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The kinetics and mechanism of the reactions of diarylthallium trifluoroacetates with 
molecular iodine in dioxane solutions have been studied. The reaction has the overall second 
order with the first order with respect to each reagent. The effect of substituents in the 
aromatic ring on the rate constant of iodination is described by the equation Iogk 2 = 
pcr+(p = -1.60, r = 0.97). The reaction is catalyzed by the iodide ion. The activation 
enthalpies and entropies of iodination of  diarylthallium trifluoroacetates in dioxane and 
di(p-anisy0thaltium trifiuoroacetate in various solvents have been calculated. The effect of  
solvents on the rate constant of iodination of di(p-anisyl)thallium trifluoroacetate has been 
studied. The reaction mechanism is considered as an electrophilic SEC process. 
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H a t o d e m e t a l l a t i o n  o f  o rganometa l l i c  c o m p o u n d s  is 
one  o f  the  mos t  known  react ions .  I o d o d e m e r c u r a t i o n ,  t 
i o d o d e s t a n n a t i o n ,  z,3 and  ha l odebo r a t i on  t are especia l ly  
well s tudied.  

l o d i n a t i o n  of  o r g a n o t h a l l i u m  c o m p o u n d s  by m o -  
lecu lar  iod ine  has been  descr ibed  long ago. 4 - n  T he  
i o d i n a t i o n  by m o l e c u l a r  iodine  with c a r b o n - - t h a l l i u m  
b o n d  cleavage was used in the  s tudy of  o r g a n o t h a l l i u m  
c o m p o u n d s  o f  the  d i b e n z o f u r a n  series. 4,6 T he  r eac t ion  
o f  d i (13-chlorovinyl ) tha l l ium wi th  iodine  in c h l o r o f o r m  5 
and  the  c leavage  o f  the  c a r b o n - - t h a l l i u m  b o n d  by m o -  
lecu lar  iod ine  in b i s ( p e n t a p h e n y l ) t h a l l i u m  b r o m i d e  7,8 
w e r e  r e p o r t e d .  T h e  i o d i n a t i o n  of  d i a r y l t h a l l i u m  
t r i f luo roace ta t e s  by molecu la r  iod ine  in boi l ing c h l o r o -  
fo rm was used for  the  p repa ra t i on  of  aryl iodides.  9 The  
i o d i n a t i o n  o f  a ry l tha l l ium bis ( f luoroace ta tes )  by I2 in  
ace ton i t r i l e  in da rkness  was also reported,  l~ However ,  
these  works are o f  syn the t i c  charac te r ,  and  the  m e c h a -  
n i sm of  i o d i n a t i o n  of  o r gano t ha l l i um  c o m p o u n d s  has  
not  been  s tud ied  up to now. At  the same t ime ,  the  
m e c h a n i s m s  o f  i o d i n a t i o n  o f  o r g a n o m e r c u r y  a n d  
o r g a n o t i n  c o m p o u n d s  are well s tudied,  t 

Deve lop ing  the  works l isted above,  we syn thes ized  
var ious  d i a ry l tha l l i um salts 9,I t , t2 and  s tudied the  k ine t -  

C4H802 
(p-RC6H4)2TIX +- 12 -~ D-RC6H4I + p-RC6H4"HXI ( I )  

1- -12  

X = OCOCF 3, R = H (1), Me (2), Bu t (3), MeO (4), F (5), 
C1 (6), Br (7), Pr i (8), EtO (9); 

R = H, X = OCOMe (10), OC6F 5 (11),  Br (12)  

ics and  m e c h a n i s m  of  i o d i n a t i o n  o f  these  c o m p o u n d s  in 
d ioxane  ( C 4 H 8 0 2 ) i n  da rkness  ( r e a c t i o n  ( I ) ) .  

Experimental 

Dioxane (chemically pure grade) was stored for 5 days 
above KOH and distilled in an argon flow above sodium metal. 
Then benzophenone and sodium were added to dioxane, and 
the mixture was boiled to the formation of a blue solution and 
distilled slowly under argon. Iodine (pure grade) was purified 
by double sublimation. Diarylthallium trifluoroacetates were 
prepared by the known procedures. 9,llAz 

Spectra of reaction mixtures and iodine were recorded on 
an SF-26 spectrophotometer. Cells with a thickness of 1 cm 
were placed in a thermostatted a t tachment ,  which was mounted 
in the spectropbotometer. Iodine in dioxane has an absorption 
maximum at k = 530 rim, which obeys the Lambert--Beer law 
in the 530--580 nm wavelength range. The optical density of 
12 during the reaction was measured at k = 580 nm. The 
starting organothallium compounds and  reaction products do 
not absorb in this region and do not impede measurement of 
the optical density of iodine. 

