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Catalytic Effects in Aromatic Nucleophilic Substitution Reactions. Reactions 
between I -Fluoro-2,4-dinitrobenzene and 2-Aminothiazole Derivatives 

Lucian0 Forlani * and Marina Sintoni 
lstituto di Chimica Organica, viale Risorgimento 4, 40 736, Bologna, Italy 

The title reactions fo l low a second-order kinetic law in benzene and autocatalysis phenomena are 
not observed. The reactions are catalysed by 1,4-diaza[2.2.2] bicyclo-octane, m-pyridone, and 6 -  
valerolactam. The kinetic data are consistent wi th  the presence of an interaction between the 
substrate and the catalyst in the catalysed-reaction pathway. 

In previous papers ' q 2  we evaluated the possibility that 
some kinetic behaviour in aromatic nucleophilic substitution 
reactions in aprotic and scarcely polar solvents, with neutral 
nucleophiles (amines), may be explained by the presence of a 
rapidly established equilibrium between the substrate and the 
nucleophile or the catalyst. The formation of the molecular 
complex precedes the substitution reaction and Scheme 1 
illustrates the main possibilities. 

+Catalyst 

Substrate *- Molecular complex 

[ Int I [ In t ' l  
Pathway 1 \ 9 Pathway 2 

Products 

Scheme 1. 

[Int] is the zwitterionic intermediate. The catalyst may also 
be the reacting nucleophile. At present it is difficult to state the 
importance of the presence of the molecular complex in the 
reaction pathway. The usual base-catalysis step is not indicated 
in Scheme 1. In both reaction pathways (1) and (2) the base 
catalysis may be either present or absent. In the latter case, 
Scheme 1 represents an alternative model to the generally 
accepted mechanism of the interaction of the catalyst with the 
zwitterionic intermediate to promote the departure of the 
proton and the leaving group. 

With the purpose of collecting further information about the 
mechanism of the catalysis, we report the kinetic results of the 
reactions of 1 -fluoro-2,4-dinitrobenzene (FDNB) and some 
neutral nucleophiles in the presence of variable initial amounts 
of catalysts such as 1,4-diaza[2.2.2]bicycio-octane (DABCO), 2- 
pyridone (P), and 6-valerolactam (Va). 

Results 
Nucleophiles were chosen such that there were large differences 
of basicity and nucleophilic power and also with the aim of 
investigating the importance of the differences in the geometry 
of the zwitterionic intermediate. 

We have previously3 reported that the reactions between 
FDNB and 2-aminothiazole (in dimethyl sulphoxide) occurs 
with the 'aza' endocyclic nitrogen, while the same reaction with 2- 
imino-3-methylthiazoline occurs at the exocyclic nitrogen. 
The two possible intermediates proposed were the following: 

H 
\ 

The nucleophiles investigated here in benzene were 2- 
aminothiazole (l), 2-(N-~-butylamino)thiazole (2), 2-(N-phenyl- 
amino)thiazole (3), 2-imino-3-methylthiazoline (4), and 2- 
imino-3-methylbenzothiazoline (5). The stoicheiometry of the 
reactions is as follows: 

(1) R = H  
(2) R=BU' 
( 3 )  R =  Ph 

FDNB HF 

+ - + 

I 
CH3 

I 
C"3 

( 4 )  1(5)3 

The reaction products3 were obtained (in benzene) in high 
yields ( 2 95%) and the u.v.-visible absorbances of the reaction 
mixtures at t ,  coincide with values of the isolated reaction 
products (see Experimental section). The reactions are first 
order in both reactants.The kinetic results are reported in Table 
1 and they parallel those obtained in dimethyl s~ lphoxide .~  In 
particular the poor reactivity of 2-(N-phenylamino)thiazole (3), 
with respect to 2-aminothiazole (l), indicates that also in apolar 
solvent the active species of the two possible tautomers of the 2- 
aminothiazole is the aromatic amine with the endocyclic 
nitrogen. Moreover, in benzene the intermediates may also be 
represented by (A) and (B). 

The u.v.-visible spectrophotometric analysis of the reaction 
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Table 1. kohs, Values of the reactions between FDNB (0.5 x 10-4-8 x rnol I-') and 2-aminothiazole derivatives in benzene at 30 "C 

Concentration/mol I-' 10' kobs,/ l  mol-' s-' 
f h 

-l 
A 

\ 

[(1)1," C(2>i0 C(3)lo* [(4)10' [(5)lOd (1) (2) (3) (4) (5)  
0.0591 0.0137 0.0331 0.008 29 0.0543 9.20 21.4 1.50 510 27.7 
0.123 0.0275 0.1 184 0.0165 0.0543 9.50 22.3 1.60 510 27.1 
0.192 0.0550 0.0290 0.109 9.23 22.4 529 28.3 
0.192 0.0733 0.0518 0.109 9.33 20.3 515 28.5 

0.1 10 0.166 19.6 27.9 
pK,  Values'4q17: a 5.32. 4.33. 9.50. 7.96. 

