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Organothallium compounds. Study of the iodination
of dibutylthallium salts by molecular iodine in dioxane
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Saratov State Technical University, Technological Institute,
17 pl. Svobody, 413100 Engels, Russian Federation

The kinetics of the reaction of dibutylthallium salts with iodine in dioxane were studied.
The reaction rate depends appreciably on illumination, and the process as a whole is
photochemical. The contribution of the dark reaction is insignificant. The reactivity of
dibutylthaliium salts depends on the counterion and changes in the following order:
Bu,TIBF; < Bu,TIOCOCF; < Bu,TIOAc < Bu;TIC] < By, TIBr < BuyTIOOCPr. A radical

mechanism for the reaction was proposed.
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Halogenation of organometallic compounds is one of
the best known reactions.! The mechanisms of iodo-
demercuration! and jododestannation®-3 have been stud-
ied in most detail. The mechanism of the reactions of
organothallium compounds with halogens has not yet
been studied.

The cleavage of the thallium—carbon bond was ac-
complished for the first time by treatment of
dialkylthallium bromides with Br, in pyridine.? It has
been shown that organothallium compounds (1} of the
aromatic series can be iodinated with iodine in chloro-
form.5-6

However, all these studies have been scattered, and
no systematic investigation of the halogenation of com-
pounds 1 has been carried out so far. We synthesized
various salts of dibutylthallium?-® and studied systemati-
cally their iodination with molecular iodine in dioxane.

Results and Discussion

The reactions of dibutyithallium salts with iodine on
exposure to light were studied. The reaction of dibutyl-
thallium tetrafluoroborate (2) with iodine at a low illu-
mination intensity (L == 50 Ix) in boiling diethy! ether in
the presence of air proceeds slowly to give 1-iodobutane
and thallium(1) tetrafluoroborate (3).

Bu,TIBF, + I, —— 2Bul + TIBF, N
2 3

Reaction (1) occurs under heterogeneous conditions due
to the poor solubility of compound 2.

However, when the reaction is carried out in dioxane
under homogeneous conditions and under more intense
illumination (L = 15000 Ix) in an argon atmosphere,
TI (4) is formed along with 3.

Bu,TIBF, + I 57—“'—‘-\-'—. 8ul + TIBF, + TiI @)

1oxane

2 3 4

The molar ratio of salts 3 and 4 resulting from reac-
tion (2) is~1 : 1.

Thus, iodination of compounds 1 differs from similar
reactions of organomercury or organotin compounds in
that thallium is reduced during the reaction.

Having obtained these results, we studied the kinet-
ics of reactions (1) and (2) in dioxane by following the
change in the optical density of iodine (A, 530 nm).

When the concentrations of the reactants ((; =
1.5-1073 mol L) are equal, iodination in the pres-
ence of air is retarded. As the reaction proceeds, an
absorption maximum with A 430 nm appears. The retar-
dation of reaction (1) in dioxane may be due to the
following reasons: (1) the effect of oxygen on the photo-
chemical radical process; (2) the formation of com-
plexes during the reaction. However, when reaction (1)
is carried out in the dark and, hence, no radical species
are formed and the effect of oxygen is slight, it neverthe-
less slows down. Therefore, we attributed the retardation
of reaction (1) and the appearance of the absorption
maximum at 430 nm to the complexation of molecular
iodine with the intermediate organothallium dernivative
and with compound 4 according to Egs. (3) and (4).

BUTIXI + Iy s BuTIXIg 3
TH + Ip = Tl (4)
4

This assumption is confirmed. by the fact that when
tetrabutylammonium iodide is added to a dioxane solu-
tion of iodine, the maximum at 430 nm appears, and
the rate of reaction (1) decreases. A similar maximum at
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Table 1. Rate constants of iodination of dibutylthallium Cy 3
tetrafluoroborate with iodine in dioxane in the presence of air In Vel 4 o
under illumination with intensity L = 4000 Ix /
a
Entry Cp-103%/mol L1 T/°C k; - 102/min™! l.Or 1
Bu,TIBF, I, /
1 15 15 206  Retardation 03
2 5.0 0.5 20.6 1.94
3 12.5 0.5 20.6 1.84 0.6 2
4 25.0 0.5 206 1.89 /’
b) 12.5 0.5 15.0 1.45 0.4
6 12.5 0.5 25.0 2.38 :
7 12.5 0.5 30.0 2.67
8 25.0 047  35.0 3.66 0.2
430 nm appears upon dissolution of compound 4 in a 0 20 40 60 /s

solution of I, in dioxane. The formation of the I~
complex has also been observed previously in the iodi-
nation of organometallic compounds.—3 However, oxy-
gen also retards reaction (1), because the same reaction
carried out under argon occurs at a higher rate. Due to
the retardation of reaction (1), it is impossible to calcu-
late the rate constants of iodination under these condi-
tions. To determine the possibility of calculating the rate
constant of the iodination according to reaction (1), we
studied this reaction under pseudo-unimolecular condi-
tions when [2} > [I,] (Table 1).

