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58. The Rdle of Solvent Participation in Electrophilic Aromatic 
Substitution: Rates of a Diazo Coupling Reaction in Water and in 

Aprotic Polar Solvents 
24th communication on diazo coupling reactions’) 

by J. R. Penton and H. Zollinger 
Technisch-chemisches Laboratorium, Eidgenossische Technische Hochschule Zurich 

(13. I. 71) 

Summary. The rates of the diazo coupling reaction of 4-toluenediazonium salts with N, N- 
dimethylaniline in tetramethylene sulfone, acetonitrile, water, and nitromethane a t  30 “C are the 
same within a factor of 5. No significant influence of ‘gegenions’ (HSOF or BFF) was found. The 
results are explained by postulating little solvent reorganisation in the transition state. They are 
discussed comparatively with solvent effects in other electrophilic aromatic substitutions, particu- 
larly with regard to  the reactions of nitronium salts. 

Ten years ago, Olah et al. [2] observed that the nitration of aromatic hydrocarbons 
in tetramethylene sulfone (sulfolane) proceeded at a much faster rate when nitronium 
salts were used as nitrating agents in place of conventional nitrating agents. Similar 
results were obtained for other electrophilic aromatic substitutions, e.g. Friedel-Crafts 
reactions. 

These results were surprising in view of the fact that Ingold,  Hughes and their 
coworkers [3]  had demonstrated beyond all doubt that under conventional conditions, 
e.g. in nitric acid/sulfuric acid mixtures, it is the nitronium ion which attacks the 
substrate ( e g .  benzene). Therefore it seemed that the change to another (more 
~ ..._______ 

l) 23rd communication: Gloor & Zollinger [l]. 
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reactive) electrophilic reagent was not the cause of the enormous increase in rate 
under Olah’s conditions. 

Olah’s mechanistic conclusions from the substrate and positional selectivities 
observed in nitrations with nitronium salts will not be discussed in this paper. 
Mention will be made however of the r81e of solved $artici;Sation in the reaction. As 
postulated by Olah et al., in tetramethylene sulfone a nucleophilic displacement by the 
basic aromatic substrate on the solvated nitronium ion pairs (NOFXG) takes place 141. 

The low substrate selectivity observed in the nitration of aromatic hydrocarbons 
with nitronium salts in organic solvents indicates - irrespective of its mechanistic 
interpretation - that the reactivity of these systems is much higher than that of 
conventional nitrating media. 

By generalising this concept it should therefore be possible to perform substitutions 
in tetramethylene sulfone with weak electropliilcs on aromatic substrates which react 
very slowly or not at  all under conventional conditions with such reagents. 

We investigated therefore diazo coupling reactions in tetramethylene sulfone. 
It is well known that this electrophilic aromatic substitution reaction takes place 
readily only with aromatic substrates containing a strong $-electron donator, e.g. 
with aromatic amines and with phenolate ions. As shown many years ago [5], even 
phenols, if undissociated, hardly react. 

We hoped that, in organic solvents, diazo coupling of compounds like benzene or 
toluene might be possible. Experiments demonstrated, however, that diazonium salts 
did not react with these substrates in tetramethylene sulfone [6]. Preliminary com- 
parative rate measurements of a diazo coupling reaction with N, N-dimethylaniline 
showed that the reactivity of the diazonium ion in water and in tetramethylene 
sulfone was about the same2). 

At that time (1965) no explanation for this result was forthcoming. We have now 
supplemented the kinetic data by additional measurements, and the results will be 
discussed in the light of the recent results of Ritchie and his coworkers. Ritchie et al. 
IS] 191 noted the peculiar reactivity order NF > CH,O@ (or HOO) > CNo for the 
rates of reactions of Malachite Green derivatives in various solvents and of substituted 
benzene diazonium ions in water. The cation-anion combination reactions of these 
two groups of cations differ drastically from other reactions which have been studied 
in their sequence of reactivity with nucleopliiles. The authors conclude (a) that the 
anions are reacting directly with a rather non-specifically solvated cation without the 
necessity of displacing any leaving group, and (b) that the solvent reorganisation 
energy in the transition state in aprotic solvents is smaller than in liydroxylic 
solvents. 