Table 2. Values of kobs. for reactions between 1 -fluoro-2,4-dinitrobenzene 
[FDNB], = 6 x lo-' moll-' and some 2-aminothiazole derivatives in 
the presence of DABCO 

[DABCO]/mol 1 0 103kob,.(4)"/l mol-' s-l 104kobs,(1)b/l rnol s-' 

0.0456 5.65 1 .X7 
0.0625 5.86 2.19 
0.0675 2.28 
0.1 14 6.32 3.18 
0.141 6.60 3.74 

a [(4)], = 7 x rnol I-'. [(l)], = 5 x rnol I-'. 

Table 3. kobs, Values for reactions between FDNB and nucleophiles in 
the presence of 2-pyridone and 6-valerolactam 

[FDNB], = 5 x rnol 1-'; [I], = 3.4 x rnol I-' 

[P]/mol 1-' kObs,/1 mol-' s- ' [Va],/mol I-' kobs,/l mol-' s-' 
0.03 17 1.52 x 10-4 0.0262 1.65 x 10-4 
0.0576 1.91 x 10-4 0.0756 2.90 x 10-4 
0.0923 2.43 x 10-4 0.126 4.05 x 10-4 
0.123 2.95 x 10-4 0.170 5.20 x 10-4 

0.339 8.10 x 10-4 

[FDNB], = 5 x lo-' rnol 1-'; [(4)], = 2.0 x rnol I-' 
A 

f \ 

0.03 18 5.85 x 10-3 0.0262 6.34 x 10-3 
0.0576 6.25 x 10-3 0.0756 7.90 x 10-3 
0.0923 6.90 x 10-3 0.126 9.70 10-3 
0.123 7.27 x 10-3 0.170 1.10 x 

[FDNB], = 3 x rnol I-' 
r > 

rnol 1-'; [p-toluidine], = 3 x 
A 

0.03 1 7 2.56 10-4 0.0262 1.10 x 10 
0.0576 4.87 10-4 0.0566 2.40 x 10-3 
0.0821 7.21 10-4 0.0756 3.60 x 10-3 
0.123 1.03 10-3 0.126 5.54 x 10-3 

In the reactions between aliphatic amines and FDNB and in 
the presence of P, Va, or of other catalysts containing the amido 
g r o ~ p , ~ - ~  the plots of kobs. (in 1 mol-' s-') values us. the 
[catalyst] show downward curvature. Such a curvature was 
explained by considering the self-association of the catalyst 
which is in a predominant dimeric structure." As a 
consequence, the plots of kobs. us. [catalyst], calculated as 
monomeric, are linear. In our case, the plots of kobs, us. [catalyst] 
(stoicheiometric) are linear. This feature cannot be ascribed to 
some peculiarity of the thiazole derivatives because 
p-toluidine parallels the behaviour of the thiazole deriva- 
tives. 

Amines are known to depolymerize 2-pyridone, probably uia 
hydrogen-bond formation.' Consequently, the difference 
between the present kinetic features and those observed using 
aliphatic amines may be explained by the change in position of 
the dimerization equilibrium of the catalyst on changing the 
reactive amine. However, two main points refute this hypothesis: 
(a )  2-imino-3-methylthiazoline shows a pKa value which is in 
the range of the aliphatic amines showing downward curvature. 
Consequently, differences in the power of nucleophiles to 
depolymerize the catalyst is a poor explanation of the difference 
in the kinetic behaviour, since similar concentrations of the 
catalyst (and of the amine) were used for both aliphatic and 
aromatic (or thiazolic) amines; (b) both F-valerolactam and 
2-pyridone show the same kinetic behaviour, in spite of the 
fact that the latter is much more self-associated than the 
former.".' 

Although the considerations reported above imply a number 
of assumptions and simplifications, the self-association of the 
catalyst appears scarcely to be relevant in the present reactions. 
2-Aminothiazole is also reported' to be largely self-associated, 
but the data of Table 1 do not evidence any effects of self- 
association on the rate constant. 

mixtures at to did not show any absorbance thus indicating the 
absence of molecular substrate-nucleophile complexes at least 
in the range of concentrations investigated. The existence of 
molecular complexes has been reported in previous  paper^',^,^.^ 
when different aromatic and aliphatic amines were allowed to 
react with FDNB. 

