

In conclusion then, the replacement of oxygen by other hetero-

atoms or subunits which distort the symmetry of the macrocycle upon 

complexation, results in a diminished complex stability, 

Pyridyl Polyether Derivatives 

Ring Size and Heteroatom Variation Effects 

Figure IV-6 shows ring size and heteroatom variation effects in 

4 -1 
the pyridyl polyether series, Structures, k , x 10 sec values 

and code numbers (according to Table II-1) are given. 

3.40 2.09 1.84 

XXVI XXIII XXIV 

Figure IV-6, Ring Size and Heteroatom Variation Effects in Pyridyl 

Polyether Derivatives on the Complexation of p-tert-

Butylbenzenediazonium Tetrafluoroborate in 1,2-Dichloro-

ethane at 50,0°C 

Comparing the macrocyclic pyridyl polyethers XXIII and XXIV, it is 

evident that the pyridyl subunit shows a better stabilizing effect in 

the case of the multidentate ligand having seven oxygen atoms 
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in the polyether ring (XXIV). Since in both compounds the relative 

basicities of the ring atoms are approximately the same, it seems rea-

sonable to think that the effect of the pyridyl subunit is closely re-

lated to the symmetry adopted by both macrocyles upon complexation. 

As was shown before, macrocycles with a seven heteroatom membered ring 

(e.g, 21-crown-7) exhibit maximum cylindrical symmetry, Any pertur-

bation on the symmetry will result in a diminished complexing ability. 

Following this reasoning then, macrocycle XXIV is a better complexing 

agent than macrocycle XXIII since its larger ring diameter can more 

efficiently counterbalance the perturbation resulting from the presence 

of the pyridyl subunit, 

Comparing the structure of macrocycle XXVI with 18-crown-6 (III), 

it is seen that in the former three oxygen atoms have been replaced 

by a pyridyl subunit and two sulfur atoms. These structural changes 

make of macrocycle XXVI a special case, First, the corresponding 

plot of In (A.- AQJ) versus time is not strictly linear and second, the 

approximate k , value seems to indicate a faster decomposition reac-

tion than for the uncomplexed diazonium salt. These facts might be 

explained considering: (a) The presence of a pyridyl subunit and two 

sulfur atoms severely affect the complexing cavity diameter and the 

coplanarity of the heteroatoms upon complexation required for obtaining 

a relatively stable complex. The combination of these effects results 

in a loss of complexing ability by the multidentate ligand XXVI. (b) 

Since the macrocycle does not complex the arendiazonium cation to a 
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a great extent, it now acts as another reagent which might undergo 

chemical reaction, If this is the case, it would be reasonable to 

expect that the pyridyl subunit being the most nucleophilic center of 

the macrocycle, may react with the arenediazonium cation, This reac-

tion may occur via the formation of a diazopyridinium ion type inter-

22 92 
mediate, As discussed elsewhere ' , it is most likely that it is 

the covalent diazo intermediate which undergoes homolytic cleavage to 

form an aryl radical, a molecule of nitrogen, and a gegenradical as 

depicted in Equation IV-2 (gegen ions and the crown skeleton attached 

to the pyridyl subunit are omitted for simplicity). 

(CHj^jCCgH^N^ * N Q > ^ (CHj^jCCgH^-N^-NÍ 

(IV-2) 

(CHj^jCgH^-N^-N^ *• (CHj^jCC^H^- * N^ + ^ N -

This decomposition via radical mode would explain the apparent rate 

enhancement observed. Rate enhancement and decomposition of arene-

diazonium salts via a radical mode in thepresence of pyridine have 

93 94 
been reported in the literature ' 

It is obvious that the results obtained with macrocycle XXVI, do 

not prove conclusively the occurrence of the proposed reaction fate, 

and more experimental data is needed if one were set to prove the pro-

posed mechanism. Further experiments would have to include product 

analysis, kinetic studies, and the variations for reactions carried 

out with increasing amounts of the macrocycle. Also it would be re-
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quired to test the effect of thepresence of oxygen and nitrogen in 

reactions performed under similar conditions, Evidently, ESR spec-

troscopy and radical trapping experiments would be important tools for 

the elucidation of the results, The possibility of reaction through 

sulfur atoms has not been taken into account. However, as will be 

shown later in this Chapter, polythia macrocycles do not produce rate 

enhancement in the decomposition of p-tert-butylbenzenediazonium tetra-

fluoroborate. This renders attack of the diazonium ion by the sulfur 

atoms in XXVI highly unlikely. 

Macrocyclic Polyether Esters 

Diketo Derivatives 

These multidentate ligands are characterized by the presence of 

two ester functions. This series is comprised of macrocycles XXXIX-

XLV. Their structures can be found in Table II-1 and the corresponding 

Tate constant values in Table III-1 (runs 43-49). In some cases 

(XLII-XLIV), oxygen atoms in the polyether ring are replaced by one or 

more sulfur atoms. In another case (XLV) a CH^OCH^ subunit is replaced 

by a CF^CF„CF„ subunit. Regardless of the structural modifications, 

these multidentate ligands show similar rate constant values within 

experimental error. They exhibit little complexing ability toward the 

arenediazonium cation and in this respect can be considered as non-

complexing agents under the experimental conditions used. 

Phenyl Derivatives 
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Two members of the series were studied (macrocycles XXI and XXII). 

As seen from data in Table III-1 (runs 25 and 26), they do not show 

complexing ability and yielded similar k̂ ^̂ v̂alues within experimental 

error. Evidently the presence of two electron-withdrawing carbonyl 

groups together with the presence of a rn-disubstituted benzene ring, 

exert an overall deactivating effect which results in a loss of com-

plexation ability. 

Pyridyl Derivatives 

Ring Size Effect 

The effect of increasing ring diameter in the pyridyl polyether 

ester system is shown in Figure IV-7, where structures and k . x 10 

-1 
Sec values are given. Roman numerals identify the macrocycles as 

shown in Table II-1. 

2,01 

XXVII 

0.58 

XXVIII 

Figure IV-7. Ring Size Effect of Pyridyl Polyether Esters on the Com-

plexation of p-tert-Butylbenzenediazonium Tetrafluoro-

tt 

borate in 1,2-Dichloroethane at 50.0 C 

In this series, it is seen again that complex stability is a func-
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tion, among other factors, of the crown cavity diameter, Complex 

stability reaches a maximum for the macrocycle XXVIII and less stabi-

lity is obtained for multidentate ligands XXVII and XXIX, The same 

symmetry considerations used in the macrocyclic polyether series can 

be applied in this case, It is interesting to compare the stabilities 

of the complexes formed using XXVIII and its analogue XXI, where the 

pyridyl subunit has been replaced by a phenyl subunit, While the 

latter showed no complexation, the former shows an appreciable com-

plexing effect, Since in both cases the symmetry requirements are 

similar, it seems reasonable to conclude that the difference in com-

plexation is given by the presence of the nitrogen atom (as part of 

the pyridyl subunit). 

Effect of Substituents in the Pyridyl Subunit 

Substituent effects in the pyridyl subunit, for substituents lo-

cated in the para position with respect to nitrogen, can be assessed 

4 -1 
from the data in Figure IV-8. Here, structures, k̂ ^̂  x 10 sec values 

and code numbers are given. 

ncH^ 

0.58 (XXVIII) 0,79 (XXXI) 0.52 (XXXII) 

Figure IV-8, Effects of Substituents in the Pyridyl Subunit on the 
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Complexation of p-tert-Butylbenzenediazonium Tetra-

fluoroborate in 1,2-Dichloroethane at 50,0^0 

It was shown before for the case of benzo-18-crown-6 derivatives 

(see Fiqure IV-2, series B), that the presence of substituents in the 

aromatic ring exerts some influence on the complexing ability of the 

macrocycle, probably via electron-releasing and electron-withdrawing 

effects, The same situation is encountered here for the pyridyl poly-

ether ester derivatives. The chlorine atom in the 4-position exerts 

a deactivation effect which results in a weak complexation and the me-

thoxy group activates the polyether ring towards complexation of the 

arenediazonium cation. 

Furyl Derivatives 

Ring Size Effect 

The effect of ring size upon complexation by furyl derivatives is 

shown in Figure IV-9. Structures, k̂ ^̂  x 10 sec' values, and code 

numbers are included. 

Similarly to the ring size effects previously analyzed for the 

pyridyl polyether esters, the furyl polyether ester series show a com-

parable effect. Once again the ring containing seven oxygen atoms, 

macrocycle XXXIV, shows the maximum complex stability. The same sym-

metry arguments used in previous cases for different multidentate 

ligands, also apply for this particular case of furyl polyether esters 

derivatives. 
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2.39 (XXXIII) 1.27 (XXXIV) 1.70 (XXXV) 

Figure IV-9. Ring Size Effect in Macrocyclic Furyl Polyether Esters 

on the Complexation of p-tert-Butylbenzenediazonium 

Tetrafluoroborate in 1,2-Dichloroethane at 50.0"C 

Effect of Substituents in Furyl Subunit 

The effect of ring activating substituents in the furyl polyether 

4 
ester series is seen in Figure IV-10, where structures, k . x 10 

_1 
sec and code numbers according to Table II-1, are given. 

CH^O ^OCH^ 

°AV 
CH,0, OCH^ 
3 \ / 3 

Cks (P^ 
CH^O^ ^OCH^ 

2.50 (XXXVI) 0.95 (XXXVII) 1.59 (XXXVIII) 

Figure IV-10. Effect of Substituents in Furyl Polyether Esters on the 

Complexation of p-tert-Butylbenzenediazonium Tetra-

fluoroborate in 1,2-Dichloroethane at 50.0'C 
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Since the substituents located in the 3,4-positions of the furyl 

subunit are, in all cases the same, it is reasonable to expect that 

the polyether ring activating effect exerted by the methoxy groups 

will be coupled with the symmetry characteristics present in each 

particular case. In other words, since the substituent effect is 

constant throughout the series, the complex having the best symmetry 

conditions will be the one most beneficiated by the presence of the 

substituents, This seems to be the case here, since the data shown 

indicates that the best effect is obtained for the macrocycle XXXVII, 

A similar conclusion is obtained when comparisons are made between 

the corresponding unsubstituted and substituted macrocycles (see Fig-

ures IV-8 and IV-9). 

Polythia Macrocycles 

Several macrocycles containing all sulfur heteroatoms in the crown 

ring were studied (macrocycles XLVII-LIII, Table II-1) and the corre-

sponding reaction rate constants were determined (Table II1-1, runs 

51-57). Reaction rate constant values for all these multidentate 

ligands were approximately the same within experimental error. In 

general, the polythia macrocycles do not show good complexing ability 

and the best result obtained was with the multidentate ligand LIII, 

which showed a small retardation effect in the decomposition reaction. 

These results confirm the previously advanced idea that the sulfur 

atoms, due to their relative lower basicity and larger spatial require-



122 

ments, do no make good complexing agents when incorporated in macro-

cyclic ligands, 

Macrocyclic Aza Multidentate Ligands 

Several cyclic compounds containing nitrogen (LXXVIII) or nitro-

gen and oxygen as heteroatoms in the macrocyclic ring (LXXIX-LXXXI), 

were studied to assess their potential complexing abilities, Three 

main features characterize this series, (1) Plots of In (A. - Aco) 

versus time were not linear. (2) The decomposition reaction seems 

to occur at a faster rate in the presence of these multidentate li-

gands, (3) Ultraviolet spectra for the reaction systems show addi-

tional bands located at larger lambda values, close to the visible 

region, These experimental results seem to indicate that these aza-

cyclic derivatives are acting as another reagent capable of chemical 

interaction with the arenediazonium salt, One possibility would be 

that upon interaction of the diazonium cation and the aza-macrocycles, 

triazene type intermediates would be formed and their decomposition 

would be responsible for the reaction fate, The intermediacy of 

triazene species in reactions of arenediazonium salts has precedent 

in the literature^^. It is evident that the failure of aza-ligands 

as complexing agents derives from the relative higher nucleophilicity 

exhibited by the nitrogen centers which might perform an attack onto 

the beta nitrogen of the diazonium cation. Obviously, the possibility 

of a complexation step prior to the triazene formation cannot be ruled 
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out, but the existance of such a step cannot be assessed from the 

studies performed on the systems mentioned. 

Acyclic Polyethers 

Considerable attention is currently being focused upon the use of 

glymes and other oligoethylene glycol ethers, CH^^OCH^CH^) OCH,, for 

the complexation of alkaline and alkaline earth cations and as phase 

81 —83 
transfer catalysts in reactions involving salts of these cations ' . 

In order to function like macrocyclic multidentate ligands, these 

acyclic compounds must overcome the entropy of wrapping about a cation 

(a problem not inherent to the preorganized heteromacrocycles). This 

might be accomplished by utilizing strong favorable interactions 
« 

between the heteroatoms of the chain and the Lewis acid being com-

plexed, As in the case of the macrocyclic multidentate ligands, the 

potential complexing abilities of these acyclic compounds with respect 

to arenediazonium cations has not been sistematically studied. 

In order to examine the interactions of arenediazonium salts with 

acyclic polyethylene glycols and derivatives, the influence of several 

of these compounds (TableII-1, compounds LIV-LXXVII and LXXXII) upon 

the thermal decomposition of p-tert-butylbenzenediazonium tetra-

fluoroborate in 1,2-dichloroethane was measured. Observed first order 

rate constants in the presence of ten equivalents of acyclic ligands 

are shown in Table III-1 (runs 58-81). In agreement with the results 

found for the same reaction in the presence of macrocyclic crown 
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ethers, the rate of thermal decomposition is lower in the presence of 

glymes, 

Rate retardations may be readily rationalized if complexation of 

the arenediazonium cation by an acyclic multidentate ligand converts 

the arendiazonium ion into an unreactive complexed form as shown in 

Equation IV-3, 

ArN^ BF. + Ligand -^-^ Complex 

[k (IV-3) 

Products 

Strong precedent for this mechanism is derived from the interaction 

of macrocyclic crown ethers with the same arenediazonium salt under 

identical reaction conditions 

The observed rate data may be used to evaluate K, the complexa-

tion constant, since K = (k^-k . )/k . (Ligand), where k̂  is the rate 

constant for the thermolysis of the arenediazonium salt in the absence 

of acyclic ligands and (Ligand) is the initial concentration of the 

acyclic multidentate ligand. For a derivation of these kinetic equa-

tions, see Appendix. 

Chain Length and End Group Effects for Tri- and Tetraethylene Glycols 

and Derivatives. 

In order to assess the effect of varying chain length and differ-

ent end groups, several tri- and tetraethylene glycols and derivatives 
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were studied, Table IV-1 shows the results obtained for this series. 

Roman numerals identify the multidentate ligands according to the 

4 -1 
codes in Table II-1, also k . x 10 sec values and structures are 

given. 

TABLE IV-1 

Chain Length and End Group Effects in Tri- and Tetraethylene Glycols 

and Derivatives on the Complexation of p-tert-

Butylbenzenediazonium Tetrafluoroborate 

in 1,2-Dichloroethane at 50.0'c 

A HÍOCH^CH^^jOH H^OCH^CH^^^OH 

2.45 2.42 

LXIII LXIV 

B CH^ (OCH^CH^) 3OCH-J CH3 (OCH^CH^ ̂^OCH^ 

2.30 2.22 

LV LVI 

0"" Ts^OCH^CH^^^OTg Ts^OCH^CH^^^OTs 

2.36 2.06 

LXV LXVI 

*. Ts = tosyl group 
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With the exception of series A, results shown in the other series 

indicate that a stronger complexation is achieved with the lengthening 

of the chain, This seems reasonable since a longer chain would facil-

itate the wrapping of the acyclic ligands about the cation being com-

plexed, This effect seems to be more pronounced in the case of the 

ditosylate derivatives (LXV and LXVI), this is probably due to a parti-

cipation of the tosyl group in the complexation, Series A shows that 

both polyethylene glycols yielded approximately the same reaction rate 

constants within experimental error, and that comparatively they are 

not good coraplexing agents, These facts can be explained by taking 

into consideration the inter and/or intramolecular hydrogen bonding 

present in the unsubstituted glycols, It is reasonable to expect that 

these interactions would increase the entropy requirements needed for 

an effective wrapping of the ligand about the arenediazonium cation. 

As will be seen later, larger chain length increments are needed to 

produce improved complexation by polyethylene glycols, 

Polyethylene Glycols 

Chain Length Effect 

In order to determine the potential complexing abilities of poly-

ethylene glycols, a series of compounds with varying chain lengths 

were studied, Table IV-2 shows the results obtained for these series. 

Roman numerals identify the acyclic multidentate ligands according to 

Table II-1, 



127 

TABLE IV-2 

Observed First-Order Rate Constants and Complexation Constants 

on the Thermal Decomposition of p-tert-Butylbenzenediazonium 

Tetrafluoroborate in the Presence of Polyethylene 

Glycols in 1,2-Dichloroethane at 50,0*0 

Polyethylene Glycols 

None 

H^OCH^CH^^^OH (LXIII) 

H^OCH^CH^^^OH (LXIV) 

H^OCH^CH^^gOH (LXVID^ 

H^OCH^CH^^^^OH (LXVIII) 

HÍOCH^CH^^^^OH (LXIX) 

H^OCH^CH^^^^OH (LXX) 

—obs 
4 - l ^ 

X 10 sec 

2,51 

2,45 

2,42 

1.76 

1.23 

1.09 

1.01 

K X 1 0 ' ^ M"^ 

-

0.42 

0.64 

7.30 

.17.8 

22.3 

25.4 

a. Initial Concentration of Arenediazonium Salt was 5.84 x 10 M 

_4 

b, Initial Concentration of Polyethylene Glycols was 5.84 x 10 M 

c. Estimated maximun error is 2% of the rate constant, 

d, With the exception of the first two compounds the indicated number 

of oxyethylene units is an average rounded value calculated from 

the corresponding average molecular weights 
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As seen from the trend in rate constant values or complexation 

constants, lengthening of the polyglycol chain results in a better 

complexation effect, Increasing the chain length bringslarger effects 

for the shorter members of the series and this effect progressively 

diminishes as one moves down the list. For instance a lengthening of 

two oxyethylene units (compare LXIV and LXVII) slows the decomposition 

rate by approximately 11%, while a lengthening of twelve oxyethylene 

units (LXIX and LXX) only results in a 1% difference, It seems then, 

that the polyethylene glycol LXX is close to the maximum effect at-

tainable and further lengthening of the polyether chain will not 

result in substantial changes in the k . values. The larger com-

plexation constant values obtained for the longer members of the 

series would indicate that a longer chain allows for a more effective 

wrapping of the multidentate ligand about the arenediazonium cation. 