We found that at large concentrations of compound
2 (Cy~ 2-1072 mol L™Y) in the presence of air, virtu-
ally no retardation of the reaction occurs. The variation
of the concentration of iodine (see Table 1) is described
by a first-order equation. The calculated first-order rate
constants are listed in Table 1. However, when the
degree of conversion is large (80—90%), reaction (1} is
somewhat retarded.

When reaction (1) is conducted under pseudo-
unimolecular conditions with [2] >> [1,], the absorption
maximum at 430 nm does not appear but, instead, a
maximum at 370 nm is observed. We attributed this
maximum to the formation of compound 4 during reac-
tion (1).

Varying the concentration of compound 2 in the
25-1072—-5-1073 mol L7! range does not markedly
change the rate constant of iodination (see Table 1). The
semilogarithmic anamorphoses of the corresponding ki-
netic curves are shown in Fig. 1 (straight lines 1, 2).

The activation energy of the reaction found from the
dependence of logk, on 1/T is equal to 35.7 XJ mol™L.

The following scheme for the interaction of dibutyl-
thallium saits with iodine in dioxane on exposure to
light can be proposed:

L, v, 21, (a)
RpTIX +1° ——= RI+ ATI'X, )

Fast
2 RTI"X = R,TIX + TiX, {c)

Fig. 1. Anamorphoses of the kinetic curves for the reaction of
dibutylthallium salts with iodine in dioxane at identical ilumi-
nation intensities (L = 4000 Ix) under various conditions:
[Bu,TIBF,]; = 2.5-1072 mol L7, [I]g = 5-107¢ mol L7},
in air, T = 20.6 °C (D); [Bu,TIBF} = 1.25-1072 mol L},
{(Io]lg = 5.7-107 mol L%, [BugNTj =3+ 107 mol L7, in air,
T = 20.6 °C (2); [Bu,TIBF4]p = [I3}p = 1.5-1073 mol L7},

under argon, T = 25 °C (3); [Bu;TIOCOCF;3}p = [} =
1.5-1073 mol L7, under argon, T = 25 °C (4).
RMI'X + 1" — RTIXI, (d)
RTIXI + 1, <—e RTIXI;, (e)
RI + TiX,
RTIXI —< ®
RX + T,
TH + [, = Tilg, &
RTIXI; —— Rl + TIX + 1. (h)

According to the above scheme, an iodine molecule
absorbs a quantum of light and decomposes into two
iodine atoms (a). An iodine atom attacks the starting
compound 1 at the carbon—thallium bond, leading to its
homolytic cleavage (b). The intermediate organothallium
radical thus formed rapidly disproportionates to give the
initial 1 and TIX (c). Disproportionation of organo-
thallium compounds has been observed previously.%.19

The organothallivm radical contains a divalent thal-
Hum ion. The disproportionation 2TI2* — TI3* +
TI* occurs at a high rate equal to 2.3+ 0% L mol™! s~}
(Ref. 11) ie., the radicals formed are immediately de-
stroyed and cannot act as chain-propagating species.

The organothallium radicals generated in this pro-
cess react simultaneously with iodine atoms to give
RTIXI (d), which then forms a complex with molecular
iodine (e) thus decelerating reaction (1). Step (e) occurs
more efficiently when the reactants are present in
equimolar amounts, and the reaction is retarded. The
fact that at high concentrations of the organothallium
derivative when [R,TIX] >> [1,], no substantial retarda-
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tion of reaction (1) in the presence of air is observed can
be explained in the following way. First, when the
concentration of 1 increases, the effect of oxygen is less
pronounced, since a greater part of the 1" radicals is
trapped by molecules 1, and, second, the effect of
complex formation also decreases, because the 1’ radi-
cals are trapped by molecules 1, and, hence, step (b)
occurs less efficiently. The compounds RTIXI and RTIXI;
formed in the process decompose, as shown in the
above-presented scheme (f, h). In order to eliminate the
effect of oxygen, reaction (1) was subsequently studied
in the presence of argon.