Tables 2 and 3 give some kinetic results of the substitution 
reactions performed in the presence of some of the usual catalysts 
DABCO, P, and Va. Thek,,,. values are enhanced by the presence 
of the catalysts for all the nucleophiles considered and in all cases 
the dependence of /cobs. on the stoicheiometric concentration of 
the catalyst is linear. Table 3 also reports the data obtained by 
using p-toluidine as the nucleophile and P or Va as the catalyst. 
The kinetic behaviour of p-toluidine parallels that of the 
thiazole derivatives. The reactions carried out in the presence of 
2-pyridone and 6-valerolactam show unusual kinetic features. 

Discussion 
The reactivity of the 2-iminothiazoline (4) is higher than that of 
2-aminothiazole (1). This trend may be easily explained by two 
main factors: both the basicityI4 and the steric requirements of 
the exocyclic nitrogen in the fixed imino derivative favour the 
nucleophilicity of the imino exocyclic nitrogen with respect to 
the nucleophilicity of the 'aza' endocyclic nitrogen. Table 1 gives 
the pKa values of the nucleophiles used. 

The increase in the kobs, values (in 1 mol-' s-') with increasing 
initial concentration of the amine is generally" explained by a 
model in which the proton and the leaving group are abstracted 
from the zwitterionic intermediate by a second molecule of the 
amine, since the spontaneous departure of the leaving group [k ,  
in pathway (1) of Scheme 11 would be prevented by the presence 
of the positive charge on the nitrogen atom. 

The thiazole derivatives considered here do not show kinetic 
evidence for the presence of self-catalysed processes. The 
absence of self-catalysis in the reactions between FDNB and 2- 
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Table 4. 

k*,/l mol-' s-' K/I mol-' 
h* 

P Va P Va 
(1) 1.0 x 10-3 2.9 x 10-3 2.2 1.1 
(4) 1.2 x 2.2 x 3.3 3.0 

aminothiazole is not expected considering that, in (A), the 
positive charge is remote from the reaction centre, therefore the 
leaving group departure can occur without catalysis. On the 
other hand structure (B) is geometrically favourable to proton 
abstraction in a rate-limiting equilibrium. In addition, the pKa 
values14 and the nucleophilicitie~~ of (4) and (5) are close to the 
pK, values and to the reactivities of amines known to exhibit 
self-catalysis. Consequently, the absence of self-catalysis in the 
reactions between FDNB and 2-iminothiazole derivatives (4) 
and (5) is surprising if the generally accepted mechanism of the 
nucleophilic aromatic substitution in apolar aprotic solvents is 
assumed to be operative. For all the thiazole derivatives 
considered here the absence of self-catalysis is supported by the 
absence of detectable amounts of molecular complexes between 
FDNB and thiazole derivatives. 

When a tertiary amine (DABCO) [which is less basic (pKa = 
8.19)16 than 2-iminothiazole (4) but more basic than 2- 
aminothiazole"] is initially added to the reaction mixtures, 
catalytic behaviour is observed for both kinds of thiazole 
derivatives. We reported that DABCO (which is generally used 
to observe enhancement of reactivity) interacts with FDNB, in a 
step preceding the substitution process. In contrast with the 
mechanism usually reported in the literature, the enhancement 
of the rate of the reaction between FDNB and aromatic or 
aliphatic amines was rationalized by the formation of a 
molecular complex FDNB-DABCO. The K value (0.21 1 mol-') 
of the formation of the molecular complex FDNB-DABCO, 
under the present experimental conditions, agrees with the 
values reported in a previous paper.' 

The equation 

is derived from Scheme 1 and allows the calculation of k;  [a 
measure of the reactivity of the complex FDNB-DABCO, equal 
to (k>/k'-l)k>] and K, from the plot of l/(kObs, - k!) us. 
l/[DABCO]; k;  [the uncatalysed process = (kl/k-')k2] is 
known independently from Table 1. 

From the data of 2-aminothiazole (1)  k;  = 4.2 x lop3 (1 
mol-' s-') and K = 0.25 1 mol-'; for 2-imino-3-methylthiazol- 
ine (4) kT = 2.2 x (1 mol-' s-') and K = 0.33 1 mol-'. Also 
in the present case, K values calculated from the kinetic data 
agree with the K values obtained independently from 
spectropho tometric analysis.' 

