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Deuterium Isotope Effect and Base Catalysis in o-Complex Formation 
Between 1,3,5=Trinitrobenzene and Aniline 

By ERWIN BUNCEL,* WALTER EGGIMANN, and HEI W. LEUNG 
(Department of Chemistry, Queen's University, Kingston, Ontario, Canada K7L 3N6) 

Summary The diazabicyclo-octane-catalysed a-complex 
formation between 1,3,5-trinitrobenzene and aniline in 
dimethyl sulphoxide involves rate-limiting proton transfer 
from nitrogen and is subject to a small kinetic isotope 
effect. 

THE major difficulty associated with interpretation of 
kinetic isotope effect (K.I.E.) and base catalysis studies in 
aromatic nucleophilic substitution (S,Ar) processes can be 
ascribed to the number of elementary steps which appear 
to be involved (Scheme),l and the consequent difficulty of 

SCHEME 

identifying which step is rate-determining. An alternative 
approach to the problem has hence involved the study of 
stable o-complexes,2 as models of the metastable intermedi- 
ates postulated in SNAr reactions. It is then possible3 in 
favourable cases to study some of the constituent processes 
pertaining to the Scheme separately. We now report the 
results of a study of a-complex formation which has yielded 
information uniquely relevant to the K.I.E. problem in 
SNAr reactions and the related aspect of base catalysis. 

Though 1,3,5-trinitrobenzene (TNB) and aniline alone 
have not been observed to yield a a-complex (in contrast to 
the TNB-aliphatic primary/secondary amine systems) ,4 we 
reported that a-complex formation occurs readily in the 
presence of tertiary amines {triethylamine or l14-diaza- 
[2.2.2]bicyclo-octane (DABCO) 1 in dimethyl sulphoxide 
(DMSO) media.6 In continuation of this work, we have 
performed a kinetic study of the reaction in equation (1) 
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and have evaluated the isotope effect with respect to 
PhNH,-PhND, on the equilibrium, as well as the forward 
and reverse rate processes, in the DMSO medium. 

The rate of formation of the TNB-anilide a-complex 
(Amax 446 nm, E 30,400 1 mol-l cm-l; Amax 522 nm, 17,700 1 
mol-1 cm-l) was measured spectrophotometrically under 
pseudo-first-order conditions, with PhNH, and DABCO in 
large excess over TNB. Under these conditions the system 

reduces to TNB + TNB-NHPh- + DABCO*H+, i.e. a 

mixed first-order (forward) and second-order (reverse) 
reaction. The pseudo-first-order rate constant for the 
forward reaction, k:, can be evaluated using the appropriate 
rate expression.6 The second- and third-order forward rate 
constants are then obtained as k: = k:/[PhNH,] and K: = 
R?/[DABCO] respectively. The equilibrium constant K is 
given by the usual mass law relationship, while the second- 
order reverse rate constant is obtained as k: = k,3/K. 
Kinetic data obtained under the above conditions and using 
a constant concentration (0- 1 M) of tetraethylammonium 
chloride as electrolyte are given in Table 1. 

It is shown by these results that formation of the T N E  
anilide a-complex is subject to base catalysis. Moreover, 
since a plot of k; vs.  [DABCO] is linear and passes through 
the origin, i t  follows that DABCO acts as the sole catalyst 
for this process. This finding can be accommodated on the 
basis of the mechanism in equation (2), with the first stage a 
rapidly established pre-equilibrium and the deprotonation 
stage rate limiting. This result differs from the TNB- 
aliphatic amine system where formation of the zwitterionic 
o-complex was found to be rate lirniti~~g.~a 

The isotope effect with respect to PhNH, and PhND, has 
been evaluated and the results are given in Table 2. These 
runs were performed analogously to the experiments in 
Table 1 but with the omission of tetraethylammonium 
chloride; traces of moisture could not be removed from the 
salt, leading to isotopic exchange and hence to ambiguous 

k: 

k: 

TABLE I 

Dependence of rate and equilibrium data for reaction in equation (1) on DABCO concentration, in DMSO a t  25 "C 
M, [PhNH,] = 4.8 x 

[DABCO]/M % Conversion K/1 mol-1 R: x 104/s-l mol-l s-l R;/P mol-2 s-l K:/1 mol-l s-l 
0.002 32.2 1-80 2.80 5.71 29.1 16.3 
0.010 56-1 1-52 12-6 25.7 26.0 17.1 
0.020 70.1 1-71 25.1 51-3 26.1 15.2 
0.040 79-3 1-65 52.4 107 26-9 16.3 

([TNB] = 0.98 x M, [Et,NCl] = 0.1 M) 

k; x 102/1 
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K.I.E. results. This problem was, however, eliminated 
under the conditions of the measurements. Thus the K.I.E. 
values obtained for PhNH,-PhND, are: for the forward 
reaction, (JZ&/(Ki)D = 1.12; for the reverse reaction, 
(k: )H/(k: )D = 1.25; and for the equilibrium constant, 
K=/KD = 0.90. 

.& 

H NHPh 02NaNo2.+ ‘-. BH’ (2) 

NO2 

TABLE 2. 

Deuterium isotope effect data for reaction in equation (1) 
([TNB], = 8-51 x 1 0 - 6 ~ ,  [DABCO], = 1.68 x 1 0 - 3 ~ ,  in 

DMSO a t  25” C). 