When the reaction is carried out under argon, the
situation somewhat changes. Generally, the addition of an
inert gas to the reaction medium during photochemical
processes causes a great number of various effects, which
are difficult to fully interpret.12 However, it can be stated
that in an argon atmosphere, when argon is bubbled
through a dioxane solution of the reactants, the rate of
iodination is 40—50 times higher than that in air. Table 2
presents the kinetic data obtained for the icdination of
compound 1 with iodine in dioxane under argon. In this
case, reaction (1) is not retarded at an equimolar quanti-
ties of the reactants (C; = 1.5-1073 mol L™}) up 10 a
degree of conversion equal to 60%. The kinetic curves
correspond most closely to a first-order equation. In this
case, the spectrum of the reaction mixture does not
exhibit a maximum at 430 nm but instead it exhibits a
low-intensity band at 370 nm. The semilogarithmic an-
amorphoses of the corresponding kinetic curves are shown
in Fig. 2. It follows from Table 2 that the rate constant of
the iodination of dibutylthallium salts depends on the
nature of the salt. The reactivity of dibutylthallium salts
toward iodine depends on the nature of the counterion
and changes in the following sequence: BF, < CF;C0O0 <
AcO < ClI < Br < PriCOO.

In the series of dibutylthallium carboxylates, the
reaction rate constant (k) increases 24-fold on going
from trifluoroacetate to isobutyrate in the following

Table 2. Rate constants of iodination of dibutylthallium
salts with jodine in dioxane under argon and under
illumination with intensity L = 4000 ix

Compound T°C Cy-103/mol L™ ky/min™}
BUleX Iz

Bu,TIBE, 25 L5 L5 0.047
Bu,TIOCOCF; 25 1.5 1.5 0.069
Bu,TiOAc 25 1.5 1.5 1.02
Bu,TIOCOPT! 25 1.5 1.5 1.65
Bu,TICI 25 15 15 13
Bu,TIBr 25 10 10 146
Bu,TIBF, 15 1.5 1.5 0.029
Bu,TIBF, 20 1.5 1.5 0.036
Bu,TIBF, 30 1.5 1.5 0.059
Bu,TICI 20 1.5 1.5 0.93
Bu,TICI 25 15 15 1.23
Bu,TICI 35 1.5 1.5 1.75

2 : b

0 20 40 60  t/min
Fig. 2. Anamorphoses of the kinetic curves for the reaction of
dibutylthallium salts with iodine in dioxane under argon at
23 °C at lumination intensity L = 4000 ix and at equimolar
amounts of the reactants (Co = 1.5-1073 mol L~
Bu,TIOAc (/); BuyTICI (2); BuyTIBr (3); Bu,TIOCOPr (4).

order: CF;COO0 < AcO < Pr'COO. The degree of ionic-
ity of the TI—X bonds (X is the acid residue) in thallium
carboxylates and, hence, the positive charge on the
thallium atom decrease in the same order facilitating the
abstraction of an electron from the carbon—thallium
bond by iodine. From this viewpoint, it becomes clear
why the iodination of compound 2 occurs at the lowest
rate. In fact, among the compounds under study, this
particular compound is characterized by the largest posi-
tive charge on the thallium atom.

The relatively high rate of the iodination of di-
butyithallium halides can be explained by coordination
of the halogen to the thallium atom. Dialkylthallium
and diarylthallium halides are known to form dimers in
which the positive charge on the thallium atom is partly
balanced due to the formation of bridging bonds. 13

R X R
NN

o =
NN X =Cl, Br, I
X R

A similar coordination to the thallium atom has also
been found in the case of alkythallium and arylthallium
dicarboxylates derived from weak carboxylic acids. ™
Therefore, the reactivities of dibutylthallium acetate and
isobutyrate in iodination are comparable to those of
dibutylthallium halides.

In order to confirm the scheme proposed for the
reaction and its radical mechanism, we studied the
reactions of dibutylthallium chloride (5) with iodine in
dioxane at different illumination intensities. The rate
constant of iodination increases linearly as the illumina-
tion intensity increases (Table 3). When irradiation is
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Table 3. Rate constants of iodination of dibutylthallium chlo-

ride with iodine in dioxane under argon at 25 °C and at

various illumination intensities

Entry Ilumination of (- 103/mol L1 #;/min~!

the reactor/Ix Bu,TICH I
7 4000 1.5 15 1.23
2 2550 1.5 15  0.69
3 1050 1.5 1.5 0.29
4 290 15 15 018
5 50 1.5 1.5 0.02
6 0 1.3 1.5  0.001

terminated, the reaction sharply decelerates. It was found
that in the dark, when the intensity of illumination is
equal to zero, the rate constant of iodination (k) is not
equal to zero. The dark reaction proceeds very slowly
(k; » 0.001 min™!), and its contribution to the process
is slight. When the reactor is illuminated (L = 4000 1x),
the iodination rate increases 1200-fold with respect to
that of the dark reaction. Thus, under the conditions
used in our experiments (L = 4000 Ix), we have always
observed a photochemical reaction.