However a point is reached beyond which further lengthening of the 

chain does not significantly contribute to a better wrapping effect. 

Methylpolyethylene Glycol Ethers 

Chain length effects for the methyl ethers of several polyethylene 

glycol derivatives are shown in Table IV-3, where reaction rate con-

stants and association constants are shown together with formulas and 

code numbers according to Table II-1. 

Paralleling the results shown in Table IV-2, the methylpoly-

ethylene glycol ethers also show a better complexing effect with the 
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TABLE IV-3 

Observed First-Order Rate Constants and Complexation Constants on 

the Thermal Decomposition of p-tert-Butylbenzenediazonium Tetra-

fluoroborate in the Presence of Methylpolyethylene Glycol 

Ethers in 1,2-Dichloroethane at 50,0*0 

Methylpolyethylene 

None 

H^OCH^CH^^-^OCH^ 

H^OCH^CH^)^^^^^^ 

H^OCH^CH^^^^OCH^ 

Glycol 

(LXXI)"^ 

(LXXII) 

(LXXIII) 

—obs 
X 10^ 

2.51 

1,57 

1.24 

1.15 

-l^ 
sec 

-2 -1 
K X 10 M 

-

10.2 

17,5 

20,3 

a,b,c, Same as in Table IV-2 

d. For all the multidentate ligans, the number of oxyethylene 

units is an average rounded value calculated from the corre-

sponding average molecular weights. 

lengthening of the chain. 

Comparison of polyethylene glycol (Table IV-2) with the 

corresponding methyl derivatives (Table IV-3) of similar chain length 

indicates that, for these two series, the nature of the chain end 

group does not play an important role in the complexing abilities of 

these multidentate ligands under the conditions used. Probably the 



130 

end group effect would be more noticeable in members of shorter chain 

lengths where the effectiveness of the wrapping about the arenedia-

zonium cation is more severely effected by steric requirements and 

where the hydrogen bonding intereactions play a stronger role (see 

series A and B in Table IV-1). 

Polyethelene Glycol Dimethyl Ethers 

Glymes 

The effect of chain lengthening effect for a series of glymes can 

be assessed from Table IV-4, where formulas, rate constants, complex-

ation constants and code numbers (according to Table II-1) are given. 

TABLE IV-4 

Observed First-Order Rate Constants and Complexation Constants on 

the Thermal Decomposition of p-tert-Butylbenzenediazonium 

a b 
Tetrafluoroborate in the Presence of Glymes 

in 1,2-Dichloroethane at 50.0 **C 

Glymes 

None 

H^C^OCH^CH^^^OCH^ (LIV) 

H^C^OCH^CH^^^OCH^ (LV) 

H^C^OCH^CH^^^OCH^ (LVI) 

H^C^OCH^CH^^^OCH^ (LVII) 

k , X 10^ 
- obs 

2.51 

2,27 

2.30 

2,22 

1,91 

sec 
- l ^ 

K 
-2 -1 

X 10 ^ M 

-

1.81 

1.56 

2.24 

5.38 
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TABLE IV-4 Continued 

CH^^OCH^CH^^^OCH^ (LVIII) 1,71 8,01 

CH^^OCH^CH^^-^OCH^ (LIX) 1.58 10,1 

CH^^OCH^CH^^gOCH^ (LX) 1,99 4.47 

CH^^OCH^CH^^gOCH^ (LXI) 1.87 5.86 

CH^^OCH^CH^^^QOCH^ (LXII) 1,39 13,8 

a,b,c, Same as in Table IV-2 

A graphic representation of the data is depicted in Figure IV-11, 

-2 -1 where K x 10 M values are plotted versus the number of oxyethylene 

units present in the polyether chain of the glymes. 

The value of K is essentially constant for diglyme, triglyme, and 

tetraglyme. The monotonicenhancements in K for pentaglyme, hexaglyme, 

and heptaglyme are consistent with an increasing ability of the glyme 

to assume a pseudo cyclic structure by wrapping about the arenedia-

zonium cation, Examination of CPK space-filling models reveals that a 

cyclic structure for heptaglyme in which all oxygen atoms 

lie in a plane can be attained without serious Van der Waals repul-

sions or bond angle strain. For octaglyme the models indicate repul-

sions and strain in any conformation which would allow the oxygen atoms 
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15 

I 

o 
X 

10 -

5 . 

8 10 

Number of oxyethylene units 

Figure IV-11, Complexation Constants for Interaction of p-tert-Butyl-

benzenediazonium Tetrafluoroborate with Glymes in 1,2-

Dichloroethane at 50,0 C 

to be coplanar within a pseudo cyclic cavity, The anticipated poorer 

complexation with octaglyme than heptaglyme is readily evident from 

the complexation data in Table IV-4 and Figure IV-II, After the re-

duction in K noted for octaglyme, an increasingly efficient complex-

ation with nonaglyme and decaglyme indicates the introduction of a 

supplemental factor for the longer glymes, The CPK models reveal that 

for nonaglyme and decaglyme seven or eight oxygens may form a pseudo 

cyclic cavity with the remaining oxygens located in an arm which 

passes over one face of the cavity, Thus, when complexed with the 

arenediazonium cation, the longer glymes appear to assume confor-
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mations that are not only crown ether-like, but also cryptand-like. 

The complexation constant for the interaction of 18-crown-6 with 

p-tert-butylbenzenediazonium tetrafluoroborate in 1,2-dichloroethane 

• 4 - 1 

at 50,0 C is 1,71 X 10 M (revised value). Comparison of K values 

for pentaglyme and 18-crown-6 reveals a macrocyclic effect (K18-crown-

6/Kpentaglyme) of approximately thirty for the complexation of arene-

diazonium ions by polyethers, In a similar comparison of tert-butyl-

ammonium thiocyanate complexation by pentaglyme and 18-crown-6 in 
95 

chloroform at 24 C, a macrocyclic effect of 18,700 has been reported 

Thus, as it might beexpected the magnitude of the macrocyclic effect 

is demonstrated to be highly dependent upon the nature of the cationic 

species undergoing complexation, 

In order to determine the fate of the trend exhibited by the 

pure glymes in the complexation of arenediazonium cations in 1,2-

dichloroethane, a series of polyethylene glycol dimethyl ethers was 

prepared and studied under identical conditions. Results are shown 

in Table IV-5, where formulas, rate constants, complexation constants 

and code numbers (according to Tabe II-1) are given. 

TABLE IV-5 

Observed First-Order Rate Constants and Complexation Constants on 

the Thermal Decomposition of p-tert-Butylbenzenediazonium 

Tetrafluoroborate^ in the Presence of Polyethylene 

Glycol Dimethyl Ethers in 1,2-

o 

Dichloroethane at 50.0 C 
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TABLE IV-5 Continued 

Polyether k̂ ^̂  x 10 sec ^ K x 10'^ M'̂  

None 2.51 

CH^^OCH^CH^^^OCH^ (LXXIV)^'® 1,59 9.91 

CH^^OCH^CH^^^^OCH^ (LXXV) 1.31 15.7 

CH^^OCH^CH^^^^OCH^ (LXXVI) 0.90 30.6 

CH^^OCH^CH^^^jOCH^ (LXXVII) 1.15 20,2 

a,b,c,d, Same as in Table IV-3 

e, Concentration of LXXIV was 5.31 x 10""M 
.-4. 

Data in Table IV-5 shows a similar trend to the one observed in 

the previous cases, namely that lengthening of the polyether chain 

results in a stronger complexation, The enhanced complexation which 

is observed with these higher molecular weight polyethers apparently 

reaches a maximum with LXXVI. Further lengthening of the polyether 

chain to multidentate ligand LXXVII produces less effecient complex-

ation. 

In Figure IV-12, complexation constants for the association of 

polyethylene glycol dimethyl ethers (squares) with the arenediazonium 

cation are compared with those for individual glymes from diglyme to 

decaglyme (circles). 

The point for ligand LXXIV closely correlates with the pattern 
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CN 
I 
O 

X 

OQO, X 

10 

± 

-i30 

LJ 20 

JIO 

15 20 25 30 

Number of Oxyethylene units 

Figure IV-12. Complexation Constants for Interaction of p-tert-

Butylbenzenediazonium Tetrafluoroborate with Pure 

Glymes (circles) and Polyethylene Glycol Dimethyl 

Ethers (squares) in 1,2-Dichloroethane at 50.0°C 

established for the individual glymes. Therefore, the points for the 

other polyethylene glycol dimethyl ethers (LXXV-LXXVII) may be used 

to extend the trend previously found for glymes (Figure IV-II) to 

higher molecular weight polyethers. It is clearly seen that strongest 

complexation is achieved with LXXVI and further lengthening of the 

chain produces less efficient complexation. 

Comparison of the data obtained for polyethylene glycols, with 
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the methyl and dimethyl ether derivatives (Tables IV-2 - IV-5) reveals 

little influence of the end groups upon the strength of complexation. 

Complexation efficiency is apparently determined almost completely by 

the number of oxyethylene units present in the polyoxygen compound. 

Complexation with acyclic multidentate ligand 1,11-bis (8,8'-

quinoloxy)-3,6,9-trioxaundecane (LXXXII) was unsuccesful. A non-linear 

kinetic plot was obtained and the decomposition reaction seems to 

proceed at a faster rate than in the absence of multidentate ligand. 

This result seems to be similar to the one obtained with the pyridyl 

derivative XXVI. In the present case it seems reasonable that the 

reaction might occur via interaction of the quinoline nitrogen with 

the arenediazonium ion, Therefore the same considerations advanced 

for macrocycle XXVI, might be used in this case. 

Gas Chromatographic Analysis 

Relative percentages of products from the thermal decomposition 

of p-tert-butylbenzenediazonium tetrafluoroborate in the presence and 

absence of 18-crown-6 in 1,2-dichloroethane at 50.0 C are shown in 

Table II1-8. In the absence of crown ether, the only two products ob-

tained are p-tert-butylchlorobenzene and p-tert-butylfluorobenzene. 

The relative proportions of these two products closely parallels the 

results obtained by Swain for the decomposition of the same arene-

diazonium salt in methylene chloride at 25 "C. In an elegant series of 

papers, Swain and coworkers^^ have shown the intermediacy of a phenyl 
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cation in the decomposition of arenediazonium salts in several sol-

vents including methylene chloride, In the latter case, it was also 

shown that the aromatic cation which is formed in the rate determining 

step, reacts with the arenediazonium salt counterion BF~ rather than 

with F which would be formed from an equilibrium dissociation of BF" 

into BF^ and F . In these systems, the decomposition of the diazonium 

salt proceeds via a unimolecular mechanism with the rate-limiting for-

mation of a singlet aryl cation. The kinetic results obtained for the 

decomposition in 1,2-dichloroethane and the similarity in the nature 

and relative proportions of products of this and Swain's studies indi-

cate that the same mechanism is operating in both cases. Thus, the 

two products formed derive from the attack of the p-tert-butylbenzene 

cation on the counterion BF~ to yield p-tert-butylfluorobenzene, and 

p-tert-butylchlorobenzene arises by abstraction of a chloride ion from 

the solvent by the aryl cation, This chloride ion abstraction was 

96 
first reported by Cohen and Lipowitz 

In the presence of one equivalent of 18-crown-6, the same two 

products are found and their relative precentages do not differ very 

much from the ratios obtained for the thermal decomposition in the 

absence of the macrocyle. Thus, one equivalent of 18-crown-6 alters 

the decomposition reaction rate, but it does not significantly change 

the relative ratio of products. This indicates that the same ionic 

mechanism is operating in the thermal decomposition of the arenedia-

zonium salt complexed with the multidentate ligand. 
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When the thermal deeomposition of p-tert-butylbenzenediazonium 

tetrafluoroborate is done in the presence of excess 18-crown-6 (ten 

and twenty fiveequivalents) a small amount of a third product, tert-

butylbenzene is found. Its concentration increases with increasing 

amounts of 18-crown-6 and this aromatic product probably arises by a 

63 96 97 
hydride abstraction ' ' from the crown ether by the aryl cation, 

In order to assess any possible changes in product and in pro-

duct composition when using an acyclic multidentate ligand, the thermal 

decomposition of p-tert-butylbenzenediazonium tetrafluoroborate in the 

presence of ten equivalents of heptaglyme was studied. Results reveal 

that the nature and relative ratios of the products do not differ to 

a significant extent from the results obtained when the multidentate 

ligand is 18-crown-6, 

In conclusion, the thermal decomposition of p-tert-butylbenzene-

diazonium tetrafluoroborate in 1,2-dichloroethane seems to occur via 

a unimolecular mechanism with the rate-determining formation of a 

p-tert-butylbenzene cation. In the presence of multidentate ligands 

which complex the arenediazonium ion, the reaction proceeds ata slower 

rate. Reaction products can be explained by reaction ofthe arylcation 

with the arenediazonium salt counterion and solvent. When the multi-

dentate ligand is in large excess, the aryl cation formed in the rate-

limiting step reacts to a limited extent with the complexing agent by 

performing a hydride abstraction which produces the additional reac-

tion product. 
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Activation Parameters 

In the case of p-tert-butylbenzenediazonium tetrafluoroborate 

salt, reaction rate constants were determined at different tempera-

tures for the uncomplexed salt, and for the arenediazonium salt com-

plexed with 18-crown-6 and with 21-crown-7, Energies of activation, 

enthalpies and entropies of activation were calculated and the results 

are shown in Tables III-5 and III-6 respectively. 

Composite energies of activation progressively increase in going 

from uncomplexed arenediazonium salt, to the salt complexed with 18-

crown-6 and to the salt complexed with 21-crown-7. This trend paral-

lels the decreasing rate constant values previously reported in Fig-

ure IV-I. 

As was mentioned before, the thermal decomposition of complexed 

arenediazonium salts can be envisioned as taking place via a process 

reported by Bartsch et al, , which is depicted below: 

ArN^X' + Ligand *̂ Complex 

i 
(Transition State) ^ Products 

This process can be rationalized if complexation of the arenedia-

zonium cation by a multidentate ligand converts the arenediazonium ion 

into an unreactive, complexed form. Accordingly, the increase in com-

posite energies of activation results from the required decomplexation 

of the arenediazonium ion before thermolysis can occur. 

Entropies of activation show a similar trend to the one exhibited 
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by the Arrhenius activation energies. Accordingly, the complexed 

arenediazonium ion reactions show larger entropy values than reactions 

in the absence of crown ethers. Therefore, the same arguments used 

before apply in this case. 

Finally, it is worth noting that activation parameters for the 

thermal decomposition of benzenediazonium tetrafluoroborate have been 

98 
determined in several solvents and the values obtained are quite in 

agreement with those calculated for the thermal decomposition of 

p-tert-butylbenzenediazonium tetrafluoroborate in 1,2-dichloroethane 

in the absence of complexing ligands. 

Spectral Evidence for the Complexation of Arene-

diazonium Salts by Macrocycles 

Several references are found in the literature concerning the 

stabilization and/or complexation of arenediazonium salts by macro-

cyclic multidentate ligands. Bartsch et al. have demonstrated the 

thermal and photochemical stabilization achieved by complexation 

62 
of arenediazonium salts with crown ethers. Gokel and Cram have 

shown the interaction of arenediazonium salts with macrocyclic poly-

ethers by the change in the H NMR spectra of the crown ethers upon 

complexation. Haymore et al. reported shifts in the N^ stretching 

frequency of the arenediazonium salt upon complexation. Gokel et al. 

have examined the behavior of complexed arenedíazonium compounds 

13 
in dichloromethane solutions. The IR and the C NMR information indi-
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cates the presence of interactions between the diazonium group and 

the crown ethers. 

With respect to the IR evidence, no explanation for the observed 

shifts in the N^ frequency upon complexation was found. When com-

plexed with 18-crown-6 or 21-crown-7, p-tert-butylbenzenediazonium 

tetrafluoroborate exhibits a N^ stretching frequency (Nujol mull) at 

_1 
approximately 2300 cm , while in the uncomplexed salts the N„ fre-

_i 
quency is at 2280-2290 cm . It seems reasonable to speculate that 

the observed shifts are due to an increase in the force constant of 

the nitrogen triple bond upon complexation. In order to gain more 

triple bond character it seems apparent that somehow there has to be 

a dispersal of the positive charge of the diazonium group. This dis-

persal of the positive charge might occur via interaction of the dia-

zonium end group with the oxygen atoms of the cyclic polyether through 

ion-induced dipole interactions. Thus, formation of an inclusion-

type complex would favor the dispersal of the charge by shifting the 

electron density of the oxygen atoms towards the diazonium end group, 

which in t rn would result in an increased triple bond character for 

the nitrogen atoms with respect to the uncomplexed arenediazonium salL 

The net result being an enhancement of the N^ bond force constant and 

consequently a shift of the diazonium group infrared band to higher 

frequencies. 

H NMR studies have shown changes in the spectra of macrocyclic 

62 
polyethers with diazonium salts upon complexation . Shifts in the 
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aromatic hydrogens of arenediazonium salts (particularly for the hy-

drogens located at the ortho carbons with respect to the carbon atom 

bearing the diazonium group) would provide additional evidence con-

cerning the interaction of a crown ether with the diazonium group. 

These ortho-hydroqen shifts have now been observed in the H NMR 

spectra (DMSO-d^,TMS) of p-tert-butylbenzenediazonium tetrafluoroborate 

and p-tert-butylbenzenediazonium hexafluorophosphate uncomplexed and 

complexed with 18-crown-6. Tables IV-6 and IV-7 summarize the data. 

