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Abstract - Reaction mechanism of halogen exchange between arylhalogenide and halogenide anion is 
studied in a case when the aromatic core is inactivated with respect to the SNAr substitution by other 
substituents. The exchange of iodine between o-iodobenzoic acid and 13’1 labelled NaI serves as a 
modelling reaction. The reaction was found to proceed heterogeneously on a glass surface. In the 
case of a rapid course of the surface reaction the reaction mechanism is more complicated and the 
equation derived by McKay cannot be applied for expressing the time dependence of the degree of 
isotopic exchange. Reaction mechanism was proposed for this reaction and compared with experi- 
mental data. 

In the majority of preceding papers in which the 
reaction mechanism of the exchange of a halogen 
bonded on an aromatic core with a halogen anion 
was studied, the dependence of the reaction rate 
on component concentration was found to be of the 
second order (of the first order with respect to both 
the anion and the arylhalogenide), which corres- 
ponded to the supposed SNAr mechanism.i-8 In 
addition, the reaction rate was found to be propor- 
tional in these cases to the localization energy 
calculated by the help of the Hiickel method of 
molecular orbitals, so that in those cases, when the 
benzene core was inactivated by a substituent 
suppressing the nucleophillic substitution (the 
localization energy was high), the reaction should 
not proceed with an apparent rate.’ In contrast 
to this, a number of compounds such as O-, m-, 
p-iodotoluene,a o-, p-iodophenol,**” o-iodobenzoic 
acid.lO and a-iodohippuric acid were observed to 
exchange the halogen bonded in their molecule 
with halogenide anion in the solution in a reaction 
the rate of which is approximately zero order with 
respect to the anion. Vankal* studied the exchange 
of iodine in o-iodobenzoic acid in more detail and 
he found a number of anomalies in the course of 
this reaction (induction period, dependence of 
reaction order on reaction mixture composition, 
considerable irreproducibility of results, etc). 
Because is no case the formation of by-products 
(e.g. phenols, etc) was observed during the ex- 
change reaction, it is improbable that the reaction 
should be controlled by the Sh., mechanism and a 
different explanation must be searched for. 
Bochkarev et al*” supposed the reaction to be 
catalysed by trace amounts of metal salts with 
variable valency; light and oxygen from air may 

also affect the reaction; Bovington et al i4 found 
that at low iodine concentrations the exchange of 
iodine in 2&dinitroiodobenzene proceeds via 
heterogeneous reaction on glass. 

The aim of this work was to find the reaction 
mechanism of reactions of this type and the ex- 
change of iodine between o-iodobenzoic acid and 
1311 labelled NaI was selected as the model 
reaction. 

EXPERIMENTAL 

Chemicals. MeOH (anhyd) and EtOH (96%) of AR 
purity were purified by triple distillation. NaI of AR 
purity was recrystallized from redistilled water. o- 
iodobenzoic acid (o_IBA) was prepared from anthranilic 
acid by means of diazotation and Sandmayer reaction 
and subsequent crystallization from water to constant 
m.p. of 162”. 

Carrier-free soln of Nai311 in O-01 N NaOH (prepared 
in Nuclear Research Institute, ties, Czechoslovakia) 
was used for the preparation of Na1311 stock soln. The 
required amount of this soln (approximately 5 mc) was 
pipetted into an evaporation dish, neutralized with several 
drops of dil HCI, and small amounts of NaI and Na$O, 
(in order for the fmal concentration in the stock soln to be 
approx 1 X IO+ M) were added. The soln was evaporated 
to dryness on a water bath and the residue was dissolved 
in a solvent identical with that used for the exchange 
reaction. 

The remaining chemicals were of AR purity and were 
used without purification. 