We measured the rates of the reaction of 4-toluenediazonium salts with N,N- 
dimethylaniline at  30 “C in water, tetramethylene sulfone, acetonitrile and nitro- 
methane in order to 

(a) check potential correlations of these cation-molecule reactions with Ritchic’s 
cation-anion combinations, 

(b) obtain information on solvent-solute interactions of diazonium ions, 

2, These two rate constants were briefly mentionrcl in a lecture in 1965 171 ; they were recalculated 
correctly for this paper. 
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(c) obtain results which would contribute to the mechanistic explanation of our 
preliminary experiments on solvent effects in diazo coupling reactions as well as to  
the general understanding of the mechanism of nitrations with nitronium salts in 
aprotic solvents. 

The Table contains our results obtained by the spectrophotometric method under 
pseudo-first order conditions (excess of N, N-dimethylaniline, see Experimental Part). 

Rate constants ( k O )  for  the reaction between 4-toluenediazonium salts and N ,  N-dimethylaniline at30°C&) 

Solvent Dielectric Dipole ET-value Diazonium salt Yield k ,  
constant moment [ll] 1 . mol-1 . s-1 

CH,-CH, 
I /  

CH, CH, 44.0 4.8 44.0 4-CH3-C6H4NpS0,H@ -60% 0.054 

so2 
\ /  

CH,CN 37.5 3.5 46.0 4-CH3-C6H4NfS04H@ >90% 0.099 

H,O 78.5 1.8 63.1 4-CH3-C6H4NfS04H@ >90% 0.20 
CH,KO, 38.6 3.1 46.6 4-CH3-C,H4NfS04H@ -70% 0.22 

4-CH,-C,H4NfBFF -90% 0.25 

4-CH3-C,H4NfBFg >90% 0.096 

a) Data in water and tetramethylene sulfone from [7]. 

Our results demonstrate first of all that the rate of this diazo coupling reaction 
varies not more than by a factor of 5 in the four solvents. No correlation of the 
sequence of rates (tetramethylene sulfone < CH,CH < H,O N CH,NO,) with 
conventional solvent parameters (dielectric constant, dipole moment) nor with 
polarity parameters (2- or E.-values) is observable. Hydrogen bonding is not 
expected to be a decisive factor"). 

In contrast to  this cation-molecule reaction, the cation-anion combination of 
Malachite Green derivatives with azide ions and cyanide ions is much slower in protic 
solvents [S]. This is also the case for reactions of molecules with cations other than the 
diazonium ion, e.g. the reaction of trimethylsulfonium nitrate with trimethylamine [lo]. 
In nitromethane this reaction is 119 times faster than in water; its activation energy 
in nitromethane, ethanol, methanol and water correlates well with Dimroth's E,- [ll] 
and Kosower's 2-values [12]. 

Our first conclusion is therefore that the reaction of 4-toluenediazonium salts with 
N, N-dimethylaniline does not involve significant solvent reorganisation of the reagents 
in the formation of the transition state. In contrast to the cation-anion reactions 
investigated by Ritchie et al. [8] [9], this is the case for both reactants. Neither the 
diazonium ion nor N, N-dimethylaniline are strongly specifically solvated; therefore, 
desolvation of reactants prior to combination is not a significant contributor to the 
activation energy. 

In addition, no significant influence of the anion in the diazonium salt is observed. 
This is in contrast to Olah's observations in nitrations with nitronium salts [13] in 
aprotic media. 

,) I t  may be that the relatively low rate in tetramethylene sulfone is due to the high viscosity 
of this solvent. 
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We explain this difference between these two electrophilic aromatic substitutions 
(as well as the different solvent effect) as follows: A diazonium ion is a very weak 
electrophile ; therefore not only solvation, but also interactions in ion pairs are weak. 
Effects of ‘gegenions’ and/or solvent molecules are real, but too small to be rationalized. 
Additional evidence for this characterisation of the diazonium ion comes from our 
recent result that charge-transfer complex formation of a diazonium ion with 2- 
naphthol-1-sulfonic acid decreases the rate of diazo coupling only by 26% [I41 *). 