Even if the statistical errors (calculated as standard 
deviations, see the Experimental section) are very high, the so- 
called catalysed process (as expressed by k,*) is clearly 
dependent on the nucleophilicity of the amine, as required by 
Scheme 1. 

In conclusion, the kinetic behaviour of DABCO reported 
here agrees well with the mechanism previously reported by  US.^ 
The interaction between FDNB and DABCO causes an 
enhancement of the rate of the substitution reaction. 

The catalytic power of 2-pyridone is usually explained as 
bifunctional catalysis in the H F  elimination step. The transition 
state of this step may be illustrated as shown: 

/ R  
'R 

No 2 

The very rigid geometry of this transition state is required for 
the contemporaneous elimination of HF. It can be reasonably 
expected that 2-aminothiazole is a poor uncatalysed nucleophile 
because the proton must be abstracted from the exocyclic 
nitrogen which is remote from the fluorine atom. In contrast, 
2-imino-3-methylthiazoline affords an intermediate with the 
usual geometry, close to that depicted in (B). Both these 
thiazole derivatives show the same kinetic behaviour, indicating 
that the geometry of the zwitterionic intermediate does not seem 
to be important, refuting the possibility of the bifunctional 
catalysis (C). Better agreement with the experimental data is 
obtained if the catalytic behaviour of 2-pyridone and of the 
6-valerolactam is related to their ability to interact with the nitro 
derivative. 

Inspection (in ['Hlbenzene) of the 'H n.m.r. spectra of the 
FDNB-6-valerolactam mixtures shows that the FDNB proton 
signals are shifted toward lower field by the addition of 6- 
valerolactam. Unfortunately the experimental conditions do 
not allow a full investigation of this molecular interaction. The 
nitro group is usually considered a proton-acceptor group and 
the deshielding of the FDNB protons is an indication that the 
molecular complex (substratesatalyst) is more prone to attack 
by the nucleophile than the substrate, 'free' or associated with 
the solvent. In this way the catalytic phenomenon of 2-pyridone 
and of 6-valerolactam are consistent with Scheme 1. 

Even if the statistical errors are high (see the Experimental 
section), equation (1) allows the calculation of k;  and K values 
for both thiazole derivatives: see Table 4. 

For the reactions of p-toluidine, the uncatalysed process is 
unimportant with respect to the catalysed process (k! is very 
small6). The slope of the plots of l/kobs. us. l/[catalyst] are quite 
high and the intercept is close to zero. The k: values can be 
obtained from the K values calculated for the reactions of the 
thiazole derivatives from the slope of the plots l/kObs. us. 
l/[catalyst]: kt (12 mol-2 s-') = 1.5 x 3.9 x for P 
and Va, respectively. 

In all cases the ratios k: (4)/k; (1) = 5, 12, and 7 for the 
process catalysed by DABCO, P, and Va, respectively, and 
favour the imino derivative. This fact supports the occurrence of 
the nucleophilic attack of the amine in a rate-determining step 
of the catalysed pathway. Certainly, the molecular complex 
FDNB-DABCO' involves an interaction different from that of 
the molecular complex FDNB-P (or FDNB-Va). The form- 
ation of the molecular complex by a rapidly established 
equilibrium preceding the substitution process (as indicated in 
Scheme I ) ,  affords a species more prone towards nucleophilic 
attack than the uncomplexed substrate. In fact, the values of the 
reported ratios are very close, in spite of the differences in 
structure. 6-Valerolactam is slightly more able to activate the 
substrate than 2-pyridone, as tested by the ratios k?(va)/k$(p) = 
1.8, 2.9, and 3.9 for (4), (l), and p-toluidine, respectively. These 
ratios are largely unaffected by the changes of proton affinity 
(pK,) of the nucleophiles. This fact is an indication that the 
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possible interactions between the nucleophile and the catalyst 
are of little importance in the catalytic pathway. 

In conclusion, the kinetic data reported here are consistent 
with the proposed scheme. Scheme ( 1 )  does not exclude the 
presence of the generally accepted mechanism of catalysis, but it 
represents a reasonable alternative explanation of some kinetic 
features in aromatic nucleophilic substitution reactions. 

Experimental 
Materials.-Benzene was purified by distillation from 

sodium. Thiazole derivatives were prepared and purified 
using described procedures. 14, ’  DABCO, 2-pyridone, and 6- 
valerolactam were commercial products purified by usual 
procedures. 