1 

TABLE IV-6 

H NMR Assignements for p-tert-Butylbenzenediazonium-

Tetrafluoroborate in the Presence and Absence 

of 18-Crown-6 at Ambient Temperature 

Equivalents of Observed Chemical 

.a 
Crown Ether 

0 

1 

0 

1 

0 

1 

Shifts (ppm)' 

1.37 

1.37 

8.60 

8.53 

8.04 

8.04 

Proton Iden- Shift Upon Com-

tification plexation (Hz) 

-0(0^3)3 

-0(0^3)3 

Aromatic (ortho) 

Aromatic (ortho) 

Aromatic (meta) 

Aromatic (meta) 

0 

0 

a. Chemical shifts for the aromatic protons refer to the center of 

the doublet in each leg of the A^B^ pattern. 
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TABLE IV-7 

H NMR Assignements for p-tert-Butylbenzenediazonium-

Hexafluorophosphate in the Presence and Absence 

of 18-Crown-6 at Ambient Temperature 

Equivalents of Observed Chemical 

.a Crown Ether 

0 

1 

0 

1 

0 

1 

Shifts (ppm)' 

1.37 

1.37 

8,60 

8,52 

8,04 

8.04 

Proton Iden- Shift Upon Com-

tification plexation (Hz) 

-0(0^3)3 

-0(0^3)3 

Aromatic (ortho) 

Aromatic (ortho) 

Aromatic (meta) 

Aromatic (meta) 

0 

8 

0 

a. Same as in Table IV-6 

From the data presented in Tables IV-6 and IV-7, it is evident 

that complexation of these arenediazonium salts with 18-crown-6 brings 

about a shift in the resonance frequencies of the aromatic protons lo-

cated on the ortho-carbons (with respect to the carbon atom bearing 

the diazonium group). The upfield shifts indicate a diminished de-

shielding effect exerted by the diazonium group in the complex. The 

relatively static positions of the aromatic meta-protons and of the 
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tert-butyl protons support the idea of an electrostatic interaction 

between the diazonium group and the crown ether, without affecting 

the symmetry of the rest of the molecule. This observation in turn 

supports the discussion previously offered regarding the infrared N 

stretching frequency shifts observed upon complexation. 

A more obvious visual effect supporting the previous argument is 
1 

observed in the H NMR spectra (DCCL^, TMS) of p-tert-butylbenzenedia-

zonium £-toluenesulphonate salt when complexed with increasing amounts 

of 18-crown-6. Figure IV-13 depicts the changes in the aromatic region 

upon increasing concentration of the macrocyclic polyether. 

As seen from the spectral sequence , the two overlapping A„B„-

A^B^ patterns become increasingly resolved upon complexation of the 

arenediazonium salt with the multidentate ligand, and with ten equi-

valents of the crown ether they are completely separated. Larger con-

centrations of 18-crown-6 did not produce any further significant 

changes in the spectra. 

NMR samples were prepared and the spectra recorded immediately 

in order to eliminate the possibility of existance of any decomposition 

products which could have misled the interpretation of the spectral 

results, Furthermore, in each case the integration of the spectra 

confirmed the absence of any possible reaction taking place. 

The furthest downfield resonance peaks were assigned to the 

arenediazonium ion. Paralleling the results obtained with the other 

salts, the ortho-protons manifest the largest shifts upon complexation. 



145 

No crown ether present 

»^i»/ 

í ií 
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10 equivalents of crown ether 

M-

_JL^V_^ 'V_ 

2 ppm 

Figure IV-13, ^H NMR Changes in the Aromatic Region of p-tert-Butyl-

benzenediazonium £-Toluenesulphonate in the Presence of 

Increasing Amounts of 18-Crown-6 at Ambient Temperature 

Counterion Effects 

No significant role has been attributed to the nature of the 

counterions present in arenediazonium salt reactions, With a very few 

exceptions, it appears that regardless of the counterion nature arene-

diazonium salts behave very much in a similar way . This conclusion 

might be due to the fact that in the large majority of the cases. 
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arenediazonium salt reactions have been studied in aqueous media or in 

organic solvents of high polarity. Under these conditions, it is rea-

sonable to expect that any effect derived from the nature of the 

counterions would not be very significant since possible ion-pairing 

effects are minimized in such solvent media, On the other hand, if 

arenediazonium salt reactions were conducted in solvents of lower po-

larity, it is conceivable that ion-pairing effects which are dependant 

on the nature of the counterion might play a significant role. 

Product Analysis Evidence 

In the thermal decomposition of arenediazonium salts in solutions 

with either solvents of lower polarity and no added nucleophiles or in 

the solid state, it is reasonable to expect that the nature of the 

counterion will influence the nature and/or relative ratio of reaction 

84 
products, Rutherford et al, reported increased yields of aryl 

fluorides in the Schiemman reaction using hexafluorophosphate salts 

96 
instead of tetrafluoroborate salts, Cohen and Lipowitz presented 

results suggesting that ion association can strongly influence product 

composition in reactions of arenediazonium salt solutions in different 

solvents. Along these lines, the thermal decomposition of three 

arenediazonium salts in 1,2-dichloroethane provides information to 

sustain the idea that the nature of the gegenion influences the nature 

and/or relative ratio of reaction products. The pertinent data is 

shown in Table IV-8. 
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TABLE IV-8 

Counterion Effects in the Thermal Decomposition of Arene-

diazonium Salts in 1,2-Dichloroethane at 50.0°C 

Relative Percentaqe of 

Counterion Alkylchlorobenzene Alky1fluorobenzene Alkylbenzene 

BF^ 61.0 ± 1.3 39.0 ±1.4 

PF^ 71,2 ± 0.4 28.8 ± 0,4 

p-CH^C^H^SO^ 96.5 ± 0,4 3,5 t 0.5 

The influence of the counterion upon the nature of the reaction 

products is obvious and requires no further comments, Comparison of 

the data obtained for the counterions BF, and PF, is interesting, 

since in the case of the latter there seems to be a slight increase 

in the formation of the product derived from attack of the aryl cation 

on the solvent, Considering that the reactivity of both gegenions is 

very similar, it seems necessary to look for another contributing 

factor which might explain the observed differences. In their work, 

Cohen and Lipowitz indicate that in ethylene chloride, the fluoro and 

chlorobenzene derivatives are probably formed from associated ions, 

and suggest that the fluoro derivative is formed from intimate ion-

pairs and/or higher aggregates, while the solvent derived reaction 
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product is formed from solvent separated ion pairs. If one follows 

these criteria, the differences observed in the ratio of reaction pro-

ducts between the BF. and PF~ anions could be attributed in part to 

differences in ion pairing strengths, Thus, the tetrafluoroborate 

anion would form a stronger ion pair than the hexafluorophosphate 

anion (which is reasonable considering size and charge density),resul-

ting in a larger yield of the fluorobenzene derivative, Similarly the 

weaker ion pair formed by PF~ would allow for a relatively larger 
o 

number of solvent separated ion pairs, which would result in an in-

creased yield of the reaction product derived from attack of the aryl 

cation on solvent molecules. Product analysis might not in itself be 

a convincing evidence regarding ion pairing strengths, but as will be 

shown later in this Chapter, other evidence also supports this concept 

Kinetic Evidence 

Data obtained from kinetic studies may also contribute some in-

formation with respect to ion pairing effects, especially in reactions 

where the ionic species present are not stabilized to a large extent 

by solvation effects, Table IV-9 shows the kinetic results obtained 

for the thermal decomposition of p-tert-butylbenzenediazonium salts in 

the presence and absence of one equivalent of 18-crown-6. 

Noteworthy features include: (a) An appreciable difference in 

reaction rate constant values for the reactions using uncomplexed BF^ 

and PF: salts, indicating that the thermal decomposition is compara-
6 

tively faster in the case of the hexafluorophosphate salt. This kinetic 
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TABLE IV-9 

Kinetic Data for the Thermal Decomposition of p-tert-Butyl-

benzenediazonium Salts in the Presence and Absence 

of 18-Crown-6 in 1,2-Dichloroethane at 50.0°C 

Counterion 

S^4 

''̂ 6 

Equivalents of 

18-Crown-6 

0 

1 

0 

1 

k . X 10^ 
-obs 

(sec~ ) 

2.51 

1,35 

3,27 

1,44 

Retardation 

Effect^ (?o) 

46,2 

56.0 

a. Retardation effect is defined as 100-100(k./k ), where k is the 
1 o o 

rate constant in the absence of crown ether, and k. the rate cons-

tant for the reaction with one equivalent of crown ether 

difference might suggest (paralleling the product analysis discusion 

previously advanced) that the counterion PF~ forms weaker ion pairs 

(more solvent separated) in 1,2-dichloroethane than the BF^ anion. In 

turn, this would indicate that in the former case, though the aryl 

cation formation still is the rate - limiting step, due to weaker elec-

trostatic interactions its formation is comparatively easier than in 

the tetrafluoroborate anion case. It might seem that having stronger 

BF'- diazonium group interactions, the net positive charge on the ni-
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trogen atoms is diminished and consequently the heterolytic cleavage 

of the C-N(alpha) bond becomes less favored, resulting in arelatively 

smaller rate constant, Another less general way of looking at the 

problem would be to consider an association (ion pairs)-dissociation 

(solvent separated ion pairs) pre-rate determining equilibrium step, 

as shown below: 

(ArN*X-)^ - i - . (ArN* X");, 

rapid 

(ArN^ X')p • (Ar"̂  + N + X') 
slow 

fast 
(Ar + N^ + X') • Products 

In this scheme, (ArN^X ). represents an associated ion pair and 

(ArN^ X )-̂  a dissociated (solvent separated) ion pair, For a counter 

ion X which forms tighter ion pairs (e.g. BF~), the equilibrium lies 

to the left (small K) which results in a comparatively lower concen-

tration of the dissociated (solvent separated) species and therefore, 

in a smaller reaction rate constant. The inverse situation would hold 

for a counterion which forms looser ion pairs (e.g, PF>.). This anal-

ysis seems to be very much in agreement with the interpretation given 

by Cohen and Lipowitz using similar systems. The thermal decomposi-

tion of p-tert-butylbenzenediazonium £-toluenesulphonate under iden-

-4 
tical conditions, gave a reaction rate constant value of 3.12 x 10 

-1 
sec which is intermediate between the values obtained for the BF 
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and PF^ counterions. This would suggest that the £-toluenesulphonate 

anion forms ion pairs of intermediate strength compared with the BF~ 

and PF^ anions. The thermal decomposition of £-toluenesulphonate 

arenediazonium salt in the presence of one equivalent of 18-crown-6 

could not be used for comparisons, since the kinetic plot obtained 

was not strictly linear. This deviation might be due to the non-com-

pliance of this system with the assumptions involved in the kinetic 

formulae derivation (see Appendix), namely that the crown ether con-

centration change does not parallel the change in arenediazonium con-

centration. Alternatively due to the nature of the counterion, it 

might be possible that as the decomposition reaction progresses there 

is a build up in the counterion concentration which would introduce 

changes in the equilibrium steps involved, resulting in a deviation 

from the behavior observed with BF~ and PF~, It is worth noting that 

solutions of tetrafluoroborate and hexafluorophosphate arenediazonium 

salts are colorless after the thermal decomposition reaction has taken 

place, while the £-toluenesulphonate salt solutions exhibit a brown 

color after decomposition. A more detailed speculation on the latter 

system is not appropriate due to the lack of more experimental evi-

dence, (b) The other noteworthy feature is that in the case of BF, 

and PF~ arenediazonium salts, data obtained from the thermal decompo-

sition in the presence of one equivalent of 18-crown-6 indicates (from 

comparison of the corresponding retardation effects, Table IV-9) that 

for the hexafluorophosphate salt there is a more efficient complexa-
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tion of the arenediazonium cation by the macrocyclic polyether, This 

might be explained by assuming that for a counterion which forms 

looser ion pairs (more solvent separated) like PF~ the interaction 
6 

between the macrocycle and the arenediazonium ion takes place more 

readily, Therefore, the conversion into the crown ether complexed 

diazonium ion is more complete and larger thermolysis rate retardation 

is observed, 

Spectral Evidence 

It has already been shown (Tables IV-6,IV-7 and Figure IV-13) 

1 
that H NMR studies provided evidence supporting the interaction of 

macrocyclic ligands with the arenediazonium group upon complexation, 

this type of interaction is also supported by the IR studies previous-

ly mentioned, Although the complexation effect seems to be firmly 

established, the above mentioned spectral studies do not provide in-

formation regarding the probable presence of ion pairing. Nevertheles^ 

if one could perform spectral analysis focusing attention on the 

counterions, it seems reasonable that any potential changes in the 

corresponding spectra might provide information with respect to the 

presence of ion pairs and/or their relative strengths, when an adequate 

19 
solvent is used. In this respect, F NMR seems to be a valuable tool 

for detecting ion pairing effects upon complexation of arenediazonium 

salts and multidentate ligands, Tables IV-10 and IV-11 show the 

19 
results from F NMR studies of arenediazonium salts in 1,2-dichloro-
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ethane using FCCI3 ^f^reon-ll) as internal standard, In all cases, 

the concentration of the samples was the same in order to eliminate 

any changes that could arise from concentration effects, For compa-

rison, an identical experiment was done using tetrabutylammonium hexa-

fluorophosphate. This result is shown in Table IV-12. 

19 

TABLE IV-10 

F NMR Data for p-tert-Butylbenzenediazonium Tetrafluoroborate 

with Increasing Amounts of 18-Crown-6 in 1,2-Dichloroethane 

Equivalents of 

Crown Ether 

0 

1 

5 

Chemical 

Shift^ (Hz) 

14105 

14344 

14362 

Shift Upon Com-

plexation (Hz) 

239 

18 

Total 

Shift (Hz) 

257 

a. Taken at the center of the quartet 

19 

TABLE IV-11 

F NMR Data for p-tert-Butylbenzenediazonium Hexa-

fluorophosphate with Increasing Amounts of 

18-Crown-6 in 1,2-Dichloroethane 
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Equivalents of 

18-Crown-6 

0 

1 

5 

Chemical 

Shift^ (Hz) 

6720 

6853 

6864 

Shift Uoon Com-

plexation (Hz) 

133 

11 

Total 

Shift (Hz) 

144 

a. Taken at the center of the doublet, with Ĵ p = 712Hz 

19 

TABLE IV-12 

F NMR Data for Tetrabutylammonium Hexafluorophosphate 

with Increasing Amounts of 18-Crown-6 

in 1,2-Dichloroethane 

Equivalents of 

18-Crown-6 

0 

1 

Chemical 

Shift^ (Hz) 

6802 

6808 

Shift Upon Com-

plexation (Hz) 

Tntal 

Shift (Hz) 

a. Same as in Table IV-10 

b. In all three cases, larger amounts of the macrocycle did not 

produce further significant changes, 
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19 
Data from the F NMR can be summarized as follows: (a) It 

appears obvious that upon complexation of the arenediazonium salts, 

changes in the chemical shifts of the counterions occur. (b) Changes 

in the chemical shifts of the arenediazonium salt counterions are 

larger in the case of the tetrafluoroborate anion. (c) The alkyl-

ammonium cation does not show any comparable changes in the chemical 

shift in the presence of the macrocyclic polyether. 

If one were to consider that there are no ion pair interactions in 

1,2-dichloroethane, both counterions of the arenediazonium salts 

should behave in a similar way in the presence of 18-crown-6. That is 

to say, it would be reaænable to expect similar changes in the corres-

ponding chemical shifts of both gegenions. But, since the experimen-

tal evidence indicates that there is a difference in the changes of 

chemical shifts, it seems probable that ion pairing exists and that 

the corresponding relative ion pair strengths differ for BF~ and PF~. 

Following this reasoning, data from Table IV-12 indicates that, in the 

case of the tetraalkylammonium salt the changes in chemical shift with 

respect to the arenediazonium salts are comparably negligible. This 

result is not surprising since, one would expect the ion pair interac-

tions to be minimized in this case based on considerations of size and 

charge density of both ionic species, 

It would be possible to argue that the observed changes in chemi-

cal shifts are not due to differences in ion pairing but to differ-

ences in the stability of the complexes formed in the presence of the 



158 

macrocyclic polyether. If this was the case, it would be reasonable 

to expect that the more stable complex would provide with a better 

"shielding of the gegenion" and therefore, the largest changes in che-

mical shifts should be observed for this case, It has already been 

shown that retardation effects (Table IV-9) indicate that the com-

plexation with 18-crown-6 is relatively stronger in the case of the 

hexafluorophosphate salt. Therefore this counterion should exhibit 

larger changes in chemical shifts than the tetrafluoroborate anion 

upon complexation, Data from Tables IV-10 and IV-11 indicate that 

the results are exactly the opposite, Thus, it is necessary to con-

sider that differences in ion pairing are responsible (at least in 

part) for the observed changes in chemical shifts, Similar results 

were obtained when the same salts were studied under identical condi-

tions in solutions of adifferent non-polar solvent (DCCI3). 

Considering that, upon complexation, the macrocyclic polyether 

"shields" the counterion from the arenediazonium cation (it was ob-

served that the resolution of the BF~ quartet greatly increased in the 

presence of the crown ether), and that this shielding effect will re-

sult in a chemical shift change, it seems reasonble to suggest that 

the chemical shift change will be more pronounced in those cases where 

the counterion forms a tighter ion pair. Then, according to this line 

of reasoning, the experimental data would indicate that the BF^ anion 

forms with the arenediazonium cation a stronger ion pair than the PF^ 

counterion, This result exactly parallels the conclusions previously 
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advanced and based on reaction product ratios (table IV-8), retarda-

tion effects and kinetic analysis (Table IV-9), and supports the find-

ings reported by Cohen and Lipowitz. Then, in 1,2-dichloroethane and 

for the arenediazonium salts studied, ion pairing strength decreases 

in the order BF~>TsO~>PF~ 
^ 6 

In summary, data presented here seems to firmly confirm the oc-

currence of ion pairs in the systems studied and it establishes that 

differences in ion pairing strengths play an important role in the 

thermal decomposition of arenediazonium salts in non-polar solvents. 

Consequently, it seems reasonable to accept that in the thermal decom-

position of arenediazonium salts, under the experimental conditions 

used, the arylfluoride product is derived from intimate ion pairs 

and/or higher aggregates, while the arylchloride product is derived 

from loose (solvent separated ) ion pairs. Moreover, the relative 

strength of the ion pairs influences arenediazonium salt reactions, 

e.g. product composition. 