The nitronium ion, however, is an extremely reactive electrophile ; in protic media 
its formation might even be rate-limiting [3]. If, in nitration, nitronium salts are 
used, they are - at least in the solvents used until now - present as solvated ion pairs; 
the energy of activation for the substitution proper of the aromatic substrates includes 
always factors which are not due to the formation of the (new) C-N-bond, but to  the 
release of the anion and to desolvation. In contrast to diazo coupling reactions, large 
variations in rates and in substrate and positional selectivities are to be expected for 
nitration as a function of the reaction conditions (solvent, ‘gegenion’, temperature). 
Rate constants, activation energies etc. are indeed measures of the (bare) electro- 
philicity of the ion in the case of a diazonium ion; they are, however, composite 
parameters for a nitrating reagent like the nitronium ion : the ‘true’ reactivity of the 
nitronium ion proper is higher than the measured one. 

With regard to  the electrophile there are (at least) four types of combinations with 
an aromatic substrate, namely: 

(a) bond formation of the electrophile without significant solvent reorganisation 
and without appreciable energy requirements for ion pair dissociation if the electro- 
philic reagent is a cation (example : diazo coupling) ; 

(b) concerted nucleophilic displacement of a covalently bonded nucleofugic group 
of the electrophilic reagent by the aromatic substrate, with or without solvent 
reorganisation (example : halogenations with molecular halogens) ; 

(c) concerted nucleophilic displacement of associated ‘gegenions’ and solvent 
molecules in solvated ion-pair-type electrophiles by the aromatic substrate (example : 
Friedel-Crafts alkylations with Lewis acid catalysts, nitration) ; 

(d) concerted nucleophilic displacement of electron acceptors (solvent molecules) 
in complexes of neutral electrophiles by the aromatic substrate (example : sulfonation 
with SO, [15]). 

Superimposed on this classification is, of course, the problem of the structure of 
the rate-limiting transition state, which covers the wide spectrum from encounter- 
controlled rates (see for example [16]) through ‘early’ (n-type-) and ‘late’ (a-type-) 
transition states [17] to those reactions in which the proton release of the aromatic 
substrate is rate-limiting (see for example [IS]). 

We thank Profs. G. A .  Olah and C. D.  Ritchie for the communication of unpublished work, 
and the Schweizerischer Nationalfonds zzlr Forderung der Wissenschaften for financial support of 
this work (Project 2.245.69). We thank Prof. Ritchie also for suggestions concerning this paper. 

4) This small decrease is in sharp contrast to Cerfontazn’s investigations on sulfonation [15], 
where complex formation with nitro-group-containing solvents (CH,NO,) and substrates 
(C,H,NO,) decreased the reactivity of sulfur trioxidc bv a large amount. 
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Experimental Part 
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Preparation and Purification of Materials. - Nitromethane and Acetonitrzle. Samples of 
these materials (Flwka, puriss. grade) were dricd for 3 h at 80°C with molecular sievcs (type 4.4) 
and fractionally distilled. 

Tetramethylene sulfone. Commercial material was distilled at reduced pressure over solid 
sodium hydroxide. Addition of bromine, followed by two further distillations at reduced pressure 
over molecular sieves (type 4A), gave a sample with m.p. 28.0" (reported [16] : 28.5"). 

N ,  N-Dimethylaniline, Commercial material was fractionally distilled twice (b.p. 86"/16 Torr) 
and stored in the dark. For the kinetic studies samples of this were distilled once more immediately 
before use. 

Other materials mere purified by standard methods. 
4-Toluenediazonium sulfate. Samples prepared by  the method of Knoevenagel [19] had a 

purity of 10-20% as shown by titration with 2-naphthol-3,6-disulfonic acid (R-salt). The following 
modification of the method gave a product of 97% purity: 4-Toluidine (4.83 g) was dissolved in 
absolute alcohol (58 g), and sulfuric acid (97%, 5 . 2  ml) was added slowly with vigorous stirring. 
Isoamyl nitrite (7.3 ml) was then added to the well-stirred solution over a period of 2.5 h. The 
temperature of the solution was maintained at 35" throughout the addition and for a further 30 min. 
The diazonium salt was precipitated with dry ether (100 ml), filtered off, and washed with absolute 
alcohol (3 x 20 ml) and dry ether (3 x 20 ml). The salt was dried under vacuum over P,O, (15 h,  
0,Ol Torr) in the dark. 