Variation of the concentration of compound 1 at a
constant illumination intensity (L = 4000 1x) and a
constant concentration of iodine under argon demon-
strates that the reaction rate depends on the concentra-
tion of 1. Using the van’t Hoff's method, we deter-
mined the order of the reaction with respect to com-
pounds 2 and 5. The reaction order with respect to S was
found to be 0.6, while that with respect to 2 is 0.4. The
effect of the iodine concentration on the rate of this
photochemical reaction is difficult to study, because the
intensity of the absorbed light varies as a function of the
iodine concentration. Therefore, the reaction rate
changes. This hampers the investigation of the purely
concentration effect for I,. However, we determined the
order of the reaction with respect to jodine in dioxane in
the presence of argon under pseudo-unimolecular con-
ditions, i.e., for {2] >> [1,]. Under these conditions, the
order of the reaction with respect to iodine is 1. Thus,
the overall order of the iodination of dibutyithallium
salts in dioxane in the presence of argon is fractional:
1.6 for compound 5 and 1.4 for compound 2. This result
indicates that this reaction actually occurs by a radical
mechanism, since it is radical reactions that are nor-
mally characterized by fractional orders. Thus, the rate
of iodination of dibutylthallium salts depends on numer-
ous factors: formation of intermediate products, inten-
sity of illumination of the reactor, the nature of the
dibutylthallium salt, and the presence of air or argon in
the reaction system.

We studied the kinetics and the mechanism of the
reaction of dibutylthallium salts in dioxane on exposure
to light and found that it occurs by a complex photo-
chemical radical mechanism.

Experimental

Dioxane was distilled over alkali, then refluxed over so-
dium in the presence of benzophenone under argon until a
blue solution was formed, and distilled in an argon atmo-
sphere. In every kinetic experiment, freshly distilled dioxane
was used. lodine was purified by sublimation. The dibutyl-
thallivm salts used in this work were prepared by known
procedures.”8 The spectra of the reaction mixtures and iodine,
and the spectra in the kinetic measurements were recorded on
an SF-26 spectrophotometer using 1-cm thick cells.

Reaction of dibutylthallium tetrafluoroborate with iodine in
ether. Jodine (0.38 g, 1.497 mmol) in ether was added to a
solution of compound 2 (8.61 g, 1.504 mmol) in 90 mL of
ether stirred by a magnetic stirrer. The reaction mixture was
stirred and refluxed in the presence of air in weak daylight
(L = 50 Ix) until it became colorless. Then the mixture was
filtered to give 0.43 g (98.1%) of tetrafluoroborate 3. The
resulting salt was readily soluble in water; the addition of KI
gave salt 4 as a yellow precipitate. The ethereal filtrate was
concentrated to give 0.485 g (87.5%) of l-iodobutane,
b.p. 131 °C, np? 1.4994.

Reaction of 2 with iodine in dioxane under inteuse illumi-
nation (L = 15600 Ix) in the presence of argon. A solution of
tetrafluoroborate 2 (0.2 g, 0.493 mmol) in dioxane was added
in the dark to a solution of I; (0.125 g, 0.492 mmol) in
dioxane; argon was bubbled through the mixture, and the
mixture was stirred by a magnetic stirrer exposed to the light of
a 150-W lamp with an illumination intensity (L) of 13000 Ix.
The reaction mixture became colorless over a period of 1 h,
and the precipitate that formed was filtered off to give 0.14 g
of a light-yellow substance, from which 0.077 g (42.2%) of
compound 4 and 0.065 g (45.5%) of compound 3 were iso-
lated.

The kinetics of reaction (1) were studied under tempera-
ture-controlled conditions in a cylindrical reactor with an
external diameter of 4.1 cm and an internal diameter of
3.0 cm. A small magnetic bar was placed on the bottom of the
reactor. The reactor was arranged 16 ¢m away from the light
source. The irradiation was carried out using a 60-W tungsten
lamp. The intensity of the light sorce was controlled by varying
the voltage in the circuit using a transformer. The illumination
intensity of the reactor was determined using a Yu-116
luxometer. When the reaction was carried out under argon, the
reactor was preliminarily maintained at a constant temperature
and purged with argon, then a dioxane solution of a
butylthallium salt was placed into it, and argon was bubbled
through the solution for an additional 15 min. Then a dioxane
solution of iodine was added in the dark. The total volume of
the reaction mixture was always 10 mL. After that, 3.5 mL of
the reaction mixture was withdrawn in the dark, and the
optical density of the solution at the beginning of the reaction
was measured. The sample was retumed to the reactor, the
mixture was purged with argon for an additional 4 min, and
the magnetic stirrer and the light source were switched on. At
regular intervals, 3.5-mL samples were taken for optical den-
sity measurements. The samples were returned into the reactor.
During the measurements of the optical density, the light
source was temporarily switched off. In some entries, the light
source was permanently operating. The rate constants obtained
in these cases were within an experimental error of +7%.
When the reaction was carried out in air, the mixture was not
purged with argon.
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The measured optical densities of iodine at 530 nm were
used to construct the kinetic curves and to calculate the rate
constants for the reactions. The results are listed in Tables 1—3.
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