The kinetics of reaction (I) was studied in a thermostatted 
cylindrical reactor in the dark. The volume of the reaction 
mixture was 5 mL. Samples (3.5 mL)  were taken at certain 
intervals from the reactor, the optical density was rapidly 
measured, and the samples were returned into the reactor. 
"Fast" reactions were carried out directly in a thermostatted 
l-cm cell. Using the measured values of the optical density of 
12, we calculated the concentrat ions of reacting substances, 
plotted the kinetic curves, and calculated the rate constants of 
the reactions (Tables I--4). The values of the calculated rate 
constants coincide within the experimental error (+5%). 
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Table !. Rate constants (k 2) and activation parameters of the reactions of diacyllhallium trifluoroacetates 1--9 with 
molecular iodine in darkness 

Com- R k 2 �9 104/L mol - t  s -L A/-~/kJ tool -I -ASa/J  K -] tool -I 

pound 20 ~ 25 ~ 30 ~ 34.8 ~ 45 ~ 

! H 2.68 3.67 7.70 9.08 21.50 64.561 94.847 
2, Me -- 4,94 13.25 16.61 42.08 64.452 88.492 
3 Bu t -- 6.66 17.75 21.96 49.02 61.646 95.812 
4 MeO -- 46.20 119.00 161.40 284.60 59.993 84.872 
5 F -- 1.63 3.35 4.48 8.22 65.557 96.01 I 
6 CI -- 2.11 3.47 4.57 8.22 67.641 88.730 
7 B r  - -  2 . 2 0  . . . . . . .  

8 Pr i -- 8.77 . . . . . .  
9 EtO -- 66.40 . . . . .  

Results and Discussion 

The  order  o f  react ion (1) was de te rmined  for c o m -  
pound 1, because it is relatively highly soluble in diox-  
ane,  which makes it possible to vary its concent ra t ion  
from I �9 10 -4 to 3" 10 -z  mol  L -q. 

It has been established that react ion (I)  has the 
overall  second order ,  with the first order  with respect to 
each o f  reagents. The  variat ion o f  the concent ra t ions  of  
c o m p o u n d  1 and 12 shows that along the kinetic curve, 
the  rate  c o n s t a n t  re ta ins  an u n c h a n g e d  va lue  o f  
2.68" 10 -4 L tool -1 s - I  at 20 ~ 

To  study the t empera tu re  dependences  and the 
effect of  substituents,  we carried out the reactions at 
equ imola r  ratios o f  the reagents at the concen t ra t ion  o f  
1.5" 10 -3 tool L - I .  The  measured second-order  rate 
constants  (k2) and calculated values o f  the act ivat ion 
enthalpy and ent ropy for diaryl thal l ium tr if luoroacetates 
I - - 9  in dioxane in darkness are presented in Table 1. 

The  study of  the effect o f  substituents in the aro-  
mat ic  cycle shows that  e lec t ron-dona t ing  substituents 
accelerate  and e lec t ron-wi thdrawing  substituents retard 
react ion (1) (see Table  i). The  effect o f  substituents on 
the react ion rate cons tan t  at 25 ~ does not  obey the 
H a m m e t t  equat ion ,  but  is satisfactorily described by the 
Brown equat ion logk2 = p~+ (p = - I . 6 0 ,  r = 0.97) 
(Fig. 1). It follows f rom the data in Table t that the 
format ion of  the a renon ium ion is the ra te- l imit ing 
stage o f  reaction (1). The  low value p -= - 1 . 6 0  (see 
Fig. 1), as compared  to those found for the reactions of  
ch lor ina t ion  and b romina t ion  o f  a romat ic  hydrocarbons 
by molecu la r  ch lor ine  and bromine  (p = - I 0 ;  - 1 2 . 1 ,  
respectively),  13 indicates  that the easiness of  e lec t ro-  
philic iodinat ion o f  diaryl thal l ium trif luoroacetates via 
the  S E mechan ism is de te rmined  not  only by the degree 
of  e lectrophi l ic i ty  o f  12, but also by the capabili ty of  
iodine of  coord ina t ing  at the TI a tom o f  the o rgano-  
thal l ium c o m p o u n d .  A similar  p h e n o m e n o n  was also 
observed for several o rganomercury  compounds  and was 
named the nucleophi l ic  assistance o r  nucleophi l ic  ca- 
talysis, t When o rganomercury  salts are iodinated in 
D M F  by molecular  iodine,  p = -1 .95 ,  and in the case 