Evidence for the Existence of a "Protonated Arene-

diazonium-Crown Ether Complex" 

During the isolation of solid state complexes formed between 

p-tert-butylbenzenediazonium tetrafluoroborate with 18-crown-6 and 

21-crown-7, it was noted that when the freshly formed white solids were 

left in an open flask, they gradually changed to a purple solid. While 

solutions of the white solids in 1,2-dichloroethane are fairly colorless 
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similar solutions of the purple solid had a maroon color. Several 

tests were done on the solids and their solutions in order to ascer-

tain the reason(s) for the changes in color, A brief summary of the 

tests and observations is as follows: (1) When the white solid com-

plex was kept in a tightly capped flask the same color change was ob-

served, (2) When the white solid complex was exposed to nitrogen 

and oxygen currents, the same color change occurred. (3) When the 

freshly prepared complex was subject to high vacuum to eliminate sol-

vent traces,and then exposed to the atmosphere, to carbon dioxide and 

to a current of carbon dioxide and moisture, no color change was detec-

ted. (4) Similar tests performed on solutions of the complex, gave 

similar results, (5) HCl (gas) was bubbled through a solution of the 

complex in 1,2-dichloroethane and then the solvent eliminated in a 

rotary evaporator, the resulting solid had a pink color which changed 

progressively to purple upon addition of one drop of the solvent con-

taining HCl. (6) HCl was bubbled through 1,2-dichloroethane and then 

the white complex was dissolved in it. Removal of the solvent yielded 

a pink solid. (7) To a solution of the complex in T,2-dichloroethane, 

a few drops of aqueous HCl was added. After vigorous shaking, two lay-

ers separated. The organic layer had a pink color. Upon addition of 

acetone, the color disappeared, When more aqueous HCl was added the 

pink color was present again. This observation would indicate a cer-

tain reversibility of the process responsible for the color change. 

(8) To separate maroon solutions obtained by dissolving the purple 
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solid in 1,2-dichloroethane, a few crystals of tetrabutylammonium 

chloride or tetrabutylammonium iodide were added. In both cases the 

maroon color disappeared. (9) Through a colorless solution of the 

uncomplexed arenediazonium salt in 1,2-dichloroethane, HCl was bubbled, 

No color change was observed. The same test was done with a solution 

containing only 18-crown-6 with identical results, These last two 

tests indicate that the color change is associated only with the com-

plexed arenediazonium salt, 

The following spectral evidence was obtained: (a) H NMR spectra 

on solutions of freshly prepared complex in DCCl, gave charateristic 

resonance peaks for the arenediazonium salt and the crown ether. 

Spectra were clean and integration was consistent with a 1:1 complex. 

1 
(b) H NMR spectra from solutions of purple solid in DCCl, showed the 

same peaks as above, with the exception of a broad absorption band 

whose position was concentration dependent. (c) It was noted that the 

colorless NMR samples made from freshly prepared complex slowly devel-

oped a pink color which turned to maroon over a more extended period of 

time, Spectra of these samples showed the characteristic resonance 

peaks of the arenediazonium salt and the crown ether, but it seems that 

the broad band mentioned before is absent. In addition, peaks corres-

ponding to decomposition products were observed. (d) IR spectra (Nujol 

mulls) of the white solid complex showed characteristic bands for the 

arenediazonium salt and the crown ether. (e) IR spectra (Nujol mulls) 

of the purple solid showed same bands as above, but with some differ-
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ences: 1) The N^ stretching band at approximately 2295 cm~ is not 

a sharp band as observed for the white solid complex, 2) There is a 

_1 
broad band of low intensity in the 3300-3600 cm region. 3) Two 

_1 
bands of low intensity appear in the 1700-1800 cm region. However, 

these latter bands are not consistent, being more evident in some 

spectra while in others their presence is not so obvious. f) Visible 

spectra of the purple solid in 1,2-dichloroethane showed a band at 

540 nm with a very low molar extinction coefficient. 

From all the above tests and observations, some conclusions may 

be inferred. The process responsible for the color change, seems to 

derive from the presence of HCl. It is known that solvents like 1,2-

dichloroethane, methylene chloride and chloroform contain varying 

amounts of HCl, In the case of DCCI3, the presence of HCl (DCl) was 

confirmed by using an acid-base indicator in solution. The presence 

of HCl in these solvents would explain the color change in complexes 

which have not been subjected to high vacuum, a process that insures 

the removal of solvent traces (and therefore HCl) which might remain 

trapped in the solid, Similarly the color change observed in the NMR 

samples could be attributed to the presence of DCl (HCl) in the sol-

vent, Considering that the spectral evidence does not indicate (to 

a detectable degree) changes in the aromatic moiety, it seems con-

ceivable that a protonation process is taking place as shown below: 
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This would explain the previously mentioned observation that the 

process takes place only on the complexed arenediazonium salt, When 

complexed, the positive charge of the diazonium group is diminished 

by ion-induced dipole interactions with the crown ether and consequent-

ly the beta-nitrogen becomes relatively more basic, This would allow 

for this nitrogen to become a better proton acceptor, The position of 

the proton cannot be precisely determined, but it seems reasonable that 

it would interact between the beta-nitrogen and the counterion, though 

it is also possible that proton interactions with the crown ether ox-

ygens might be present, Assuming that the postulated model is correct 

the corresponding deuterated species should provide spectral evidence 

which may help to identify the nature of the color changes. 

When DCl was bubbled through 1,2-dichloroethane and this solvent 

used in the preparation of the complex, similar color changes were 

1 
observed. The corresponding H NMR spectra showed the features derived 

from the arenediazonium salt and crown ether, but the broad, concentra-

tion dependent band was not detected. IR spectra showed the the broad 

band at 3300-3600 cm"^ was still present, the bands in the 1700-1800 

cm region were not detected. Presence of the bands at higher fre-

quency values would indicate that the probable interaction of the 

proton is not covalent in nature, or that the deuterium content in 

the deuterated complex is not complete. The presence of a band in the 

540 nm region of the visible spectra cannot be explained solely on the 

basis of a monomeric species like the one depicted in the previous 
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page therefore, the species responsible for the color are either dimeric 

in nature or more probably the color derives from the presence of 

higher aggregates of protonated molecules. This would explain the low 

molar extinction coefficient of solutions made with the purple solid. 

In summary, though the evidence presented here does not seem to 

be conclusive in supporting the postulated model, the ocurrence of a 

protonated arenediazonium-crown ether complex seems reasonable. 

Concluding Remarks 

Coraplexation of arenediazonium ions with some multidentate ligands 

is an efficient way to enhance the thermal stability of the salts in 

solutions with solvents of low polarity. Complex stability depends 

on the interplay of mainly the following factors: (1) Relative sizes 

of the cation and the cavity in the multidentate ligand. (2) The mun-

ber of oxygen atoms in the polyether ring. (3) The coplanarity of the 

oxygen atoms in the complex. (4) The symmetrical arrengement of the 

heteroatoms upon complexation. (5) The relative basicity of the 

heteroatoms in the multidentate ring. (6) Steric hindrance in the 

multidentate ligand. 

Among the macrocyclic multidentate ligands studied, the macrocy-

clic polyethers offer a better complexation and particularly those 

macrocycles containing seven oxygen atoms in the ring, provide with 

the best stabilization. Replacement of oxygen atoms by sulfur atoms 

produces a diminished complexation which becomes negligible in the case 

of macrocycles containing all sulfur atoms. Aza macrocycles are not 
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complexing agents, since they promote decomposition via intermediacy 

of triazene derivatives which probably cleave following a radical mode. 

Acyclic polyethers proved to be good complexing agents (though 

less efficient than the macrocyclic analogues) when present in excess 

(ten fold). 

Conclusive spectral evidence was presented supporting the idea 

that the complexation of arenediazonium salts with multidentate ligands 

occurs via interactions of the macrocycles with the arenediazonium 

group and that such interactions seem to be mainly electrostatic in 

nature. Kinetic analysis appears to be an adequate tool in measuring 

relative complex stabilities. 

lon pair interactions and their important role in the thermal 

decomposition of arenediazonium salts were satisfactoraly assessed and 

supported by product analysis, spectral evidence and analysis of 

kinetic studies. 



CHAPTER V 

INTERACTION OF MULTIDENTATE LIGANDS WITH BORON 

TRIFLUORIDE (I) : EXPERIMENTAL 

In the kinetic derivation for the thermal decomposition of arene-

diazonium salts in the presence of multidentate ligands in 1,2-dichlo-

roethane, one of the assumptions made was that upon reaction, the mul-

tidentate ligand would react with BF^ or PFe produced from the attack 

of an aryl cation on the corresponding arenediazonium salt counter-

ions (BF^ and PF respectively). In order to assess the validity of 

this assumption, a tensiometric titration of boron trifluoride with 

several multidentate ligands was conducted. 

99 
Angelici's text has an excellent description of a multi-purpose 

vacuum line and its use for tensiometric titrations. A description of 

several other tensimeters and tensiometric techniques are described 

• au • . u I 100 m Shnver's book 

Tensimeter 

The tensiometric titration of boron trifluoride with several multi-

dentate ligands at 0 "C was conducted using the tensimeter shown in 

r- i/ J01 Figure V-1 

The total volume of the tensimeter was approximately 50 ml. The 

closed-end manometer was constructed of capillary tubing for strength 

to minimize mercury weight, and to reduce the hazard involved with 

surging mercury caused by sudden pressure changes. The high-vacuum 

166 
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Teflon 
Sîopcock 

Fischer-Porter 
Solv-Seal 
Couplo 

7mm side arm 

Manometei 

Figure V-1. High-Vacuum Line Tensimeter 

stopcock was constructed of Teflon, and the coupling utilized Viton 

O-rings to minimize contact with grease. 

Experimental Procedure 

Approximately 5.0 ml of 1,2-dichloroethane (Aldrich,Gold label) 

were placed into the tensimeter along with a known amount of multiden-

tate ligand and a small stirring bar. The tensimeter was then attached 

to the vacuum line at the inlet manifold. The solution was then 

degassed by repeated freezing with liquid nitrogen, pumping, and then 

thawing. Then the system was allowed to equilibrate to reaction tem-

perature. The reaction temperature was conveniently controlled by 

placing a polystyrene cup around the lower part of the tensimeter and 
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filling it with ice-water. This allowed a magnetic stirrer to be used 

which is not the case if a Dewar flask is employed. The pressure on 

the manometer was the read and recorded. 

From a trap on the line into which boron trifluoride had previous-

ly been introduced from a lecture-bottle, a known quantity (as calcu-

lated from the ideal gas law) was then condensed with liquid nitrogen 

into the 7 mm side arm, the stopcock was opened, and the BF.. allowed 

to warra and diffuse into the solution containing the multidentate li-

gand. The solution was vigorously stirred, and the pressure was re-

corded when the system had reached equilibrium (about one-half to one 

hour). This was repeated until an excess of borontrifluoride had been 

added. In a typical run, 0.25 moles of multidentate ligand were dis-

solved in approximately 5.0 ml of 1,2-dichloroethane, and 0.2 mmoles 

of boron trifluoride at a time were subsequently added. After each 

addition, the system was allowed to reach equilibrium conditions and 

the corresponding pressures recorded. In all runs, after the BF_ 

addition was complete, a white precipitate was present. 

Acknowledgment: The assistance and collaboration of Dr. J.L. Mills 

in this work is warmly appreciated. 



CHAPTER VI 

INTERACTION OF MULTIDENTATE LIGANDS WITH BORON 

TRIFLUORIDE (II) : RESULTS 

Tensiometric titrations of boron trifluoride with several multi-

dentate ligands in 1,2-dichloroethane at 0*0 were conducted using the 

following compounds (roman numerals identify them according to Table 

II-D: 12-crown-4 (I), 15-crown-5 (II), 18-crown-6 (III), dicyclo-

hexano-ia-crown-6 (XIV), dibenzo-18- crown-6 (VI), and tetraglyme (LVI). 

Table IV-1 shows the results obtained, 

TABLE VI-1 

Tensioraetric Titration Data for the Reaction of Boron 

Trifluoride with Multidentate Ligands in 

1,2-Dichloroethane at 0*C 

Run 1 ( I , 1.04)^ 

Amounts of BF^ 
^ 0 0.2 0.2 0,2 0.2 0.8 0.8 0.4 

Added, mmoles 

Total Amount of 
0 0.2 0.4 0.6 0.8 1,6 2.4 2.8 

BF3 Added, mmoles 

Pressure, mmHg 24 22 21 21 22 21 40 136 

Run 2 (II , 0.52) 

Amounts of BF, 
^ 0 0.4 0.4 0.4 0,2 0.2 0.2 

Added, mmoles 

169 
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TABLE VI-1 Continued 

^ 0 0.2 0.2 0.2 0.2 

0 0.2 0.4 0.6 0.8 
BF-̂  Added, mmoles 

Pressure, mmHg 24 22 22 52 80 

Run 5 ( VI , 0.25) 

Amounts of BF^ 
^ 0 0.2 0.2 0.2 0.2 

Added, mmoles 

Total Amount of 
0 0.2 0.4 0.6 0.8 

BF-. Added, mmoles 

Pressure, mmHg 24 22 22 26 50 

Total Amount of 
0 0.4 0.8 1.2 1.4 1.6 1.8 

BF, Added, mmoles 

Pressure, mraHg 24 22 22 22 22 50 102 

Run 3 ( III , 0.25) 

Araounts of BF, 
0 0.4 0.4 0,2 0,2 0,2 

Added, ramoles 

Total Amount of 
0 0.4 0,8 1.0 1.2 1.4 

BF, Added, raraoles 

Pressure, mmHg 24 22 22 26 30 42 

Run 4 ( XIV , 0.25) 

Amounts of BF 

Added, mraoles 

Total Araount of 
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TABLE VI-1 Continued 

Araounts of BF, 

Added, mmoles 

Total Araount of 

Run 6 ( LVI , 0,19) 

0 0,4 0,4 0,2 0,2 

0 0.4 0.8 1,0 1,2 
BF, Added, ramoles 

Pressure, mraHg 24 22 22 28 38 

a, Conditions listed following the run number are identified as fol-

low: multidentate ligand, initial number of mraoles of multidentate 
# 

ligand. 

A blank sample containing only 1,2-dichloroethane revealed that 

under the experimental conditions used, boron trifluoride did not react 

with the solvent. 

Reaction of boron trifluoride with multidentate ligands, and the 

reaction stoichiometry can be determined from plots of pressure versus 

mmoles of BF^. A break in the curve represents the quantity of BF^ 

reacted which when divided by the initial amount of multidentate ligand 

present in the system, yields the proper stoichiometry. Figure VI-1 

shows the corresponding plots and Table VI-2 the stoichiometric values 

calculated for each one of the reactions of boron trifluoride with 

different multidentate ligands. 
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Figure VI-1. Tensiometric Titration Data for the Reaction of BF^ 

with Multidentate Ligands in 1,2-dichloroethane at 0*C 



TABLE VI-2 

Stoichioraetric Values for the Reaction of Boron 

Trifluoride with Multidentate Ligands 

in 1,2-Dichloroethane at 0*0 
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Multidentate Liqand 

12-Crown-4 

15-Crown-5 

18-Crown-6 

Dicyclohexano-18-Crown-6 

Dibenzo-18-Crown-6 

Tetraglyme 

Ratio BF^/Multidentate Liqand 

2.1 

2,9 

3.9 

1.7 

2,2 

4,8 

The possibility that boron trifluoride would not react with the 

multidentate ligands at higher temperatures was explored by conducting 

an open flask reaction at roora temperature, In a round bottom flask, 

2,64 g (0,01 moles) of 18-crown-6 were dissolved in 10 ml of 1,2-di-

chloroethane, and boron trifluoride was bubbled through the solution, 

A white precipitate formed indicating the adduct formation reaction 

had taken place. Similar results were obtained using another non-polar 

solvent (DCCI3), 



CHAPTER VII 

INTERACTION OF MULTIDENTATE LIGANDS WITH BORON 

TRIFLUORIDE (III) : DISCUSSION 

Introduction 

The thermal decomposition pathway for complexed arenediazonium 

salts in 1,2-dichloroethane is shown in Equation VII-1, where ML re-

presents a multidentate ligand. 

ArN^X' + ML ^--^ Complex 

. ] (VII-1) 

Products -•-í Ar"*" + N + X' 
solvent 

With respect to this sequence, two considerations need to be made: 

(1) Attack of thearyl cation on the diazonium salt counterion (X~) 

accounts for the formation of one of the reaction products. In the 

cases studied (X = BF., PF7), this reaction gives rise to the formation 

of arylfluorides. For instance, in the case of p-tert-butylbenzene-

diazonium tetrafluoroborate, attack of the arylcation on BF~ yields 

p-tert-butylfluorobenzene and boron trifluoride. The other reaction 

product (p-tert-butylchlorobenzene) is derived from attack of the 

p-tert-butylbenzene cation upon the solvent. (2) There is a possi-

bility that during the therraal decomposition reaction multidentate 

ligands could react with some species present in the system produced 

as a by-product from the attack of the aryl cation on the counterions. 

174 
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Since boron trifluoride is a strong Lewis acid, its reaction with 

the multidentate ligands seeras reasonable. If such reaction takes 

place, it could support the assumption made in the kinetic derivation 

(see Appendix), with respect to the change in ligand concentration, 

Lewis acid-base reactions of boron trifluoride have been known 

102 
for a long time, Brown et al. found that at 0*0 the adduct formed 

by the reaction of triethylamine with boron trifluoride had a 1:1 

stoichiometry, Similar results were obtained by Mills and Flukinger 

for the reaction of boron trifluoride with trimethylamine in methylene 

chloride at O'C. Reactions of boron trifluoride with other Lewis 

bases are also known, and the commercial availability of boron tri-

fluoride etherate is a clear example of them, 

Since the reaction of boron trifluoride with multidentate ligands 

(containing Lewis base centers) seemed reasonalble, a tensiometric 

titration of several multidentate ligands with boron trifluoride in 

1,2-dichloroethane was conducted at 0*0, Table VI-1 and Figure VI-1 

show the results obtained. At 0*0, the initial pressure reading indi-

cates the pressure of the solutions of multidentate ligands in 1,2-di-

chloroethane. As increments of BF, are added, the pressure shows a 

regular decrease due to the formation of a nonvolatile adduct (BF^-

multidentate ligand). A point is reached where further addition of 

boron trifluoride causes the pressure to raise producing an inflection 

point and indicating that no further reaction is taking place. As 

more BF.. is added, the pressure raises drastically and there are no 
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additional inflection points in the plots (Figure VI-1). Since after 

each addition of boron trifluoride the equilibrium pressure was reached 

in very short periods of tirae (1-10 rainutes), it was inferred that the 

adduct forraation takes place very readily. Stoichioraetry for the re-

actions of BF^ and several multidentate ligands is shown in FigureVI-2. 