Glass powder was prepared by grinding glass tubes 
(glass Simax) in a porcelain mortar; two fractions with the 
particle sizes of 2.5 x lo-*cm (I) and 5 x 10mJcm (II) 
and surface areas of 100 cmZ/g and 250 cm2/g, resp., 
were separated by sieve analysis. The powder was boiled 
before use for 5 hr in a solvent identical with that which 
was used for the exchange reaction. 
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Experimental grocedure. The reaction mixture of IO ml 
was heated in a drop-shaped flask (25 ml) in a thermostat 
(with the accuracy of -+O* 17 under reflux. In all cases, 
with the exception of the experiments of information 
character, the mixture was well stirred with a glass stirrer. 
The temp was adjusted before the beginning of the 
exchange reaction in two ways: (a) constant temp of the 
mixture without active Na1311 was adjusted during simul- 
taneous mixing for 30 min after which the required 
amount of Nal”lI stock soln was added and the time was 
measured from this point; (b) the temp of the mixture, 
without both active and inactive Nal. was adjusted at 
simultaneous mixing for 30 min in one reaction vessel 
while the temp of the mixture of both active and inactive 
NaI was adjusted for an identical time period in another 
vessel, In time t = 0, the corresponding amount of NaI + 
Na13*1 soln was transferred into the vessel. The stock 
soln of (2-IBA, NaI, Na’“‘I and the glass powder were 
identical in one series of experiments, so as to ensure 
the best possible reproducibility of experimental condi- 
tions. Samples from the reaction were taken by a poly- 
ethylene capillary and transferred to the chromatogram 
start. Whatman No. 4 paper was used and descending 
chromatography with the system benzene-acetic acid- 
water 2: 2: 1 (organic phase) in which RF of idine and 
o-IBA equalled 0.0 and l-0, resp. After drying the 
chromatogram, it was cross cut at RF of approximately 
O-2 and the activity of both parts measured in a well-type 
scintillation crystal. 

Eualuahw~ of results. The exchange degree F was 
calculated from the relation 

F = activity in o-IBA in time t A t- B ~.- 
total activity of the system B 

where A and B are the concentrations of NaI and o_IBA 
(mole. l-l), resp, in the mixture and the log (I-F) depen- 
dence was plotted against time. 

RESULTSANDDISCUSSION 

Preliminary experiments were carried out with 
a mixture of the composition A = B = 1 X 10ez 
mole. I-‘, the amount of the stock solution of 
Na1311 was 0.05 -0.2 ml (depending on its specific 
activity). These experiments showed that light, the 
presence or absence of oxygen from air, as well as 
the pr&ence of small amounts of salts of bivalent 
and trivalent iron or univalent and bivalent copper 
did not affect the exchange rate. On the other hand 
the exchange reaction rate considerably increased 
when mixing the reaction mixture during the reac- 
tion and along with it. the reproducibility of the 
results was considerably better. These facts indi- 
cated the reaction to be controlled by the hetero- 
geneous mechanism on reaction vessel surface 
and further experiments were aimed at verifying 
this hypothesis and at determining the reaction 
mechanism in detail. 

The first studied dependence was that of the 
exchange rate on surface area. Surface area of 
glass in contact with the reaction mixture was 
varied by means of adding various amounts of glass 
powder into the mixture. Fig 1 (points marked 0) 
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Fig 1. Dependence of I/t,i.L (min-‘) on the amount of 
glass powder in reaction mixture; 0 glass powder (I), 0 

glass powder (I I). 

shows the dependence of l/tliz (min-I) on glass 
powder (I) amount in grams in 10 ml of the mixture 
(t,,!* is the reaction half-time, i.e. the time in which 
F = 0.5; l/t,!* is therefore proportional to the 
reaction rate). Reaction conditions: A = B = 
1 X to-* mole, 1-l. solvent- 50 volume % of 
aqueous methanol, 50”, temperature adjusted 
according to procedure (a). i.e. the mixture was 
chemically equilibrated before adding Nal”‘I (see 
Exp.). Under these conditions, the log (I-F)-tet 
dependences were linear. When the reaction com- 
ponents were thermostated separately and mixed 
only at the beginning of the exchange reaction (the 
temperature of the solution was adjusted according 
to b. see Experimental), the course of the log (l-F)- 
to-t dependence presented in Fig 2, was not linear. 
Reaction conditions: A = B = 1 x lo-* mole. I-‘, 
glass powder (I I), solvent - 50 volume % aqueous 
ethanol, 80”. If t,,2 is read off from the slope of 
cufve at t = 0 and I/tl12 is plotted against the 
amount of glass powder, linear dependence is again 
obtained (Fig 1, points marked Cl). 