Iog(k~L tool -I s -I) 

- 2  

, - ,<  , 

2? , 

- - 4  1 I 

- I  0 I (r * 

Fig. 1. Dependences of the logarithm of the rate constant of 
iodination of diarylthallium trifluoroacetates (1--9) on the c~ + 
values in dioxane at 25 ~ The numeration of points corre- 
sponds to the numbers of compounds. 

of  symmetrical  o rganomercury  c o m p o u n d s  of  the Ar2Hg 
type, 0 = -2.3.1 

The temperature  effect on react ion (1) was studied 
for compounds  1--6  (see Table | ) .  Plot t ing the depen-  
dence  l n ( k J T )  on 1/7" for various compounds ,  we cal-  
culated the standard act ivat ion enthalpy and then  the 
act ivation entropy (see Table  1). It follows f rom the 
data in Table I that for c o m p o u n d s  1--6,  the values of  
the act ivat ion enthalpy and ent ropy of  
reaction (1) vary within 6/-P = 59.993 
to 67.641 kJ tool - I ,  AS n = -96 .011  to , t__ 
-84 .872  J K -I  mot - t ,  which cor re -  ~ X t ' "  I "  x,, 
sponds well to the b imolecu la r  e lec t ro-  ~ , "  
philic reaction in the solut ion.  The  
negative value of  the act ivat ion en-  
thalpy of  reaction ( 1 ) indicates that  the 
transition state is ordered.  Perhaps,  it 
contains  the fou r -membered  cycle (A). A 
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Table Z. Effect of the concentration of additives of various Bu4NX salts on the rate constant (k2) of the 
reaction of diBo-anisyl)thatlium trifluoroacetate with I~ at 25 ~ in darkness 

lBu4NlJ �9 105 k,. 103 [Bu4NCIO41 �9 105 k 2 �9 103 IBu4NBF4/�9 105 k 2 �9 103 
/tool L -~ /L mol -I s -I /mol L -I /L tool -I s -I /tool L -~ /L  mol - l  s - j  

0 4.62 0 4.74 0 4.74 
0.5 6.33 5 6.75 20 10.44 
1.5 10.79 20 8.88 200 19.06 
5 23.48 200 16.71 500 24.07 
9.57 40.76 500 23.91 1000 29.53 
15 52.26 1000 25.56 -- -- 
3O 8 9 . 3 0  . . . .  
45 1 4 7 . 4 0  . . . .  

To confirm the possibility of nucleophilic assistance 
from I2, we studied the effect of various salt additives of 
the BuaNX type (X = CIO4 (13), BF4 (14), I (15)) for 
compound 4. The second-order rate constants (k2) for 
the reaction of di(p-anisyl)thallium trifluoroacetate with 
12 in dioxane in darkness at different concentrations of 
salts 13--15 at 25 ~ are presented in Table 2. It can be 
seen from the data in Table 2 that additives 13--15 
accelerate reaction (1). The effect of the single-type 
salts 13 and 14 is almost the same and, most likely, due 
to an increase in the ionic strength of the solution, on 
the one hand, and the polarization of the iodine mol- 
ecule under these conditions, on the other hand. When 
salt 15 is added, the same factors, as in the case of salts 
13 and 14, act; however, the effect of salt 15 on reaction 
(1) is much more efficient. At equal concentrations of 
salts 13--15, the ionic strength of the solution is the 
same, but salt 15 catalyzes reaction ( l )  much more 
strongly than salts 13 and 14. The linear dependences of 
logk 2 on log[Bu4NX} (Fig. 2) are characterized (for salts 
13 and 14) by the same slope angle (the tangent is equal 
to 0.3), and for salt 15, the slope angle is greater (0.65). 
If it is taken into account that when the uniform salts 
are added, the effects in the reaction mixture are ap- 
proximately equal, then the difference in these values 
(0.35) reflects the strength of nucleophilic catalysis by 
iodide ions. Probably, the iodide ion catalyzes reaction 
(1) due to the formation of the triiodide ion according to 
Eq. (2). 