Kinetics.-Kinetic runs were performed by the usual 
methods4,* with a Lambda 5 (Perkin-Elmer) u.v.-visible 
spectrophotometer. The absorption at t, was identical with 
that of the derivatives isolated in preparative runs. Visible 
spectrophotometric absorbances (used in the kinetic measure- 
ments) of the reaction  product^^.^ are reported. 
3-(2,4-Dinitrophenyl)-2-(s-butylimino)thiazoline, h = 435 

nm, log E = 3.52; 3-(2,4-dinitrophenyl)-2-iminothiazoline, h = 
41 6 nm, log E = 3.40; 2-(2,4-dinitrophenylimino)-3-methyl- 
thiazoline, h 434 nm, log E = 4.25; 3-(2,4-dinitrophenyl)-2- 
phenyliminothiazoline, h = 420 nm, log E = 3.39; 2-(2,4- 
dinitrophenylimino)-3-methylbenzothiazoline, h = 400 nm, log 
E =4.14. 

The intercept and slope values, calculated by least-squares 
method, from equation (1) are as follows: [r = correlation 
coefficient; y = l/(kobs. - k:); errors are standard deviations]. 
Nucleophile = (1):y = 241 (+ 100) + 477.7 (&84)/[DABC0], 
r = 0.9997; y = 1 100 (i-327) + 505 (+31O)[P], r = 
0.9989; y = 357.7 (k56)  + 354.7 (+86)/[Va], r = 0.9999. 
Nucleophile = (4): y = 59.4 ( 2 58) + 89.1 ( 47)/[DABCO], 
Y = 0.9980; y = 139.9 (+40) + 42.1 (&  37)/[P], Y = 0.9876; 
y = 61.4 (&  15) + 20.7 (k 19)/[Va], Y = 0.9987. Nucleophile 
= p-toluidine: y = -24.3 (+ 18) + 24.4 ( *  18) [PI, r = 

0.9979; y = - 119 (& 64) + 127.1 ( rf: 58)/[Va], r =0.9993. The 
‘H n.m.r. spectra were recorded with a JEOL 60 MHz 
instrument. The K value for the formation of the molecular 
complex FDNB-DABCO was obtained by described 
procedure.’ 

Acknowledgements 
We thank C.N.R. (Roma) for financial assistance. 

References 
1 
2 
3 

4 
5 
6 
7 
8 
9 

10 

11 
12 
13 

14 
15 

16 

17 

18 

L. Forlani, J.  Chem. Res., 1984, (S), 260; (M), 2379. 
L. Forlani and V. Tortelli, J.  Chem. Rex ( S ) ,  1982, 62. 
L. Forlani, P. De Maria, E. Foresti, and G. Pradella, J.  Urg. Chem., 
1981,46,3178. 
L. Forlani and M. Sintoni, J. Chem. Res. (S), 1986, 110. 
L. Forlani and V. Tortelli, J.  Chem. Res. ( S ) ,  1982, 258. 
L. Forlani, Gazz. Chim. Ital., 1982, 112, 205. 
F. Pietra and D. Vitali, Tetrahedron, 1966,22, 5701. 
L. Forlani and P. E. Todesco,J. Chem. Soc., Perkin Trans. 2,1980,313. 
L. Forlani, E. Marianucci, and P. E. Todesco, unpublished results. 
M. H. Kracov, C. M. Lee, and H. G. Matner, J.  Am. Chem. Soc., 1965, 
87, 892. 
P. R. Rony, J.  Am. Chem. SOC., 1969,91,6090. 
R. Huisgen and H. Walz, Chem. Ber., 1956,89,2616. 
G. Davidovics and J. Chouteau, Spectrochim. Acta, 1966, 22, 703; J. 
Chouteau, G. Davidovics, J. Metzger, and A. Bonzom, ibid., p. 719. 
L. Forlani and P. De Maria, J.  Chem. SOC., Perkin Trans. 2,1982,537. 
C. F. Bernasconi, ‘Mechanism and Reactivity in Aromatic 
Nucleophilic Substitution Reactions,’ M.T.P. Internat. Rev. Sci. Org. 
Chem. Ser. 1, Butterworths, London, 1973, vol. 3. 
G. Schwarzenbach, B. Maissen, and L. Ackermann, Heh. Chim. 
Acta, 1952,35,2333. 
L. Forlani, A. Fini, and P. De Maria, J. Chem. Soc., Perkin Trans. 2, 
1980, 1156. 
J. A. Riddick and W. B. Bunger, ‘Organic Solvents,’ A. Weissberger, 
Wiley-Interscience, New York, 1970. 

Received 6th January 1986; Paper 6/047 