The dependence of the exchange rate on NaI 
concentration was studied in the next stage. Fig 
3 demonstrates the log R-to-log A dependence, 
where R is the exchange reaction rate in mole. I-’ . 
set-I, A = I X lO-s through 5 X 10m2 mole, I-l, 
solvent-70 volume % of aqueous methanol, 60”, 
1.5 g of glass powder (I), constant temperature 
maintained according to (a). At A 2 I X 10m3 mole . 
I-’ the log (I-F)-to-t dependences were linear, at 
lower concentrations of A they had a shape shown 
in Fig 4b. The reaction rate was in these cases 
determined from the linear part of the curve at 
t > 20 min. (the method of the calculation of rate R 
is discussed below). 

The dependence of the logarithm of exchange 
rate (log R) on the logarithm of o-IBA concentra- 
tion was linear with the slope of 0.724. At vIBA 
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Fig 2. Character of log (1 -F)-to-t dependence for various 
amounts of glass powder (II) in reaction mixture (the 
temperature of the single reaction components was 
adjusted separately); (a) Og, (b) 0.5g. (c) 1 g, (d) 2 g, 

(e) 3g, and (0 4 g. 
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Fig 3. Dependence of log K on log (Nal); vlBA concen- 
tration equalled 1 X 10-2mole. I-‘. 

concentrations exceeding I x 1W3 mole. I-’ the 
log f l-F)-to-t dependence was linear, at lower 
concentrations it had the shape similar to that 
presented in Fig 4b. 

The dependence of the exchange rate on the 
degree of o-IBA dissociation was also studied. 
Values of fIi2 (and exchange rates calculated from 
them) read off from the slope of the log(i-F)-to-t 
dependence at t = 0 and at different degrees of 
o-IBA dissociation are collected in Table 2. The 
different dissociation degrees were adjusted by 
means of adding the solution of potassium ethanol- 
ate in absolute ethanol to the mixture in order for 
its molar concentration to equal 0, 5, 10, 20, and 
80% of the molar concentralion of u-IBA. Reaction 
conditions: A = B = 1 x 10m2 mole. I-‘, the cor- 
responding amount of EtOH solution in absolute 
EtOH, solvent-absolute EtOH. 75”, 3-O g of glass 
powder (I), constant temperature adjusted 
according to (a). 

The dependence of the exchange rate on NaCl 
concentration in the mixture was studied in the 

Table 3 shows the dependence of the reaction 

next stage. Results of experiments with various 
rate on tern~~tu~. The Iog( l-F)-to-t depen- 

concentrations of NaCl are given in Table 1. Reac- 
dences were linear at 50, 55, 60, and 65”, at 70” 

tion conditions: A = B = 1 x IO-2 mole. I-l, ml- 
the exchange rate decreased at longer reaction 

vent-70 volume % of aqueous methanol, NaCl 
times (similarly to Fig 4b). Reaction conditions: 

concentration between 0 and 7-7 X IO+ mole. I-‘, 
A = B = 1 X 10e2 mole _ l-l, solvent - 70 volume % 
aqueous methanol, temperature 50, 55, 60, 65, 

I I I 2 , 

20 40 60 

min 

Fig 4. Character of log&F)-tetime dependences at 
various Nal concentrations (mole. I-‘); 

(a) 0 5 X IO-*, IJ 1 X W2. A I X lO-3 
(b) 0 5 x IO-“. 0 1 x IO- I, A 2 x IO+. 

Table 1. Dependence of exchange rate 
on NaCl concenlration in reaction 

mixture 

NaCl 
mole. lml 

L? r1 
min. mole, 1-l. set-* 

0 83.5 1.383 x We 
1 x IO-3 85.5 1.351 x 10-e 
I x 10-y 133 8-684 x lo-’ 

2.5 X 10-Z 165 7.000 x 10-7 
7.7 x 10-S 450 2.566 x IO-’ 

W, I.5 g of glass powder (I), temperature adjusted 
according to (a). The log (I -F)-to-t dependences 
are linear. 
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Table 2. Dependence of exchange t-ate 
on dissociation degree of a-IBA 

EtOK tl,Z r1 
mole. I-’ min. mole I I+. se& 

0 260 4-44 x IO-’ 
5x10-4 180 6-42 x 10-r 
I x 10-S 112 I.03 x IO-” 
2 x to-3 62 1.86~ IO-@ 
8 x IO-” 30 3% x IO-@ 

Table 3. Dependence of exchange rate on 
temperature 

Temperature f1’2 rl 
“C min. mofe . I-’ . set-’ 

SO 215 5.372 x lo-’ 
55 156 7.404 x lo-’ 
60 110 I.050 x IO-6 
65 86.5 1.335 x 10-s 
70 70.00 I.650 x IO+ 

*Tangent Iine at t = 0. 

and 70”. 1.5g of glass powder (I), constant temp 
adjusted according to (a). 