Reaction of BF^ with multidentate ligands at higher teraperatures 

was shown by bubbling boron trifluoride through a solution of macro-

cycle 18-crown-6 in 1,2-dichloroethane and DCCI3 at room temperature. 

In all cases, the reaction products were white solids. No atterapt to 

analyze thera was made since removal of the solvent gave very hygro-

scopic solids. A tensiometric titration conducted on a blank sample 

of 1,2-dichloroethane revealed that BF3 does not react with the sol-

vent. 

Reaction Stoichioraetry 

Frora data shown in Table IV-2 is apparent that the mumber of BF.. 

moles reactingwith a multidentate ligand depends on the number of oxy-

gen atoms present in the multidentate ring or chain. 

Coraparison of stoichimetric values for ligands III and XIV or VI 

reveals that, in spite of possessing the same number of oxygen atoms, 

these macrocycles forra adducts with different stoichiometric values. 

This would indicate that there is an steric factor which determines 

in part the stoichiometry of the reaction. Therefore, for dicyclo-

hexano-18-crown-6 and dibenzo-18-crown-6, the presence of substituents 
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on the macrocyclic rings inhibits the attack of BF, on those oxygen 

atoms located next to the substituents. Similarly for 18-crown-6, it 

is possible that steric hindrance to further reaction arises from the 

first boron trifluoride molecules already present in the adduct. Ac-

cordingly in tetraglyme (LVI), the open chain structure seems to re-

lease steric crowdiness and this multidentate forms an adduct derived 

frora BF3 attack on all the oxygen atoras coraprising the multidentate. 

Probable structures of some of the adducts are shown below. 

H. O ^ ̂ 3 ^ 3 

In conclusion, reaction of boron trifluoride with these multi-

dentate ligands proceeds via formation of a Lewis acid-base adduct and 

there is no special "crown ether" effect. 

Concludinq Remarks 

Tensiometric titration data for the reaction of boron trifluoride 

with several multidentate ligands in 1,2-dichloroethane revealed that 

adduct forraation takes place and that the number of BF3 moles reacting 

in each case is mainly limited by the number of oxygen atoms present 

in the ligands and by steric factors. The reaction of BF3 with multi-

dentate ligands in 1,2-dichlorethane insures the validity of the 
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assumptions made in the kinetic derivation for the thermolysis of com-

plexed arenediazonium salts in 1,2-dichloroethane. 



CHAPTER VIII 

MECHANISM OF AZO COUPLING IN NON-POLAR 

SOLVENTS (I) : EXPERIMENTAL 

General Methods 

Melting points were determined on a Mel-Temp apparatus (Labora-

tory Devices) and are uncorrected, Infrared spectra were recorded on 

a Perkin-Elraer 457 spectrometer using sodium chloride plates, All 

—1 1 
infrared absorptions are reported in wavenumbers (cm' ). H NMR spec-

tra were taken on a Varian A-60 or XL-100 spectroraeter. In all cases 

(unless otherwise specified) the solvent used was DCCI3 with tetra-

methylsilane as internal standard, Abbreviations used in identifying 

the multiplets of proton magnetic resonance spectra are: (s)=singlet, 

(m)=multiplet. Chemical shifts are reported in delta units (ppm) rel-

ative to tetramethylsilane. 

Synthesis of Substrates 

p-tert-Butylbenzenediazonium Tetrafluoroborate 

Diazotization of p-tert-butylaniline with aqueous HBF. was done 

according to a literature procedure . The title compound was obtained 

34 o 
in 75?á overall yield, mp 91 "C (sealed tube, decompose), (Lit. 99-102, 

decompose). ^H NMR spectrum showed S7.8-8.4 (m,4H), and 01.24 (s,9H). 

IR spectrum (Nujol mull) showed bands at 3120 (=CH), 2270 (N^ stretch), 

1590 (aromatic 0=0), broad band centered at approximately 1025 (BF^), 

and 830 (aromatic CH out-of-plane). 

179 
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p-tert-Butylbenzenediazonium Hexafluorophosphate 

The title compound was prepared by modifying the procedure by 

84 
Rutherford to allow for diazotization of p-tert-butylaniline with 

hexafluorophosphoric acid, The crude diazonium salt was washed with 

cold anhydrous diethyl ether, Yield 80?á, mp 125*0 (decompose). H NMR 

spectrum showed 07,8-8.6 (m,4H),Sl.34 (s, 9H), The IR spectrum (Nujol 

mull) showed bands at 3120 (=CH), 2280 (N^ stretch), 1590 (aromatic 

C=C), and broad band centered at approximately 820 (overlap of PF~ band 

and CH out-of-plane), 

Synthesis of Authentic Samples of Reaction Products 

4-tert-Butyl-4'-N,N-dimethylarainoazobenzene 

In a round bottom flask bearing a pressure-equilibrating addition 

funnel, 1,21g (0.01 moles) of N,N-dimethylaniline (Mallinckrodt, re-

agent grade) and 7.96g (0.10 moles) of pyridine (Fisher) were dissolved 

in 25ral of 1,2-dichloroethane (Aldrich, Gold label). The resulting 

solution was stirred for five minutes at room temperature. A solution 

of 2.50g (0.01 moles) of p-tert-butylbenzenediazonium tetrafluoroborate 

in 25ml of 1,2-dichloroethane was placed in the pressure-equilibrating 

addition funnel and added dropwise during 30 minutes. After addition 

was complete, the reaction raixture was stirred for forty five minutes 

at room teraperature. The solvent was removed in vacuo and diethyl ether 

was added to the residue. Filtration afforded a yellow ether layer 

which was reduced in volurae and adsorbed onto a small amount of basic 
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alumina which was then placed on top of a basic alumina column (Fisher 

Brockman activityl). The coluran was eluted with ethyl ether and the 

title corapound was isolated by removal of diethyl ether i£ vacuo. A 

yellow-orange solid was obtained: rap 137-137.5*C, >.max(1,2-dichloro-

ethane) 410nm, log£=5.44. Analysis calculated for C.„H„,N,: 0,76.87; 
I o LJ J 

H 8.18; N,14.95. Found (Chemalytics, Tempe, Arizona): 0,76.62; H,8.18; 

N,14.85. The H NMR spectrum (CCl^), showed5l.34 (s,9H),S3.03 (s,6H) 

ô 6,5-8,0 (m,8H). IR spectrum (Nujol mull) showed bands at 1615 (ar-

oraatic 0=0), 1530 (N^ stretch), and 830 (aromatic CH out-of-plane), 

Note: it was found that if the preparation of the title compound is 

carried out in the absence of pyridine, it is possible to isolate a 

dark red crystalline solid mp 104-106*0, Xmax (1,2-dichloroethane) 540-

570nm, H NMR spectrum showed: d1.30 (s,9H);53.30 (s,6H) andS^.7-8.0 

(m,9H). IR spectrum (Nujol mull) showed bands at: 3700-3560 (weak), 

1630-1560 (three medium intensity bands), broad band centered at 1060, 

and 830 (medium). Upon addition of polyethers, alcohols and amines to 

a solution of the dark red solid in 1,2-dichloroethane, the color grad-

ually changed to yellow-orange. This yellow-orange solutions turned 

back to the original color by addition of acids. 

4,4'-Bis(dimethylarainophenyl)raethoniura hydrogensulphate 

In a round bottora flask, 0.015g (6 x 10" moles) of 4,4'-bis(di-

methylamino)benzhydrol (Aldrich) was added to approximately lOml of 

anhydrous diethyl ether. The mixture was stirred at room temperature 

until a homogeneous solution was obtained. A solution of 0,020g 
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-4 
(2 X 10 moles) of sulfuric acid in 4ral of anhydrous diethyl ether 

was prepared, and 2.5ml of this solution added dropwise to the benz-

hydrol derivative solution, After addition was completed, the reac-

tion mixture was stirred for 20 minutes, with periodic additions of 

anhydrous diethyl ether to insure precipitation, The final volume of 

the reaction raixture was approximately 15ml, The solvent was removed 

with a pipette, Residual solvent was evaporated in vacuo. The title 

corapound hadAraax(1,2-dichloroethane-glacial acetic acid) 560nm (shoul-

der), 615nra; log£=6.54. 

Kinetic Method 

Coupling reactions of p-tert-butylbenzenediazoniura tetrafluoro-

borate with N,N-dimethylaniline (Mallinckrodt, reagent grade) and with 

4-deuterio-N,N-dimethylaniline (Merck, 98?áD), and p-tert-butylbenzene-

diazoniura hexafluorophosphate with N,N-dimethylaniline in 1,2-dichloro-

ethane (Aldrich, spectrophotometric grade) at 25 0 were followed under 

pseudo-first order conditions (aniline derivatives in at least a ten 

fold excess) by visible spectroscopy (Cary 17 spectrometer), monitoring 

the appearance of an absorption band due to the product 4-tert-butyl-

4'-N,N-dimethylaminoazobenezene at 410nm, Several runs were done by 

varying the relative ratio of reactants, In all cases, the concentra-

tion of arenediazoniura salts was kept constant and different amounts 

of the coupling components were injected directly into the arenedia-

zonium salt solutions in the cuvette in the sample compartment of the 

spectrophotometer. Corrections to account for the changes in the 

volume after injections were done later. 
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Plots of In (Aoo -A^) versus time, where Aa, is the absorbance in 

the infinity sample and A^ the absorbance at time t̂ , gave straight 

lines covering at least two half-lives, From the slopes of these 

linear plots, the corresponding observed rate constants (k . ) were 
obs 

calculated. Tables VIII-1 and VIII-2 summarize the data for the cou-

pling reactions of p-tert-butylbenzenediazonium tetrafluoroborate,and 

Table VII1-3 the data corresponding to p-tert-butylbenzenediazonium 

hexafluorophosphate. 

TABLE VIII-1 

Kinetic Data for the Reaction of p-tert-Butylbenzenediazoniura 

Tetrafluoroborate (1_) with N,N-Diraethylaniline (2̂ ) 

in 1,2-Oichloroethane at 25.0*0 

Run 1 ( 0.594 x 10~^M, 0.594 x 10~-^M)^ 

Time, Minutes 4,36 8.81 17.55 25.76 37.94 55.56 

Absorbance 0,110 0,209 0,380 0.518 0,694 0,899 

63,63 73.15 92,91 

0,975 1,063 1.200 

Run 2 ( 0.594 x 10^"^, 0,594 x 10~^M) 

Time, Minutes 5,17 10,77 21.78 37,88 48.70 59.58 

Absorbance 0,130 0.250 0,454 0.696 0.832 0.946 

71.05 82.66 

1.050 1.139 
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TABLE VIII-1 Continued 

Run 3 ( 0,592 

Time, Minutes 2,67 

Absorbance 0,130 

51,12 

1,171 

: X 10' 

5,06 

0,201 

66,57 

1.325 

Run 4 ( 0,592 x 10" 

Tirae, Minutes 2,85 

Absorbance 0,135 

5.84 

0,244 

\ , 0,762 

14,26 

0,487 

73.05 

1.375 

•̂ M, 0,762 

10,26 

0,390 

X 

X 

10'^M) 

24,45 

0,738 

lO'-̂ M) 

20,89 

0.674 

37.96 

0.978 

29.09 

0.847 

44.17 

1.084 

35.38 

0.959 

41.45 47.64 57.39 

1.056 1.138 1.242 

Run 5 ( 0.591 X lO'^M, 0.929 x lO'^M) 

Tirae, Minutes 3.88 7.30 10.01 15.70 20.36 23.33 

Absorbance 0.230 0.392 0.508 0.715 0.860 0.943 

26,88 32,80 

1,030 1.155 

Run 6 (0,589 x lO'^M, 1.09 x 10' M) 

Tirae, Minutes 2,33 5.68 9.73 13,44 16,20 20.71 

Absorbance 0,188 0.409 0.628 0.795 0.904 1.056 

25,70 29,28 37.36 

1,190 1.270 1.400 

Run 7 ( 0,588 X 10'^M, 1.17 x 10' M) 
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TABLE VIII-1 Continued 

Time, Minutes 5,10 10,68 16.23 21.82 29.70 35.72 

Absorbance 0.407 0.735 0.986 1.178 1.360 1.458 

41.58 47.41 

1.525 1.565 

Run 8 ( 0.585 x lO'^M, 1.34 x lO'-̂ M) 

Time, Minutes 3,89 5.07 7.52 9,91 12.21 15.47 

Absorbance 0.448 0.550 0.740 0,896 1.028 1.175 

19,36 24,24 40.32 

1,311 1.430 1.600 

Run 9 ( 0,585 x lO'^M, 1.50 x lO'^M) 

Time, Minutes 2.44 4,08 5.71 8.07 9.67 14.36 

Absorbance 0,371 0,556 0,718 0.810 1.025 1.269 

Run 10 ( 0.585 x 10"^M, 1,50 x lO'^M) 

Time, Minutes 2.26 5.62 7.04 9,30 11.81 16.29 

Absorbance 0,335 0,688 0.807 0.970 1.125 1.315 

Run 11 ( 0.583 X lO'̂ M̂, 1.66 x 10' M) 

Time, Minutes 1.74 3.76 4,92 6,23 8.68 11.03 

Absorbance 0,300 0,580 0,712 0.844 1.050 1.198 

14.39 17.14 

1.345 1.422 
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TABLE VII1-1 Continued 

Run 12 ( 0.583 x lO'^M, 1,66 x 10'^M) 

Time, Minutes 1,67 3,22 4,64 6,14 7,80 8,91 

Absorbance 0,278 0,492 0,656 0,805 0.948 1.030 

10.15 11.59 

1.110 1.190 

Run 13 ( 0.588 x lO'^M, 1.17 x lO'^M)*^ 

Tirae, Minutes 10.38 15.02 21.15 25.49 30.15 48.20 

Absorbance 0.148 0.196 0.258 0.296 0.338 0.480 

60.69 99,40 110,82 123.99 133.27 

0,567 0.782 0,835 0.891 0,928 

a, Conditions listed following the run number are identified as 

follows: Concentration of (J_), Concentration of (2) 

-4 
b, 18-Crown-6, 0,600 x 10 M, present 

TABLE VIII-2 

Kinetic Data for the Reaction of p-tert-Butylbenzenediazonium 

Tetrafluoroborate (j_) with 4-Deuterio-N,N-Dimethyl-

aniline (2) in 1,2-Dichloroethane at 25.0*0 

Run 14 ( 0.594 x lO'^M, 0.594 x 10 ̂ M) 
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TABLE VIII-2 Continued 

Time, Minutes 4,03 9.30 15,94 27.56 44.06 66.15 

Absorbance 0.047 0,101 o.i63 0.273 0,406 0,561 

89,15 111,80 137,36 160,11 191,40 

0,700 0,818 0,929 1,010 1,105 

Run 15 ( 0,591 X 10"^, 0.928 x 10'"̂ M) 

Time, Minutes 

Absorbance 

Run 

2,43 

0,070 

52 

0.952 

16 ( 0. 

5,15 

0,141 

59,18 

1,032 

586 X 10' 

10 

0,260 

74,73 

1.170 

"̂ M, 1.34 

16 

0,390 

90,98 

1,277 

X 10'^M) 

26 

0,580 

39 

0.786 

Time, Minutes 4 6 8 10 16 19 

Absorbance 0.224 0.322 0.411 0.498 0.720 1.010 

32 49 

1.140 1.380 

Run 17 ( 0,583 x 10"^, 1.67 x lO'^M) 

Time, Minutes 3.13 5.12 10,30 15.60 24,60 33.40 

Absorbance 0,246 0.382 0.683 0.926 1.220 1.394 

41.20 53.81 

1.485 1.560 

a. Same as in Table VII1-1 
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TABLE VIII-3 

Kinetic Data for the Reaction of p-tert-Butylbenzenediazonium 

Hexafluorophosphate (1_) with N,N-Dimethylaniline (2̂ ) 

in 1,2-Dichloroethane at 25.0*0 

Run 18 ( 1.493 x lO'^M, 0.256 x lO'^M) 

Tirae, Minutes 10 20 30 40 50 60 80 

Absorbance 0.140 0.262 0.360 0.456 0,496 0,540 0,606 

Run 19 ( 1.489 x 10'^, 0,425 x lO'-̂ M) 

Tirae, Minutes 5 10 20 30 40 50 

Absorbance 0,160 0,290 0,470 0.582 0,652 0,692 

Run 20 ( 1.485 x lO'^M, 0.594 x lO'-̂ M) 

Tirae, Minutes 5 10 15 20 25 30 

Absorbance 0.280 0.460 0.570 0,650 0.692 0.732 

a, Conditions listed following the run number are identified as 

follows: Concentration of (1), Concentration of (2) 



CHAPTER IX 

MECHANISM OF AZO COUPLING IN NON-POLAR 

SOLVENTS (II) : RESULTS 

Synthesis of Reactants and Reaction Products 

The synthesis of p-tert-butylbenzenediazonium tetrafluoroborate 

34 
was done according to a literature procedure by diazotization of 

p-tert-butylaniline with tetrafluoroboric acid and addition of a water 

solution containing sodiura nitrite. Preparation of p-tert-butylbenzene-

diazoniura hexafluorophosphate was conducted following Rutherford's 

84 method by reacting p-tert-butylaniline with concentrated hydrochloric 

acid and subsequent dropwise addition of a solution of sodium nitrite 

in water until excess nitrous acid was observed with iodine-starch 

paper. Then, hexafluorophosphoric acid was added in one portion. In 

both cases, solid salts were washed with anhydrous diethyl ether and 

after recrystallization, were protected from light and dried in vacuo, 

Crystals were kept in the refrigerator in tightly capped brown glass 

containers. 