(-Ap, I so tope 
PhNH,& PhND,b effectc r 40.0 42.0 

41.9 1:::; 42-1 

Reactant 

% Conversion 

0.179 0.207 0.86 
0.189 0.205 0.93 
0.190 0.209 0.91 

r5.32 4.66 1.14 
4-66 1-16 

6-88 6-12 1.12 
h;/l mol-1 s-1 7.00 6-12 1.14 

6.24 1.09 
176 1.31 
178 1.24 
178 1.20 

{ K/1 mol-1 

k:/s-l ill‘ 4-75 1.1 1 

h:/l mol-1 s-1 

Since the base catalysis experiments (Table 1) have 
established that proton transfer from nitrogen is rate- 
determining, the K.I.E. results (Table 2) can only be inter- 
preted as representing a primary isotope effect. It seems 
logical to extend this result to SNAr systems (Scheme 1) 
since the process of equation (2) is analogous while simplified 
by the absence of a leaving group. It may thus be con- 
cluded that when deprotonation of the zwitterionic inter- 
mediate in an SNAr reaction is rate-determining, the reac- 
tion will be subject to a small isotope effect. Conversely i t  
follows also that when an SNAr reaction does not exhibit an 
isotope effect then deprotonation of the zwitterionic inter- 
mediate is not rate-determining. 

It has been pointed out7 that i t  is possible in theory to 
have primary isotope effects which are very small in magni- 
tude. A small isotope effect in the present case could result 
if a-complex formation occurred in a concerted manner, via 

_ .  . 

H P h  

(1) 

the transition state (1) since according to Swain’s solvation 
rule8 the proton being transferred would be expected to lie 
in a stable potential. The possibility of a concerted mech- 
anism of a-complex formation in SNAr systems is an interest- 
ing one, but it is doubtful whether such a situation would 
obtain in general.lb 

In the two-stage, a-complex intermediate mechanism 
(equation 2), the K ,  step is expected to be largely diffusion 
controlled since the proton transfer occurs in the thermo- 
dynamically favoured direction., 99 With this condition, 
and an unsymmetrical transition state,7 a small isotope 
effect will obtain. This explanation would account for the 
results in the present system as well as in SNAr reactions, 
for which h,/KD values in the range 1.0-1-5 have been 
observed .lo 
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8 [PhNW,] = 7.73 X lo-, M .  b [PhND,] = 7.61 x lo-’ M. 
C The isotope effect is evaluated for each pair of experiments, 
performed consecutively. (Received, 5th October 1976; Cow. 1131). 

(a) J. F. Bunnett, Quart. Rev., 1958, 12, 1;  H. Zollinger, Adv.  Phys.  Org. Chem., 1964, 2, 163; F. Pietra, Quart. Rev., 1969, 23, 504; 
C. F. Bernasconi, M.T.P. International Reviews of Science, Org. Chem. Ser. One, Butterworths, London, 1973, vol. 3, p. 33; E. Buncel 
and H. Wilson, Adv.  Phys.  Org. Chem., in the press; (b) S. D. Ross, in ‘Comprehensive Chemical Kinetics,’ Vol. 13, eds. C. H. Bamford 
and C. F. H. Tipper, Elsevier, Amsterdam, 1972. 

R. Foster and C. A. Fyfe, Rev. Pure AppZ. Chem., 1966, 16, 16; E. Buncel, A. R. Norris, and K. E. Russell, Quart. Rev., 1968, 22, 
123; M. R. Crampton, A d v .  Phys.  Org. Chem., 1969, 7, 211; M. J. Straws, Chem. Rev., 1970, 70, 667. 

(a) C. F. Bernasconi, J .  Amer.  Chem. SOC., 1970, 92, 129; (b) C. F. Bernasconi and C. L. Gehriger, ibid., 1974, 96, 1092; M. R. 
Crampton and M. J .  Willison, J.C.S. Perkin 11, 1974, 1681, 1686. 

R. Foster and C. A. Fyfe, Tetrahedron, 1966, 22, 1831; M. R. Crampton and V. Gold, J .  Chem. SOC. (B) ,  1967, 23. 
ti E. Buncel and H. W. Leung, J.C.S. Chem. Comm., 1975, 19. 

K. Schwetlick, ‘Kinetische Methoden zur Untersuchung von Reaction Mechanisme,’ VEB Verlag, Berlin 1971, p. 67. 
F. H. Westheimer, Chem. Rev., 1961, 61, 265; R. P. Bell, ‘The Proton in Chemistry,’ 2nd edn., Cornell University Press, Ithaca, 

New York, 1973; E. K. Thornton and E. R. Thornton, in ‘Isotope Effects in Chemical Reactions,’ eds. C .  J. Collins and N. S. Bowman, 
A.C.S. Monograph 167, Van Nostrand Reinhold, New York, 1970; R. A. More O’Ferrall, i n  ‘Proton-Transfer Reactions,’ eds. E. Caldin 
and V. Gold, Chapman and Hall, London, 1975. 

a C. G:Swain, D. A. Kuhn, and R. L. Schowen, J .  Amer .  Chem. SOC., 1965, 87, 1553. 
n M .  Eigen, Angew. Chem. Internat. Edn. ,  1964, 3, 1 .  

lo C. F. Bernaseoni and H. Zollinger, HeZv. Chim. Acta. 1966, 49, 2570; F. Pietra, D. Vitali, and S. Ferdiani, J .  Chem. SOC. (B) ,  1968, 
1595; I. Giardi, G. Illuminati, and G. Sleiter, Tetrahedron Letters, 1968, 5505; V. N. Lisitsyn and V. A. Shul’chishin, J .  Org. Chem. 
U.S.S.R., 1970, 6, 313. 