The presented experimental results show that 
the heterogeneous mechanism actually controls 
the exchange. The non-linear log (I-F)-to-t depen- 
dence observed in some cases indicates, however, 
that the reaction course is more complicated. This 
phenomenon was observed experimentally in 
those cases, when for any reason the reaction is 
accelerated (higher temperature, larger surface 
area, higher degree of a-IBA dissociation), which 
can indicate the accumulation of an unstable inter- 
mediate reaction product in the mixture. The 
possibility of the existence of side reactions was 
eliminated by means of isolating from the mixture 
after finishing the exchange reaction the organic 
phase and by means of a mixed m.p. with (I-IBA 
that had not been used their identity was proved. 
On the basis of these results and of the usual 
conception of the course of heterogeneously cata- 
lysed reactions,1s the following reaction mechanism 
was proposed: 

(I-) -+ (1B) &-- (IBI-)(homogeneous phase) (I) 

II II r. I$ 111 rr il I. I, 

(I-), +(IB), e (IBI-)* (catalyst surface) 

where r, is the rate of i-th reaction, (I-), (II3), and 
(IBI-) are the concentrations in mole. I-’ of 
iodide anions, o-IBA and of the transition 7~ 
complex of the Meisenheimer type (2) in the solu- 
tion, resp, and (I-jA, (I&, and (IBI-1, are the 
respective concentrations of these ~mponents in 
mole. g-l of the catalyst on its surface. 

COOH 

The rates of surface reactions rl and rs may be 
expressed by Eqs’” ( I) and (2): 

r, = Gk, ;(I-),(IB), (1) 

r, = Gk,fp(IBI-)., (2) 

where G is the number of grams of the catalyst in 
unit volume of the mixture, L is the amount of 
active centres per 1 g of the catalyst (mole, g-‘1, 
each centre has s adjacent centres in identical 
distances, p is the concentration of non-occupied 
absorption centres per 1 g of the catalyst (mole. 
g-‘1, and k, and k2 are the respective rate constants. 
The rate of the decomposition of the transition 
complex in the homogeneous phase is expressed 
by the equation: 

r, = k3(IBI-). (31 

The rate of the reaction reverse with respect to (3), 
i.e. the rate of the formation of the transition com- 
plex in the homogeneous phase is evidently im- 
measurable as indicated from the fact that the 
dependence of the reaction rate on surface area 
(Fig 1) passes through the origin. r,(i = 4 through 
9) are the rates of adsorption and desorption of 
the respective components. 

The proposed mech~ism was verified by means 
of comparing the log (I-F)_to-t dependence derived 
theoretically on the basis of this mechanism with 
experimental results. Eq (44) is the resulting relation 
(the derivation see in the Appendix): 

(1-F) = A [ aiHyBf ‘) + b,] eblt 

1 -- 

D 
atH(A+B)+b2 eb,t 

2B I 

where 

b1.2 = 1{-adE+ W-tar +a,) + Dl 

D = { (a,+a,)Z+aB(A-B)2}1’* 

a, = Gk, f p’K,KIB 

S 
at = Gkp L P*& 

a, = k, 

(4) 

(4a) 

(4b) 
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In all cases, when the reaction rate rl is for any 
reason small, the concentration of (IBI-) will be 
also small and A = E, B = H. The rate constants 
of the decomposition of the transition complex 
may be supposed to be considerably higher than 
those of its formation, i.e. (a, +a:,) 4 a,, and Eq 
(4b) is transformed to the form D = (a, + a,). After 
substituting into Eq (4) and rearranging we obtain 

adA + W 
log (1-F) = - 2 x 2 ,303 t (5) 

which is the equation derived by McKaylB 

log (1-F) = - ;\:A”B’ t 

for the time dependence of (I-F), and where the 
rate R has the form 

a,AB R=-= Gk,sLKIKIBAB 
2 2( 1 + KIA + KIBB + C K,X$ 

(6) 

where expression 

P= 
L 

I+ K,A + KlBB + x KiXl 

was substituted for p (concentration of free 
adsorption centres). 