Reported melting points are actually decomposition temperatures. 

Spectral analysis (NMR, IR) demonstrated in all cases, the identity 

and purity of the arenediazoniura salts. 

The azo corapound, 4-tert-butyl-4,4'-N,N-dimethylaminoazobenzene, 

was prepared by addition of p-tert-butylbenzenediazonium tetrafluoro-

borate in 1,2-dichloroethane to a solution of N,N-dimethylaniline and 

pyridine (ten fold excess) in the same solvent. Upon removal of the 

189 
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solvent in vacuo, diethyl ether was added to the residue. Filtration 

afforded a yellow ether layer which was reduced in volume and adsorbed 

onto a small amount of basic alumina which was then placed on top of 

a basic alumina column. The column was eluted with diethyl ether and 

the azo compound was isolated by removal of the solvent ini vacuo from 

the eluent. Melting point, spectral analysis, and elemental analysis 

insured the identity and purity of the product. 

For the same reaction but in the absence of pyridine, it was pos-

sible to isolate a dark red solid. Spectral analysis was consistent 

with a compound having the formula C.QHOAN^BF whose more probable 

structure is (CH^^^CC^H^-HN^NC^H^NÍCH^)^ BF^ , 

The compound 4,4'-bis(dimethylaminophenyl)methonium hydrogensul-

fate, was prepared by reaction of 4,4'-bis(dimethylamino)benzhydrol 

with sulfuric acid in anhydrous diethyl ether, Upon removal of the 

solvent, a dark blue solid was left, The solid product was dried i£ 

vacuo, A solution of the solid in a mixture of 1,2-dichloroethane -

glacial acetic acid showed one band in the visible region with X max 

103 
560nm (shoulder), 615nm, From comparison with literature data the 

solid product had the formula: [(CH^^^NC^H^l^CH'^ HSO^ 

Kinetics of the Azo Coupling Reactions of Arenediazonium 

Salts in 1,2-Dichloroethane at 25.0*C 

Kinetics of the azo coupling reactions of p-tert-butylbenzenedia-

zonium tetrafluoroborate with N,N-dimethylaniline or 4-deuterio-N,N-
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diraethylaniline and p-tert-butylbenzenediazonium hexaflîlorophosphate 

with N,N-dimethylaniline were followed under pseudo-first order con-

ditions (aniline derivatives in at least ten fold excess) by monitoring 

the appearance of an absorption band due to the product 4-tert-butyl-

4'-N,N-dimethylaminoazobenzene at 410nm. Excellent pseudo-first order 

kinetic plots covering at least two half-lives were obtained. 

Quantitative yields of the azo coupling product were determined 

by coraparison of the absorption at 410nm in infinity samples with 

that calculated using the extinction coefficient of an authentic sara-

ple of the reaction product. Tables IX-1 and IX-2 summarize the data 

for the BF^ salt and Table IX-3 the data for the PF~ salt. Figures 

IX-1 - IX-3 show some representative kinetic plots (see Appendix). 

TABLE IX-1 

Observed Pseudo-First Order Rate Constants for the Coupling 

of p-tert-Butylbenzenediazonium Tetrafluoroborate (_1_) 

with N,N-Dimethylaniline (2̂ ) in 

1,2-Dichloroethane at 25.0*0 

Run 

1,2 

3,4 

5 

6 

(1) X lÔ M 

0.594*̂  

0.592^ 

0.591 

0.589 

(2) X lÔ M 

0.594 

0.762 

0.928 

1.09 

—obs 
m^ -l^ X 10 sec 

0,238 ± 0.007 

0.416 ± 0.037 

0.584 

0.782 
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TABLE IX-1 Continued 

7 

8 

9,10^ 

11,12^ 

13 

0,588 

0,586 

0,585 

0,583 

0,588^ 

1.17 

1.34 

1.50 

1.66 

1.17 

1.00 

1,28 

1.69 t 0,08 

2,06 t 0.16 

0.0938 

a. Estimated uncertainty in individual run is - 5% 

b. Duplicate runs 

c. 18-Crown-6, 0.600 x lO'^M, present 

TABLE IX-2 

Observed Pseudo-First Order Rate Constants for the Coupling 

of p-tert-Butylbenzenediazonium Tetrafluoroborate (l̂ ) 

with 4-Deuterio-N,N-dimethylaniline (2̂ ) 

in 1,2-Dichloroethane at 25.0*0 

Run (j_) X lÔ M (2)x lÔ M k^^^ x 10^ sec"^ 

14 0.594 0.594 0.120 

15 0.591 0.928 0.310 

16 0.586 1.34 0.645 

17 0.583 1.67 1.02 

a. Estimated maximum error is 3?o to the rate constant 
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TABLE IX-3 

Observed Pseudo-First Order Rate Constants for the Coupling of 

£-tert_-Butylbenzenediazonium Hexafluorophosphate (1) 

with N,N-Dimethylaniline (2) in 1,2-Di-

chloroethane at 25.0*0 

Run (1) X lO^M (2) X lO^M k ̂  x 10^ sec'^ 
~ —oOs ' 

18 1.493 0.256 

19 1.489 0.425 

20 1.485 0.594 

4.22 

9.18 

16.0 

Reaction Rate Constants Evaluation 

In order to determine reaction order and kinetic expression for 

the coupling reactions, k̂ ^̂  values were divided by the square of the 

aniline derivative concentration. Table IX-4 shows the results ob-

tained for the coupling reaction of p-tert-butylbenzenediazonium tetra-

fluoroborate and N,N-dimethylaniline. 

TABLE IX-4 

Rate Constants for the Coupling Reaction of p-tert-Butylbenzene-

diazonium Tetrafluoroborate with N,N-Dimethylaniline (y) 

in 1,2-Dichloroethane at 25.0*0 

(1)x lO^M k ̂  x 10^ sec"'' k . x (1)'^ x 10~^ sec'^M"^ 
— —obs —obs 
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TABLE IX-4 Continued 

0.594^ 

0,762^ 

0,928 

1.09 

1.17 

1.34 

1.50*' 

1.67^ 

0.238 

0.416 

0,584 

0.782 

1.00 

1.28 

1.69 

2.06 

6,73 

7,16 

6,77 

6,53 

7.23 

7.14 

7.48 

7.40 

a. Estimated uncertainty in individual runs is - 5% 

b. Duplicate runs 

The same method was applied for the coupling reaction of the BF7 

salt with 4-deuterio-N,N-dimethylaniline. Table IX-5 shows the results 

obtained. 

TABLE IX-5 

Rate Constants for the Coupling Reaction of p-tert-Butylbenzene-

diazonium Tetrafluoroborate with 4-Deuterio-N,N-dimethyl-

aniline (2) in 1,2-Dichloroethane at 25.0°C 

(2) X lO^M k^^^ X 10^ sec'^ k̂ ^̂  x (2T^x 10~^ sec M̂ ^ 

0.594 0.120 3.40 
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TABLE IX-5 Continued 

0.928 0,310 3.60 

1.34 0.645 3.59 

1.67 1.02 3.66 

a. Estimated uncertainty in individual runs is ± 3?á 

Table IX-6 shows the values of the primary kinetic isotope effect 

calculated at four concentrations of aniline derivatives. 

TABLE IX-6 

Calculated Primary Kinetic Isotope Effect for the Coupling 

Reaction of p-tert-Butylbenzenediazonium Tetrafluoro-

borate in 1,2-Dichloroethane at 25.0'C 

k,, X 10~^ sec'^M'^ k^ x 10'^ sec~^M~^ k,yk 
—11 

6 

6, 

7, 

7, 

.73 

.77 

.14 

.40 

3.40 1.98 

3.60 1.88 

3.59 1.98 

3.66 2.02 

A similar analysis was attempted for the coupling reaction of the 

hexafluorophosphate salt with N,N-dimethylaniline. Results obtained 

were not consistent with a second order dependence on the concentration 
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of aniline derivative, so data was analyzed as follows: assuming the 

rate expression has two terras with first and second order dependance 

on the concentration of N,N-dimethylaniline (DMA) and first order de-

pendence in p-tert-butylbenzenediazoniura hexafluorophosphate (DH), 

Equation IX-1 results: 

Rate = k̂  (DH) (DMA) + k̂  (DH) (DMA)^ (IX-1) 

which can be modified into Equation IX-2 

Rate/(DH) = k̂  (DMA) + k̂  (DMA)^ = k (IX-2) 

Dividing by (DMA) an apparent rate constant, k , results as indi-
app' 

cated in Equation IX-3. 

k^/(DMA) = k = k̂  + k̂  (DMA) (IX-3) 

Since this expression corresponds to a linear equation, a plot of k 

versus (DMA) should be linear with intercept = k- and slope = k„. 

Table IX-7 shows the numerical values calculated for k and Fiqure 
app ^ 

IX-1 the corresponding plot. 

TABLE IX-7 

Apparent Rate Constant Values for the Coupling of p-tert-Butyl-

benzenediazonium Hexafluorophosphate with N,N-Dimethyl-

aniline in 1,2-Dichloroethane at 25.0°C 

k X 10^ sec~^ (DMA) x lO^M k sec" M~ 
—o "~̂ PP 

4.22 2.56 1.65 



TABLE IX-7 Continued 
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9.18 

16.0 

4.25 

5,94 

2,16 

2,69 

(DMA) X 10 M 

Figure IX-1. Plot of k versus (DMA) for the Coupling of p-tert-

Butylbenzenediazonium Hexafluorophosphate with N,N-Di-

methylaniline in 1,2-Dichloroethane at 25.0 C 

From the plot in Figure IX-1 the following values were calculated: 

intercept=k^= 8,58 x lO^^sec-^M"^ and slope^k^^ 3.08 x lO-^ec-^M"^ . 
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Quantitative yields of the azo coupling product were determined 

by coraparison of the absorption at 410nm in infinity samples with that 

calculated using the extinction coefficient of an authentic sample of 

4-tert-butyl-4'-N,N-diraethvlarainoazobenzene. Table IX-8 shows the 

calculated yields for each individual run for the coupling of p-tert-

butylbenzenediazoniura tetrafluoroborate with N,N-dimethylaniline or 

4-deuterio-N,N-dimethylaniline, and Table IX-9 lists the results obtai-

ned for the coupling reaction of p-tert-butylbenzenediazonium hexa-

fluorophosphate with N,N-dimethylaniline. 

TABLE IX-8 

Calculated Product Yields for the Coupling of p-tert-Butylbenzene-

diazonium Tetrafluoroborate (]_) with N,N-Dimethylaniline (2̂ ) 

or 4-Deuterio-N,N-dimethylaniline (3) 

in 1,2-Dichloroethane at 25.0'c 

(1) X lO^M 

0.594 

0.594 

0.594 

0.592 

0.592 

0.591 

0.591 

0.589 

(2) X lO^M 

0.594 

-

0.594 

0.762 

0.762 

0.928 

-

1.09 

(3) X 10-̂ M 

-

0.594 

-

-

-

-

0.928 

_ 

% Y i e l d ^ ' ^ 

96.8 

90.9 

95.9 

99.5 

94.1 

100.3 

95.6 

101.3 
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TABLE IX-8 Continued 

0,588 1.17 

0,586 1.34 

0,586 - 1.34 

0,585 1.50 

0.585 1.50 

0.583 1.66 

0.583 - 1.67 

0.588^ 1.17 

100, 

101, 

t 98, 

100. 

96. 

96. 

100. 

102. 

.2 

.0 

.3 

.7 

.6 

.9 

.3 

.8 

a. For reactions with 2_, maximum error on average value is 3% 

b. For reactions with 3̂ , maximum error on average value is 4?o 

-4 
c. 18-Crown-6, 0.600 x 10 M, present 

Note: In the coupling reactions of the BF~ salt with 2_ and 3_y an addi-

tional low intensity band at Amax = 615nra was detected. This band was 

more obvious at low concentrations of 2̂  or 2 '̂̂cj in the presence of 

excess 18-crown-6 in the reaction system. 

TABLE IX-9 

Calculated Product Yields for the Coupling of p-tert-Butylbenzene-

diazonium Hexafluorophosphate (j_) with N,N-Dimethyl-

aniline (2) in 1,2-Dichloroethane at 25.0*0 
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TABLE IX-9 Continued 

(1_) X lO^M 

1.493 

1.489 

1.485 

{2] ) X lO^M 

0.256 

0.425 

0.594 

% Yield 

85.7 

90.7 

94.3 

Note: In the coupling reaction with hexafluorophosphate arenediazonium 

salt, visible spectra showed the absorption band corresponding to the 

main azo coupling product and two additional bands atAmax approxima-

tely 570nra and /\max = 615nm. These two additional bands decreased in 

intensity with increasing amounts of N,N-dimethylaniline in the reac-

tion system. 



CHAPTER X 

MECHANISM OF AZO COUPLING IN NON-POLAR 

SOLVENTS (III) : DISCUSSION 

Introduction 

Coupling of arenediazoniura cations with activated aromatic com-

pounds is one of the most widely studied reactions in organic chemis-

104 
try . A preponderance of literature on the subject concerns reac-

tions conducted in aqueous or highly polar organic solvents, such as 

acetonitrile, nitromethane, and nitrobenzene ' ' , in which arene-

diazonium salts are soluble. Reports of azo coupling in non-polar 

.. 56,105,106 media are rare ' "^»'^", 

In aqueous media the mechanism of coupling reactions is well es-

tablished and the most important features concerning the coupling 

reaction can be sumraarized as follows: (1) Site of coupling. The nor-

mally preferred site of coupling is para to the activating group and 

large amounts of ortho substitution are rarely observed. The products 

are also trans about the azo linkage, probably arising from the rever-

sible first step in the coupling reaction which results in a highly 

selective electrophile. Base removal of the proton may be also facil-

itated in para attack. Nevertheless, there are cases where depending 

on the substrates and varying concentration/nature of the base present, 

the relative amounts of ortho and para products can be changed 

(2) Reactivity of arenediazonium ions. Reactivity of arenediazonium 

201 
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ions as electrophiles is increased by the presence of electron-with-

drawing substituents which enhance the electropositive nature of the 

diazonium ion. In general the lower the reactivity of this substrate 

the higher the sensitivity to substituent effects. (3) Reactivity of 

the coupling component. The presence of substituents in the aryl 

group reacting with the arenediazoniura ion has a dual effect: in 

phenolic systeras, electron-withdrawal increases the concentration (at 

pH's below pK) but decreases the reactivity of the phenolate; with 

substituted anilines, unless studied in acidic solutions (pH<4), 

electron-withdrawal decreases the nucleophilicity of the substrate as 

observed in other aromatic substituted reactions. (4) Displacements 

of groups other than H . Zollinger has shown that benzenediazonium 

ion will displace SO3 from 2-naphthol-1-sulfonic acid to give 1-phenyl-

azo-2-naphthol. 

Coupling reactions in organic solvents of high polarity have re-

ceived less attention. Zollinger reported that rates of reaction 

between 4-toluenediazonium salts and N,N-dimethylaniline in tetra-

methylene sulfone, acetonitrile, water, and nitromethane vary only by 

a factor of five. Furthermore, no significant effect of the anion of 

the arenediazonium salt was found, It was inferred that solvation of 

arenediazonium ions and conceivable ion pair interactions were weak. 

Mechanistic studies conducted in acetonitrile and nitromethane showed 

that the coupling reaction proceeds via a two-step process (5^.2), with 

proton transfer being the rate limiting step. 
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Mechanistic information concerning azo coupling in solvents of 

low polarity is alraost enterily absent. Bradley and Thorapson̂ ^ re-

ported a coupling reaction in benzene, Their main conclusion was that 

the coupling reaction in benzene is not essentially different from that 

which occurs in aqueous media, but that by-products may arise from 

radical reactions if the conditions of coupling favor the formation 

of diazoethers or diazoaraino corapounds at the first stage of the total 

reaction, 

In suraraary, there has been very little research done concerning 

azo coupling reactions using non-polar solvents, and mechanistic in-

formation is almost enterily absent. 

From a mechanistic point of view, coupling reactions of arenedia-

zonium ions with activated aromatic compounds in polar media proceed 

by formation of a sigma complex followed by proton transfer from the 

sigraa coraplex to a base ' (Equations X-1 and X-2). 

ArNt + Ar'H(D) 
'1 

Ar 
^N^Ar 

H(D) 
+ B 

-1 

Ar 
/N Ar 

H(D) 
\ 

Ar'N=NAr 
+ 
BH(D) 

(X-1) 

(X-2) 

Whether the first or the second step of this Sr-2 mechanism is rate 

limiting depends upon the relative magnitudes of k_̂  and k^^B). In 

aqueous buffers, the rate determining step for azo coupling of arene-

diazonium ions with naphthols depends upon the structure of the 
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naphthol , A dependence of rate limiting step upon the nature of 

the coupling coraponent has also been reported in reactions of cora-

pounds like£-raethoxybenzenediazonium tetrafluoroborate with anilines 

and naphthylamines in nitrobenzene . For coupling of 4-toluenedia-

zoniura salt with N,N-diraethylaniline, the rate-limiting step changes 

in going from water to acetonitrile or nitromethane . 

In order to gain information concerning azo coupling reactions in 

non-polar solvents, p-tert-butylbenzenediazonium tetrafluoroborate and 

p-tert-butylbenzenediazonium hexafluorophosphate were allowed to react 

under pseudo-first order conditions with N,N-dimethylaniline or with 

4-deuterio-N,N-dimethylaniline and N,N-dimethylaniline respectively. 

Since each case requires special considerations, they will be treated 

separately. 

Coupling with p-tert-Butylbenzenediazonium Tetrafluoroborate 

Reaction Kinetics 

Kinetic studies of the coupling reaction between the tetrafluoro-

borate arenediazoniura salt (J_) and excess N,N-dimethylaniline (2̂ ) in 

1,2-dichloroethane at 25.0 **C reveal that the reaction is first order 

in diazonium salt (see Table IX-1) and second order in (2) (Table IX-4). 