4- Toluenediazonium tetrafluoroborate. This was prepared using the method of Starkey (201 and 
dried over P,O, (15 h, 0.01 Torr) in the dark. Titrations with R-salt showed the diazonium salt to 
have a purity of 97%. 

4-iZrlethyl-4'-(N-iV-dimethylami~o)-a~o~enzene. A sample was isolated by filtration from the 
reaction between 4-toluenediazonium sulfate and N, N-dimethylaniline in water a t  40". It was 
washed with water (3 x 50 ml), dried and recrystallised from alcohol; m.p. 167". 

Kinetic Methods. - Kinetics were determined by following the increase in optical density of 
the dye solution with time, using a Reckman DB-G spectrophotometcr thermostated at 30". Thc 
conditions employed were such that the reactions were pseudo-first order. Pseudo-first order rate 
constants (kK) were calculated using the equation : 

where 

[D], = initial concentration of the diazonium salt, 
[Az], = concentration of the dye formed at time t ,  
Y = (CDIo- [Azlm)/[Azlm. 

Values of [ A Z ] ~  and [Az], were calculated from graphs of optical density versus concentration, 
which were constructed for the dye in each solvent. 

I n  Nitromethane and Acetonitrile. A solution of N, N-dimethylaniline (1.02 x 1 0 - 2 ~ ,  100 ml) 
was equilibrated at 30" for 30 min. To this was added a solution of the diazonium salt (1.5 x 10-3w. 
2 ml) and the two solutions quickly mixed. A sample was transferred to a 1 cm spectrophotometer 
cell and the increase in optical density with time was followed at 405 nm and 408 nm, in acetonitrile 
and nitromethane respectively. 

I n  Water .  Solutions of N, N-dimethylaniline (1 x lo-") in water (5 ml) and of the diazonium 
salt (1 x 1 0 - 3 ~ )  in a buffer solution ( 0 . 1 ~  NaOAc/O.OlM HOAc, 5 ml) were equilibrated at 30" for 
10 min. The solutions were quickly mixed. After a certain time the reaction mixture was quenched 
with R-salt, then 4-methyl-4'- (N-N-dimethylamino)-azobenzene was extracted with chloroform 
and its concentration determined spectrophotometrically. The experiment was repeated eight 
times, quenching the reaction at various time intervals. 

In  Tetramethylenesulfone. The diazonium salt (48.2 mg) was heated in sulfolane (100 ml) a t  
40" for 80 min. The solution was filtered and the concentration of the diazonium salt was determined 
by  titration of a p a r t  of the solution with R-salt. Pseudo-first order rate constants for the formation 
of the dye formed between the diazonium salt and N, N-dimethylaniline were determined spectro- 
photometrically using 0.5 cm cells. 

37 
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59. Substituted 9-0xabicyclo[4.2.1]- 
and 9-0xabicyclo[3.3.l]nonanes (Part I1 I)) 

by C. Ganter, R.O. Duthaler & W. Zwahlen 
I aboratorium fur Organische Cheinic der Eidg 1 echnischcn Hochschule Zurich 

(13 I 71) 

Summary .  The preparation, isolation, structure determination, and some reactions of the two 
stereoisomers of 2-iodo-9-oxabicyclo[4.2.l]nonanc (9 and 10) and of 2-iodo-9-oxabicyclo[3.3.lj- 
nonane (11 and 12), respectively, are described. 

Iodine cleavage of the [4.2.1]-iodomercuri compound 3 yicldcd the iodides 9,  10, and 11, and 
iododemercuration of the [3.3.1]-iodomercuri compound 6 afforded the iodo compounds 9, 11, and 
12, respectively. Direct treatment of 4-cycioocte1i-l-ol (1) with iodine in chloroform resulted in the 
exclusive formation of the two endo-iodides 9 and 11. 

Raney nickel treatment as well as lithium aluminium hydride reduction of each individual iodo 
compound 9, 10, 11, and 12 gave thc corresponding unsubstituted 9-oxabicyclononane (4 or 8 ,  
respectively) with the unaltered skeleton. No rearrangement products could be observed. 

1) For Part  I see [ l j .  