Ki, X1 are the equilibrium adsorption constants or 
the concentrations of inert components of the 
mixture (solvent, inert electrolyte). McKay’s 
equation may be therefore used when the process 
controlling the total reaction rate is rl and the con- 
centration of the intermediate product may be 
neglected in comparison with the concentrations of 
the initial components. The log (I-F)-to-t depen- 
dence is linear in this case and the rate R can be cal- 
culated from the reaction half-time. 

Linear dependence of R on the amount of glass 
powder in the mixture G (i.e. on surface area) 
follows from Eq (6) (Fig I). It follows also from 
this equation that the concentration of free adsorp- 
tion sites, and in this way also the reaction rate, 
decrease with the addition of the electrolyte into 
the mixture (Table 1). This equation explains also 
the dependence of R on NaI concentration (Fig 3) 
for concentrations A 2 1 x IO-“mole. 1-l. At 
lower concentrations of iodide the condition A A E 
is no longer fulfilled and the log (1-F)-to-t depen- 
dence has the character of the sum of two exponen- 
tial dependences (Fig 4b) as it follows from Eq 
(4). Values of R for A =C 1 X 10e3 mole. I-’ were 
calculated from the slope of the tangent line of the 
log (1-F)-to-t dependence at longer time periods, 
for which relation 

b 
1 

= _a,(E+B) 
2 x 2.303 

follows from Eq (4). In this case, the initial con- 
centration A was taken instead of the unknown 
value of E when calculating a,. This inaccuracy 
might become evident in the value of the slope of 
the log R-@log A dependence at lower concen- 
trations when it equalled approximately I-5 instead 
of the theoretical value of l-00. Quite similar is the 
situation with the dependence of R on o-IBA con- 
centration. Owing to the low dissociation of 
o-IBA its adsorption constant KIR is probably low 
and for this reason, the log R-to-log B dependence 
is linear in the studied concentration range of B 
between 2 x 10W4 and 5 x IO-* mole, 1-l. Its dis- 
sociation decreases with the increasing concentra- 
tion of o-IBA and in this way also its value of KIB 
so that the resulting slope equals O-724 instead of 
1Gl as it would follow from Eq (6). If the dissocia- 
tion degree of o-IBA is elevated (e.g. by means of 
adding alkalies into the mixture), KIB and therefore 
r, increases too, the concentration of the inter- 
mediate product also increases and the log ( 1 -F)- 
to-t dependences for additions into the mixture of 
EtOK equal to 10% and more of the content of 
n-IBA possess the shape similar to that presented 
in Fig 4b. The relation for the slope of these depen- 
dences at t = 0 may be obtained by means of 
differentiating Eq. (4): 

If the second term in the brackets is neglected 
compared with unity, rate rr can be determined 
approximately from the slope at t = 0 (Table 2). 

The system was supposed in all above-mentioned 
cases to be in chemical equilibrium before adding 
radioactive iodide (method of temperature adjust- 
ing according to (a), see Experimental), If the 
temperature of the separate reaction components 
was adjusted (temperature adjusting according to 
(b)) and if the formation of the intermediate product 
starts simultaneously with the exchange reaction, 
the equality (8A) is no longer valid and Eqs (6A) 
and (7A) (see Appendix) change into a system of 
nonlinear equations which have no general solu- 
tion. Figure 2 shows that the character of the 
log (I-F)-to-t dependence also changes in this 
case. A minimum appears on the curves that 
deepens with the increasing surface area, most 
likely due to the increasing concentration of the 
intermediate product and decreasing concentra- 
tion of the initial components. The derivative of 
log (1-F) with respect to time at t = 0 has under 
these conditions the form of Eq (7) without the 
second term in the brackets (the concentration 
of the intermediate products equals zero at t = 0) 
and reaction half-time may be determined from it 
att=O. 