These results are consistent with the two step mechanism presented in 

Equations X-1 and X-2 if the rate-limiting step is proton transfer from 

the sigma complex to a second molecule of (2̂ ) . In agreement, when 

4-deuterio-N,N-dimethylaniline is used as the coupling component, a 
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primary kinetic isotope effect (Table IX-6) value of 1.96 i 0.05 is 

observed. Apparently, the raethyl groups of the coupling component 

provide sufficient steric hindrance so that proton abstraction from 

the sigma complex by (2̂ ) is rate limiting. The rather low magnitude 

of the primary deuterium isotope effect indicates either an assyme-

trical transition state for the proton transfer or a close balance 

108 
between k^^Base) and k . . The experimental data presented here do 

not allow for differentiation between these two possibilities. 

These results are similar to those which have been reported for 

the coupling of £-methoxybenzenediazonium tetrafluoroborate with N,N-

dimethylaniline in a considerably more polar solvent, nitrobenzene 

Overall third-order kinetics and a primary isotope effect value of 1.5 

« 
at 50 C were found. Therefore the azo coupling of arenediazonium 

tetrafluoroborates with N,N-dimethylaniline seems to occur via the 

sarae mechanism in nitrobenzene and in 1,2-dichloroethane. Furthermore, 

the similarity of the deuterium isotope effect values indicates transi-

tion states with approximately the same structure in the two aprotic 

solvents of differing polarity. 

It is conceivable that crown ethers could be used to effect solu-

bilization of arenediazonium tetrafluoroborates and hexafluorophos-

phates in chlorocarbon solvents for azo coupling reactions. In order 

to assess the effects of crown ether upon the azo coupling rate of (J_) 

and (2) , the reaction of (j_) and an equivalent amount of 18-crown-6 

with an excess of (2) in 1,2-dichloroethane was conducted. As may be 
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seen in Table IX-1 (corapare the fifth and last entries), the presence 

of one equivalent of crown ether reduces the coupling reaction rate 

constant to approxiraately ten percent of its value under coraparable 

conditions in the absence of crown ether, Therefore, azo coupling 

reactions are subject to the same arenediazonium ion deactivation re-

ported for therraolysis , photolysis^^, and nucleophilic replaceraents 

of para substituents in crown ether complexed arenediazonium ions. 

Despite the rate retardation, reaction of 1_ with excess 2̂  in the pres-

ence of one equivalent of 18-crown-6 produced a high yield (>90?o') of 

the azo coupling product. Similarly, the coupling reactions conducted 

in the absence of crown ether, produced high yields of 4-tert-butyl-

4'-N,N-dimethylarainoazobenzene (Table IX-8), 

As was mentioned before, when the azo coupling reaction is con-

ducted at low concentrations of N,N-dimethylaniline or in the pres-

ence of excess 18-crown-6, visible spectra of the reaction system 

showed an additional band of relative low intensity at 615nm. The 

intensity of this band progressively decreases as the amount of the 

coupling component present in the system increases. A literature 

110 
search gave no clues except for one paper by Suschitzky and Sellers 

where the formation of 4,4'-bis(dimethylaminophenyl)methane (BMM) in 

the decomposition of arenediazonium tetrafluoroborates in N,N-dimethyl-

103 
aniline was reported, and another paper by Nagai et al. where the 

visible spectrum of 4,4'-bis(dimethylaminophenyl)methyl cation (BMM ) 

and its formation from BMM and sulfobenzoic anhydride was given. 
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Assuraing that in the coupling reaction of p-tert-butylbenzenediazonium 

tetrafluoroborate with excess N,N-dimethylaniline in 1,2-dichloroethane 

some BMM was formed, it was necessary to show that BMM could be trans-

formed to BMM under the experimental conditions. If this were pos-

sible, then the last step would be the synthesis of an authentic saraple 

of BMM and coraparison of its visible spectrum with that reported in 

the literature, 

In order to assess the formation of BMM under the experimental 

conditions used, a solution of p-tert-butylbenzenediazonium tetra-

fluoroborate in 1,2-dichloroethane was reacted with an equivalent 

amount of BMM (Aldrich) in the same solvent. A dark blue solution was 

obtained and its visible spectrum shows a band withAmax = 560 nm 

(shoulder) and 615 nm, which matches the visible spectrum of BMM given 

by Nagai et al.; and one band atAmax = 410nm. As was indicated before 

(Experimental part, Chapter VIII) an authentic sample of BMM SO^H" was 

isolated and its visible spectrum showed only one band at A max = 560nm 

(shoulder) and 615nm, so the presence of the band at 410nm remains to 

be explained, This experiment clearly indicates that BMM (responsible 

for the absorption at 615nm) is formed from BMM and p-tert-butylbenzene-

diazonium tetrafluoroborate under similar conditions to those used in 

the kinetic studies of the coupling reaction between the same BF^ salt 

and N,N-dimethylaniline in 1,2-dichloroethane. Therefore, the visible 

spectrum for the coupling reaction at relatively lower concentrations 

of the coupling component , schematically shown in Figure X-1, could 
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be explained in terms of the presence of at least two components: 

4-tert-4'-N,N-dimethylaminoazobenzene ( I, Amax 410nm) and BMM"̂ BF" 

(II,Amax 560nra (shoulder) and 615nm). 

(U u c 
03 

J3 
(-> 
O 
03 

JD 

X (nm) 

410 570 615 

Figure X-1. Schematic Visible Spectrum for the Coupling Reaction of 

p-tert-Butylbenzenediazonium Tetrafluoroborate with N,N-

Diraethylaniline in 1,2-Dichloroethane at 25.0 C 

In summary, experimental evidence indicates: (a) The main product 

(> 90?á) of the coupling reaction is 4-tert-4'-N,N-dimethylaminoazoben-

zene (A max 410nm), (b) The reaction by-product is BMM BF~ ( Amax 560nm 

(shoulder) and 615nm), (c) The BMM cation is formed from reaction of 

4,4'-bis(dimethylarainophenyl)methane with the arenediazonium ion, (d) 

Using plots of Absorbance versus (BMM ) with an authentic sample of 

BMM"^HSO', it was possible to estimate that at lower concentrations of 

DMA, BMM"̂  accounts for up to 2% of the total reaction yield, (e) At 
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higher concentrations of the coupling component, the formation of BMM 

is practically negligible, (f) When 18-crown-6 is present in excess, 

results are similar to the ones observed at lower concentrations of 

the coupling coraponent. Since upon dissociation of the complexed salt 

the arenediazonium ion finds itself surrounded by solvent, counterion, 

and crown ether molecules, it seems reasonable that this situation 

is equivalent to have a relatively lower concentration of DMA available 

for reaction, 

Mechanisra 

From a mechanistic point of view, it is desired to find a mecha-

nism which would account for all the experimental observations men-

tioned above. It seems reasonable to think that the formation of BMM 

could follow the same sequence originally presented by Suschitzky and 

11 n 
Sellers for the decomposition of arenediazonium salts in DMA. The 

sequential steps are shown in Scheme X-1, where counterions are omitted 

for simplicity and the following abbreviations are used: N,N-dimethyl-

aniline (DMA), 4-tert-4'-N,N-dimethylaminoazobenzene (DAB), 4,4'-bis-

(dimethylaminophenyl)methane (BMM). 

DMA 
1) DAB ,^=-r (CH^^^C-C^H^N^ ^^r^ (0^3)3^0^^^+ + N^ 

(Amax 410nm) 

2)(CH3)3CC^H^+ + DMA •^ (CH^^^CC^H^ + C^H^^CH^^NCH^ 

(I) 
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3) (I) + DMA (CH^^^NC^H^CH^NH^CH^^C^H, 

(II) 

N ^ 

4) 

5) 

(II) •^ CH^C^H^N^CH^)^ + C^H^NHCH^ 

(III) 

(III) C^H^NCH^^R) 

R=H,-CH. 

(CH3)^NC^H^CH^C^H^NCH^(R) 

R=H 

R= -CH3 (BMM) 

a. Interraediates like the one shown have been isolated by Swan and 

, 111 
coworkers 

According to this scheme then, formation of BMM is initiated by 

the competing slow dissociation of the arenediazonium salt into a ni-

trogen raolecule and an aryl cation. For the coupling reaction of the 

arenediazoniura tetrafluoroborate salt with DMA in 1,2-dichloroethane, 

it would be reasonable to expect that the major product in step 5 is 

BMM. Next, it is necessary to account for the formation of BMM , keep-

ing in mind that when BMM reacts with the arenediazonium salt in 1,2-

dichloroethane, the visible spectrum of the reaction solution shows a 

band at 410nm and another band at 615nm,560nm (shoulder). One alter-

native would be to envision the BMM formation due to a hydride ab-

straction by the aryl cation from BMM as shown in Equation X-3. 

(CHj^^NCgH^CH^CgH^NÍCH^)^ * (CH^j^CCgH^- (CHj^jCC^Hj 
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+ ((CH^^^NC^H^^^CH (X-3) 

BMM"̂  

Although this step would account for the formation of BMM , it pre-

sents sorae probleras: (a) for steric reasons it does not seem very 

probable that the relative large tert-butylphenyl cation could perform 

a hydride abstraction from a BMM molecule, (b) since the aryl cation 

is a highly reactive species, it does not seem reasonable that it would 

perforra such a selective abstraction. In all probability, it would 

prefer to abstract a hydride ion from a methyl group of the N,N-di-

methylamino groups, (c) this step does not account for the visible 

absorption band at 410nm, since the only product is BMM (Amax 615nm), 

Therefore, the above shown sequence (Equation X-3) has to be considered 

unsatisfactory. Another alternative which would obviate these problems 

is the one presented in Scheme X-2. 

BMM + (CH^^^CC^H^N^ ^^=ír (CH^^^NC^H^CH^^^N^CH^)^ 

(o- and p-) 
N=N - ^ 

C^H^C^CH^)^ 

Frora ortho-attack 

DMA 
(CH3)2NC^H^CH2<>>N(CH3)2 ^ ^ (CH^^^NC.H^CH^y^N^CH^)^ 

\ N=NC.H,C(CH,), 
N^NC^H^C^CH^)^ 6 4 3 3 

( A = 410 nm) 
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From para-attack 

H /rr:\ H' transfer 
(CH3)2NCgH^CH<^N( 0^3)2 ^ N̂  + (CH^^^CC^H^ + 

N 
II + 

^ N ((CH^^^NC^H^^^CH 

(CH^)^CC,H. + 
3 3 6 4 BMM^ 

(A max 560nm (shoulder), 615nm) 

Scheme X-2 

Intramolecular hydride transfer in arenediazonium salt reactions have 

been reported by Suschitzky and Sellers^^° and by Cohen et al,^^^'^^^. 

Whether the hydride transfer is a hydride shift-type or a transannular 

transfer-type cannot be assessed from the data presented here. If the 

hydride transfer pathway is possible, it could also be used to explain 

the forraation of BMM without having to resort to the competing forma-

tion of an aryl cation (Scheme X-1, step 1), It is known that normally 

in coupling reactions, the reaction product derives almost exclusively 

from the attack of the arenediazonium ion on the para-position of the 

coupling component, With few exceptions, azo products derived from an 

ortho-attack are not formed in significant amounts. It is also known 

that base removal of a proton is favored in the case of para-attack. 

Intramolecular hydride transfers involving diazonium compounds are 

110 
often geometrically favored . Moreover, hydride transfers to a ter-

114 
minal carbon not bearing a full positive charge are also known 

Along these lines, it seems reasonable to suggest an alternative path-
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way for the initiation of the sequence leading to the formation of 

BMM, This alternative is shown in Scheme X-3, 

N^CH^)^ 

(CH^^^CC^H^N^ + DMA ;^=:^ (CH^^^CC^H^N^N^ 

(£- and £-) 

From para-attack 

^ DMA 
( C H 3 ) 3 C C ^ H ^ N = N \ ^ N ( 0^3)2 (CH3)3CC^H^N=NC^H^N(CH3)2 

(X max 410nm) 

From ortho-attack 

HCH^ CH, 
\ 2 / 3 

H ^ 
(0^3)300 H^N=NyS ^ (CH ) CC H + N + 

^ H' transfer 

C^H^^CH^^NCH^ 

C^H^^CH^^NCH^ ^ ^ -• BMM 

(as in Scheme X-1) 

Scheme X-3 

Finally, the possibility of a cation radical species being re-

sponsible forthe band at 615nm was ruled out, since numerous tests and 

ESR spectroscopy gave negative results. 
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Although the experimental data presented here is insufficient to 

ascertain the validity of the suggested mechanism, the proposed se-

quence of steps seems reasonable. 

Coupling with p-tert-Butylbenzenediazonium Hexafluorophosphate 

Reaction Kinetics 

Kinetic studies of the coupling reaction between the PF, salt _1_ 

and excess N,N-dimethylaniline 2_ in 1,2-dichloroethane at 25.0 C show 

that the overall kinetic expression does not coincide with the equa-

tion derived for the BF~ salt. In order to account for the experi-

mental data, it is necessary to use an expression with two contribut-

ing terras (see Equations IX-1 - IX-3). Table IX-7 and Figure IX-1 

deraonstrate the validity of such equation and therefore, for the 

coupling reaction of the PF~ salt the rate equation is: 

Rate = k̂  (1) (2̂ ) + k̂  (O (2)^ 

where k = 8.58 x 10"'' sec'''M~'' and k̂  = 3.08 x 10"̂  sec" M' . Visible 

spectra of the reaction systems show three bands at 410nm, 550-570nm, 

and 615nm. Contrary to the case of the tetrafluoroborate salt, the 

absorption at approximately 560nm corresponds to a band and not to a 

shoulder of the 615nm band. In agreement, for reactions conducted at 

relatively lower concentrations of 2, the intensity of the 570nm band 

is larger than the intensity of the band at 615nm. It was observed 
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that the intensity of the bands at longer lambdas progressively de-

crease as the araount of 2_ present in the system increases. 

As mentioned in Chapter VIII (Experimental section), in the pre-

paration of 4-tert-butyl-4*-N,N-dimethylaminoazobenzene in the absence 

of pyridine, a dark red solid was isolated. Spectral analysis were 

consistent with the structure (CH^^^CC^H^NH^NC^H^N^CH^^^BF" . In 1,2-

dichloroethane this protonated azo compound exhibits an absorption 

band in the visible region at 550-570nm, Isolation of tetrafluoro-

borate salts of protonated azoaromatic compounds has been recently 

115 
reported by Buttler and Shepherd , In view of these data, it seems 

reasonable that the visible spectrum for the coupling reaction of 1_ 

with 2̂  in 1,2-dichloroethane, schematically shown in Figure X-2, could 

be explained assuming the presence of at least three components: 

4-tert-4'-N,N-dimethylaminoazobenzene (I,Amax 410nm); protonated 

4-tert-4'-N,N-dimethylaminoazobenzene hexafluorophosphate (II,Amax 

550-570nra); and BMM"*'PF~ (III,Amax 560nm (shoulder), 615nm). 
6 

Mechanism 

Frora a raechanistic point of view, the formation of products I and 

III can be explained in the same way shown for the BF~ salt (see Schemes 

X-1 - X-3), but the appearance of product II and the first term of the 

corresponding rate equation remain to be rationalized. The first term 

of the rate expression indicates a first order dependence on DMA, which 

implies that a second molecule of DMA is not needed in the proton re-

moval step. Therefore, the deprotonation step seems to be done by the 
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Figure X-2. Schematic Visible Spectrum for the Coupling Reaction of 

p-tert-Butylbenzenediazonium Hexafluorophosphate with 

N,N-Diraethylaniline in 1,2-Dichloroethane at 25,0*C 

PF anion , which apparently in 1,2-dichloroethane is basic enough to 

do so. Consequently, a mechanistic sequence has to indicate the above 

mentioned possibility. Such a case is depicted in Scheme X-4 

(CH^^^CC^H^N^ + DMA ^ = ^ (CH^^^CC^H^N^Ny^V^N^CH^)^ (D 

H 

I + PF. (CH^^^CC^H^N^NC^H^N^CH^)^ + PFH^ 

(CH^^^CC^H^NH^NC^H^N^CH^)^ PF^ 

(Amax 550-570nm) 

Scheme X-4 
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Scheme X-4 appears to be satisfactory not only because explains 

the first-order dependence on DMA, but also because it accounts for the 

product responsible for the visible absorption band observed at 570nm 

(see Figure X-2), This scheme would also explain the trend observed 

in reaction product yields (Table IX-9), since it seems reasonable to 

expect that at relatively higher concentrations of DMA, proton abstrac-

tion by PF~ would be diminished. 

Comparison of the overall third order rate constant for the azo 

coupling reaction using the BF~ salt (k=7.05 x 10^ sec~^M~^) and the 

third order rate constant using the PFT salt (k_=3.08 x 10"̂  sec~^M~^), 
6 L 

indicates that in the latter case the reaction proceeds faster. In 

view of the general mechanism shown in Equations X-1 and X-2, it seems 

reasonable to attribute the difference in rates to a difference of ion 

pair strengths. Then, this would be additional evidence in support of 

the role played by counterions in reactions of arenediazonium salts in 

non-polar solvents, which was extensively discussed in Chapter IV. 

Concluding Remarks 

Kinetic studies for the azo coupling reaction of two arenediazonium 

salts with N,N-dimethylaniline under pseudo-first order conditions, 

reveal that the mechanism of the reaction proceeds by formation of a 

sigraa complex followed by proton transfer from the sigma complex to a 

basic species (Equations X-1 and X-2). The primary kinetic deuterium 

isotope effect for the arenediazonium tetrafluoroborate salt yields a 

value comparable with the one obtained for similar reactions in nitro-
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benzene, This isotope effect indicates that the rate-limiting step is 

proton removal from the sigma complex by a base and that the azo 

coupling reaction occurs via the sarae mechanism in nitrobenzene and in 

1,2-dichloroethane. Furthermore, the similarity of deuterium isotope 

effect values indicates transition states with approxiraately the>same 

structure in the two aprotic solvents of differing polarity. 