The dependence of the reciprocal value of this 
half-time on glass powder surface area is given in 
Fig 1, points marked Cl. 
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Activation energy of 12-9 kcal/mole was deter- 
mined from the temperature dependence of rate r,. 
It is a mean value, because the log r,-to- l/T depen- 
dence is not strictly linear, which might result from 
the fact that not only the reaction constant k, in 
the constant a, (Eq (4~)) is temperature dependent 
but so also are all adsorption constants. 

It may be concluded that the isotopic exchange 
of iodine between o-IBA and iodide anions is 
controlled by the heterogeneous reaction on glass 
surface. In the case of a faster course of the 
surface reaction, the mechanism is more compli- 
cated and the equation derived by McKay cannot 
be used for expressing the dependence of the 
degree of isotopic exchange on time. The proposed 
mechanism agrees with experimental data. 
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APPENDIX 

On the basis of the proposed mechanism (I) a system of 
corresponding differential equations may be derived 
expressing the time dependence of the reaction com- 
ponents concentrations. Because this system is rather 
complicated to be able to be solved in general, certain 
simplifications must be introduced. 

If the rate of adsorption and desorption are supposed 
to be considerably higher than the rates of reactions (I), 
(2). and (3), the adsorption proceeds under practically 
equilibrium conditions and it holds: 

(I-), = pK,O-1 (1N 

(WA = PKIB(IB) (2A) 

(IBIX = pK,B,(IBI-)A (3A) 

where K,, Kls, and Klsl are the respective equilibrium 
adsorption constants and Eqs (1) and (2) may be re- 
written into the form 

rl = GklpfK,Krs(l-)(IB) 2 (4A) 

r,=Gk*z Z L P K,,,(IBI-). (5A) 

Because the catalyst is a compact (nonporous) sub- 
stance and the mixture was intensively stirred during 
the reaction, the effect of the diffusion of the reaction 
components to the surface may be neglected. If we sup 
pose that G(I-),, e (I-), G(IB)A 4 (IB) and G(IBI-), @ 
(IBI-), we obtain from the stoichiometric reactions 

(I-) = A - (IBI-) = E 

(JB) = B - (IBI-) = H 

where A and B are the initial concentrations of iodide and 
o-IBA, resp. 

Now the relations for the (I-F)-tet dependence may 
be derived. It holds 

c: = (I-)+ +(IB)+ +(lBl-)+ 

where (I-)+, (lB)-, and (IBIS)+ are the concentrations of 
the respective components containing one radioactive 
atom in the molecule (mole, l-l), and e is the total con- 
centration of radioactive atoms in the solution. Supposing 
the concentration of radioactive atoms to be considerably 
lower than that of the nonradioactive ones it holds (I+BI+) 
4 (IBI) + and the concentration of twice labelled complex 
may be neglected. On the basis of the supposition that 
the rate of radioactive atom transition from the molecule 
of one component to the molecule of another one equals 
the ptiuct of the rate of the respective chemical reaction 
r and of the difference in the specific activities of these 
compounds16 and on the basis of the preceding considera- 
tions we obtain: 

d(IB)+ 
- = -r&s + (rZ + r&al dt 

+ kr - (r2 + ~3KSfS~ft~ (W 

d(IBI-)+ 
- = r,S, + rlSle - 2(re + r3)Slsl 

dt 

- Er, - (r2 + r3)l(SISIBI + SIBS& (7A) 

where S are the specific activities of the components, 
defined as : 

Supposing the sytem to be in time t = 0 (i.e. in the 
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moment when radioactive I- was 
in chemical equilibrium, it holds 

added into the system) 

r, = r, + r:, @A) 

and the last terms in Eqs (6A) and (7A) disappear. 
Because the (IBI-) complex is very unstable, it rapidly 
decomposes to r*IBA and I- during taking the sample 
from the mixture and radioactive iodine passes uniformly 
into both components. The degree of exchange F may 

be therefore expressed by the relation: 

F = (IB)++NBI)+. E+H+2(1BI-) 

cP H + (IBI-) 

= (IB)++NBI-1’ _A+B_ 
CO I B . 

(9A) 

Solving Eqs (6A) and (7A) and taking into considera- 
tion Eq (9A) we obtain the resulting relation (4). 