In the coupling reaction of the tetrafluoroborate and hexafluoro-

phosphate arenediazonium salts, the visible spectra of the reaction 

solution show one band (410nm) corresponding to the product 4-tert-4'-

N,N-dimethylaminoazobenzene and or two additional bands, respectively, 

These additional bands are rationalized, and mechanistic possibilities 

are suggested for the formation of the products responsible for the 

corresponding bands observed in the visible spectra. 

Comparison of third order rate constants reveals that the coupling 

reaction with the arenediazonium hexafluorophosphate salt proceeds 

faster than the coupling reaction with the analogous tetrafluoroborate 

salt. This difference was attributed to a variation in ion pair 

strengths, which is considered to be another piece of evidence to the 

counterion effects previously discussed in Chapter IV. 
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221 
35. W. T. Ford, J. Org. Chem., 36, 3979 (1971). 

36. M. Stiles, R. G. Miller, and U. Burckhardt, J. Am. Chem. Soc, 
82, 1792 (1963). 

37. J. I. G. Cadogan, C. D. Murray, and J. T. Sharp, J. Chem. Soc, 
Chera, Coraraun,, 901 (1974), 

38. J. I, G, Cadogan, Acc Chera, Res,, 4., 186 (1971). 

39. J. I, G, Cadogan, A, G, Rowley, J, T. Sharp, B. Sledzinsky, and 
N. H. Wilson, J, Chera. Soc Perkin I, 1072 (1975). 

40. C. Ruchardt and C. C. Tan, Angew, Chera, Int, Ed,, 9_. 522 (1970). 

41. T. J. Broxton, J. F. Bunnett, and C, H. Paik, Chem. Commun., 1363 
(1970), 

42. For some work with ESR, see: A, L. J. Beckwith and R. 0. C. Norman, 

J. Chem. Soc, B, 403 (1969); A. Rieker, P. Niederer, and H. B. 

Stegmann, Tetrahedron Lett. 3873 (1971); A. Cox, T. J. Kemp. D. R. 

Payne, M. C. Symons, and P. P. de Moira, J. Am. Chem. Soc., 100, 

4779 (1978), 

43. For some work with CIDNP, see: A. Rieker, P. Niederer, and D. 

Leibfink, Tetrahedron Lett., 4287 (1969); S. Berger, S. Hauff, P. 

Niederer, and A. Rieker, Tetrahedron Lett., 2581 (1972). 

44. M. Andressen, Chem. Zentr.,66, 550 (1895). 

^5, R. C. Petterson, A. DiMaggio,III, A. L. Herbert. T. J. Haley, 
J. P. Mykytaka, and I. M. Sarkar, J. rg. Chem.,36, 631 (1971). 

46. W. Ando, in S. Patai, "The Chemistry of Diazonium and Diazo Groups" 
pp. 342-477, Interscience Publishers, New York, 1978. 

47. A, F, Hegarty, in S. Patai, "The Chemistry of Diazonium and Diazo 
Groups", pp. 532-545. Interscicnce Publishers, New York, 1978; 
H. Zollinger, "Azo and Diazo Chemsitry, Aliphatic and Aromatic 
Compounds", Interscience Publishers, New York, 1961. 

48. C. D. Ritchie, Acc Chem. Res., 5_, 348 (1972), and references 
therein. 



222 
49. H, Zollinger, Chem, Rev,, 51, 347 (1962). 

50. S. Kishimoto, 0, Menabe, H. Haciro, and N. Hirao, Nippon Kaqaku 
Kaishi, 2132 (1972);Chem, Abstr., 78, 70984 (1973)7"^ 

51. H. C. Brown, Adv. Phys. Orq. Chem,. 1_» (1963). 

52. P, B. Fischer and H. Zollinger, Helv. Chim, Acta, 21» 2146 (1972), 

53. See ref, 22 

54. J. R, Penton and H, Zollinger, Helv, Chim. Acta, 54, 573 (1971), 

55. 0. Sziman and B. Messmer, Tetrahedron Lett., 1625 (1968). 

56. W. Bradley and J. D, Thompson, Chimica, 15, 147 (1961). 

57. P. Griess, Ann., 137, 52 (1866). 

58. A. Michaelis and J. Ruhl, Ann., 270, 114 (1892). 

59. A. N. Nesmeyanov, and E. J. Kahan, Ber., 62̂ , 1018 (1929). 

60. P. Becker, Ger, Pat. 81,039. 

61. S, Koller and H. Zollinger, Helv. Chim. Acta, 22» 78 (1970). 

62. G, W. Gokel and D. J. Cram, J. Chem. Soc Chem. Commun.,482 (1973). 

63. R. A. Bartsch, H. Chen, N. F. Haddock, and P. N. Juri, J. Am. Chem. 
Soc., 98̂ , 6753 (1976). 

64. B, L. Haymore, J. A Ibers, and D. W. Meek, Inorq. Chem., 14, 541 
(1975), 

65. S. H, Korzeniowski, R, J. Petcavich, M. M. Coleman, and G. W. Gokel 
Tetrahedron Lett., 2647 (1977). 

66. R. M. Izatt, J. D. Lamb, B. E. Rossiter, N. E. Izatt, and J. J. 
Christensen, J. Chem. Soc, Chem. Commun., 386 (1978). 

67. R. A. Bartsch, N, F. Haddock, and D. W. McCann, Tetrahedron Lett., 
3779 (1977). 

68. L. H, Cretcher and W. H. Pittenger, J. Am. Chem. Soc, 47., 163 
(1925). 

69. A. Luttringhaus and K. Ziefler, Justus Liebigs Ann. Chem., 528, 
155 (1937). 



70. 0. J. Pedersen, J. Am. Chem. Soc, 89, 2495 (1967). 

71. C. J. Pedersen, ibid, p. 7017 

72. For instance see: C. J. Pedersen, J. Orq. Chem., 36̂ , 254 (1971); 

J. S. Bradshaw and J. K, Hui, J, Heterocycl. Chem,, r]_, 649 (1974). 

73. For example see: S, A, G. Hogberg and D. J. Cram, J. Orq. Chera., 

40, 151 (1975).; S. J. Leigh abd I. 0. Sutherland, J. Chera. Soc 

Chera. Coraraun., 414 (1975). 

74, J. E. Parks, B. E. Wagner, R. H. Holm, J. Am. Chem. Soc, 92, 
3500 (1970). — 

75. R. C. Helgeson, J. M. Timko, and D. J. Cram, J. Am. Chem. Soc, 
96̂ , 7380 (1974). 

76. J. J. Christensen, D. J. Eatogh, R. M. Izatt, Chem. Rev., 74, 
351, (1974). ~ 

77. D. J. Cram and J, M. Cram, Science, 183, 801 (1974). 

78. F, Vogtle and P. Neumann, Chem-Ztq.,97, 600 (1973). 

79. M. Cinquini, F. Montanari, and P. Tundo, J. Chem. Soc Chem. 
Comraun., 393 (1975). 

80. For example see: C. L. Liotta in, R. M, Izatt and J. J, 
Christensen, "Synthetic Multidentate Macrocyclic Compounds" pp. 
111-201, Academic Press, New York, 1978, and references therein. 

81. L. L, Chan, K, H, Wong, and J. Smid, J. Am. Chem. Soc, 92̂ , (1970). 

82. U. Takaki and J. Smid, J. Am. Chem. Soc, 96̂ , 2588 (1974). 

83. H, Lehmkul, F. Rabet, and K. Hauschild, Synthesis, 184 (1977). 

84. K. G. Rutherford, W. Redmond, and J. Rigamonti, J, Orq. Chem., 26, 
5194 (1961). 

85. G. W. Gokel and D. J. Cram, J. Org. Chem., 3^, 2445 (1974). 

86. J. Dale and P. 0. Kristiansen, Acta Chem. Scand., 26, 1471, (1972). 

87. H. K. Frensdorff, J. Am. Chem. Soc, 93_, 4684 (1971). 



88. R, M, Izatt, B, L, Hayraore, J. S. Bradshaw, and J. J. ^^^ 
Christensen, Inorg. Chem., 14, 3132 (1975). 

89. M, Lerer and 0. Fabre, Bull. Soc Chim, Fr,, 199 (1956), 

90. A, I, Vogel, "Practical Organic Chemistry", J. Wiley and Sons 
Inc, New York, N. Y., 1956, p. 610. 

91. C, J, Pedersen, J. Am. Chem. Soc, 9^, 386, (1970). 

92. B, Gloor, B, L. Kaul, and H. Zollinger, Helv. Chim. Acta, 55, 
1596 (1972). — 

93. P. Burri, H. Loewenschauss, H. Zollinger, and G. K. Zwolinski, 
Helv. Chim. Acta, 57_, 395 (1974). 

94. R. A. Abraraovitch and J. G. Saha, Tetrahedron, 21_, 3297 (1965). 

95. J. N. Timko, R. C. Helgenson, M. Newcomb, G. W. Gokel, and D. J. 
Cram, J. Am. Chem. Soc, 96_, 7097 (1974). 

96. T. Cohen and J. Lipowitz, Tetrahedron Lett., 3721 (1964). 

97. H. Meerwein, H. Allendorfer, G. Beekman, F. Kunert, H. Morschel, 
F, Gawellek, and K. Wunderlich, Angew, Chem,, 70, 211 (1958). 

98. K, Ishida, N. Kobori, M. Kobayashi, and H. Minato, Bull. Chera. 
Soc Japan, 43, 285 (1970). 

99. R. J.Angelici, "Synthesis and Technique in Inorganic Chemistry", 
W. B. Saunders C c , Philadelphia, 1977, p.188. 

100. D. F. Shriver, "The Manipulation of Air-Sensitive Compounds", 
McGraw-Hill Book Cc, New York, 1969. 

101. J. L. Mills and L. C. Flukinger, J. Chem. Educ, 5£, 636 (1973). 

102. H. 0. Brown, P. F. Stehle, and P. A. Tierney, J. Am. Chem. Soc, 
12_, 2020 (1957). 

103. T, Nagai, T. Shingaki, and H. Yamada, Bull. Chem. Soc Japan, 50, 
248 (1977). 

104. H. Zollinger, "Azo and Diazo Chemistry", Interscience, New York, 
1961, pp. 210-265. 

105. W. Bradley and J. D. Thompson, Nature (London), 178, 1069 (1965). 

106. S. H. Korzeniowski and G. W. Gokel, Tetrahedron Lett. 1637 (1977), 



225 
107. H, Zollinger in "Advances in Physical Organic Cheraistry", 

Vol, 2, V. Gold, Ed., Academic Press, New York, 1964, 

108. J, March, "Advanced Organic Chemistry: Reactions, Mechanisms and 
Structure". 2nd. Ed., McGraw-Hill, New York, 1977, pp,454-456. 

109. G, W. Gokel, S. H, Korzeniowski, and L. Blum, Tetrahedron Lett,, 
1633 (1977). 

110. H, Suschitzky and 0. F. Sellers, Tetrahedron Lett,, 1105 (1969), 

111. G, A, Swan, J. M. Fayadh, and D. W. Jessop, Proceed. Chem. Soc, 
236 (1964). 

112. T. Cohen, R. M. Moran, and G. Sowinsky, J. Org, Chem., 26,1 (1960). 

113. T, Cohen, J. Lipowitz, J. Am. Chem. Soc, 86, 2514 (1964). 

114. See reference 108, p. 1074. 

115. A. R. Buttler and P. T. Shepherd, J. Chem. Research, 339 (1978). 



APPENDIX 

A. Kinetic Derivation 

B. Kinetic Plots 

226 



227 

APPENDIX A: KINETIC DERIVATION 

Considering the system: 

K 
ArN^ X~ + Ligand -̂  Complex + X' (1) 

2 

k. ^2 "1 

Products Products 

Let: 

(D) = (ArN^ X") ; (C) = (Complex); (L) = (Ligand) 

C^ = (D) + (0) ; Cj_ = (L) + (C) 

For Equation (1): 

K =i^^-jjj or (C) = K(D)(L) 

As long as C. >7Cp̂  , (L) = C. 

^^^^'' Cp = (D) + K(D)CL = (D) (1 + KC^) 

or: C^ KC C 
(D) = 5 — and (C) = ^-^ 

1 + KCj_ 1 + KCj_ 

The rate of reaction, 

Rate = d(products) = k.(D) + k^^C) 
dt 

Substituting: 
k, + k„KC, 

k r k KC C I 1 2 L 
D 4- Î D ^̂ '̂ L̂̂ D or k . = 
Rate = + obs ^ ^ ^^ 

1 + KC|_ 1 + KC|_ t 
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Substracting k . from k.: 

1 obs 1 , -
1 + KC^ 1 + KC^ 

and 1 1 1 1 
+ 

l̂ - '̂ obs '̂̂l ~ ^2^^ ^L L̂ 

Thus, a plot of 1 versus _J_ should be linear with 

•<i - í̂  C, 

1 obs L 

slope 
(k̂  - k̂ K̂ 

1 1 
and intercept at = 0 is C^ (k̂  - k^) 

For the thermal decomposition of p-tert-butylbenzenediazonium-

tetrafluoroborate in the presence of varying concentrations of 18-

crown-6, Bartsch et al. have found that k„ is negligible compared 

with k̂  and K = 1.7 x 10^. 

Since the thermolysis rate of the complexed arenediazonium ion 

is negligible compared with that of the free arenediazonium ion when 

the multidentate ligand is present in excess with respect to the arene-

diazonium salt, K is given by the expression 
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K = 

k - k 
1 obs 

>< C, obs L 

In order to ascertain that the value for k„ would also be negli-

gible with respect to k̂  for other multidentate ligands, plots of 

^̂ '̂ 1~'̂ obs ̂ ®̂ '̂̂ ^ l/C^ were obtained for the thermolysis of p-tert-

butylbenzenediazonium tetrafluoroborate in the presence of varying 

amounts of dibenzo-24-crown-8 (VIII) and dibenzo-21-crown-7 (VII). 

Frora the linear plots of l/k.-k . versus 1/C, it was calculated that 
I ODS L 

k̂  is effectively negligible with respect to k., and the resulting 

association constants were found to be K̂ ,̂̂ v = 2.4 x 10 and 

^vii) = 5-5 ^ ^^^' ' 

It has been demonstrated for three different crown ethers that k„ 

is negligible compared with k̂ . Therefore, it is concluded that the 

therraolysis reaction proceeds only via the decomposition of the uncom-

plexed arenediazonium ion for all multidentate ligands. 

A special situation arises when the arenediazonium salt and the 

multidentate ligand are present in equimolar concentrations. Normally 

first order kinetics would not be expected for such a system, and 

there are two limiting situations to be considered: 1) If one assumes 

that the concentration of multidentate ligand remains constant during 

the reaction, the gradual disappearance of arenediazonium ion would 

produce a progressive slowing down of the reaction rate, i.e. towards 

completion the reaction rate should be slower than the initial reac-
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tion rate. This would imply that kinetic plots should be non-linear, 

This limiting situation is shown below where the fraction of uncom-

plexed arenediazonium ion is calculated at several reaction stages 

using different assiciation constants, Ratios between initial rates 

(k^J and rates for 15% reaction (k̂ ^̂ J are shown, The extent to 

which the reaction has proceeded is indicated as % reaction. 

% Reaction 

0 

25 

50 

75 

k /k 
0?/ 15% 

Percentage of Uncomplexed Diazonium lon for 

Complexation Constants of 

10-^ 

95 

95 

95 

94 

1.01 

10^ 

71 

69 

67 

65 

1.09 

5 

44 

39 

34 

29 

1.51 

10' 

34 

27 

22 

18 

1.89 

From these data it is seen that for complexing agents with as-

sociation constants approximately equal to 10 , first order kinetic 

plots will be practically linear and any curvature will not be evi-

dent (within experimental error) before the reaction has proceeded to 

approximately 75?o (two half lives). Multidentate ligands with larger 

association constants would show a more pronounced deviation from 

linearity at earlier stages in the reaction, and in those cases where 
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K<10 linear plots should be obtained, The overall situation can be 

schematically depicted as shown below: 

c 

Time 

2) If one assumes that the concentration of multidentate ligand is 

changing throughout the reaction at a rate comparable to the disap-

pearance of arenediazonium ion, a similar calculation to the one 

previously described indicates that as the reaction progresses the 

rate becomes faster. The possibility of a multidentate ligand reac-

ting with some species derived from the counterion has been considered 

in Chapters V-VII, This case is shown below: 

% Reaction 

0 

25 

50 

75 

0̂?/'̂ 75?á 

Percentage of Uncomplexed Diazonium lon for 

Complexation Constants of 

10^ 10^ 5 X 10^ 10^ 

95 71 44 34 

95 75 48 38 

97 81 55 43 

97 88 67 55 

0.98 0.81 0.66 0.62 
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These values indicate that a deviation from linearity in first 

order kinetic plots should be observed after approximately 50% reac-

tion for those multidentate ligands with K=i10^. For those cases 
4 

where K <10 , linear plots should be obtained and for complexing agents 

with Ksl , non-linear behavior should be expected at earlier stages 

in the reaction, The overall situation is schematically shown below: 

c 

Time 

In all cases studied in this work, first order kinetic plots 

showed good linearity for the thermolysis reactions. This can be at-

tributed to the following: a) For multidentate ligands with K<1 , 

no deviation from linearity should occur regardless of whether the 

multidentate ligand concentration remains constant or not during the 

reaction. b) For multidentate ligands with 10 £ K £ 10 , although 

non-linear behavior is expected after approximately 60% reaction the 

absence of curvature in kinetic plots might be due to a fortuitous 

cancelling situation derived from the opposing effects exerted by the 

two limiting conditions previously described. This cancelling effect 

is schematically shown below, where curve (1) represents the case when 

the complexing agent concentration remains constant throughout the 

reaction, (2) represents the plot one would obtain in the case where 
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c 
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Time 

the multidentate ligand concentration changes during the reaction, and 

line (3) represents the resulting situation due to the cancelling ef-

fect, There is ,a possibility of obtaining linear kinetic plots in 

cases where the reaction may not have been followed long enough, Even 

in these cases, the calculated k . values would not differ to a great 

extent (within experimental error) from the actual rate constant 

values and can be used without affecting the conclusions derived from 

them. 
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APPENDIX B: KINETIC PLOTS 
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