12 + Bu4NI --..r--,--~ Bu4NI 3 (2) 

In fact, the study of solutions of 12 in dioxane shows 
that the maximum at ~. = 430 nm, which can be as- 
signed to the triiodide ion, appears in the absorption 
spectra of these solutions in the presence of salt 15. The 
13- anion exerts a greater nucleophilic assistance than 
the 12 molecules due to the negative charge, since it is 
better coordinated with the TI atom of compound 4. In 
this case, an additional catalysis can also appear due to 
the formation of a less strained five-membered cycle in 
the transition state. 

It is noteworthy that at high degrees of conversion 
(70--80%), we observed a slight acceleration of reac- 

log(k /L tool -I s -I) 

-0.5 

-1.0 

- t . 5  

-2.0 

C 

�9 b 

i i I . i i L , , ,  l , ,  

-5 -4  -3  -2 
log(C/tool L -t ) 

Fig. 2. Dependence of the logarithm of the rate constant of 
iodination of di(p-anisyl)thallium in dioxane at 25 ~ on the 
logarithm of the concentration of the salt added: 13 (a), 14 
(b), and 15 (c). 

tion (1). The analysis of the spectra showed that a 
maximum at ~. = 430 nm, which corresponds to I3-, 
appears in this case as well, but the concentrat ion of the 
anion is low. The formation of 13 - occurs, perhaps, due 
to the complex formation of molecular  iodine with the 
reaction products by Eq. (3). 

ArTIXI + 12 ~ ,  ArTIXI 3 (3) 

Similar phenomena were observed for iodination of 
other organometallic compounds.  1 For compound 4, the 
effect of solvents was studied at 25 ~ and the tempera- 
ture dependences of reaction (1) in various solvents were 
obtained (see Table 3). 

The study of the temperature dependences In(kJT)  
on I / T  for six different solvents and calculation of the 
values of the activation enthalpy and entropy, as de- 
scribed previously, showed the compensa t ion  effect for 
the iodination of di(p-anisyl)thallium trifluoroacetate. 
When the nature of the solvent changes, the activation 
enthalpy and entropy of the reaction change in parallel 
(Fig. 3). The A/P and AS* values change smoothly and 
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Table 3. Rate constants (k2) and activation parameters of the reaction of di(p-anisyl)thallium 
trifluoroacetate with molecular iodine ira various solvents 

Sol- k 2 �9 103/L mol -I  s - t  &H ~ -AS  = 

vent 21 ~ 25 *C 30 ~ 34.8 ~ 40 ~ /kJ m o r  t /J  K -I mol - I  

Dioxane -- 4.62 11.90 
THF -- 30.00 38.30 
DMF 16.99 a 26.92 39.5 
DMSO 0.83 1.45 1.90 
AcOEt 149 180 281 
MeCN -- 1595 1938, b 

217t c 
MeOH -- 24.1 --  
EtOH -- 35.6 -- 
PrOH -- 37.4 -- 
BuOH -- 48.4 -- 
Py -- 29.0 -- 

16.14 28.4 e 59.993 84.872 
-- 79.10 56.806 83.679 
- -  90.6 62.890 64.413 
-- 5.1 73.008 55.382 
-- 500 50.113 90.416 

2671 a 3801 42.282 99.060 

m 

i 

a At 20.5 ~ b At 28 ~ c At 31 ~ a At 33.6 ~ �9 At 45 ~ 

l inear ly  in d ioxane ,  T H F ,  D M F ,  D M S O ,  AcOEt ,  and  
M e C N .  Different  v iewpoin t s  c o n c e r n i n g  s imi lar  cor re la -  
t ions  are advanced .  In this  case, these  d e p e n d e n c e s  are 
due ,  to some ex ten t ,  to the me thods  o f  ca lcu la t ion  o f  the  
,5 /P  and  ,5,.9 ~ values.  

It follows f rom the  da ta  in Table  3 tha t  the reac t ion  
rate, d e p e n d i n g  on  t he  na ture  of  the solvent ,  decreases  
in the  o rde r  M e C N  > A c O E t  > B u O H  > P r O H  > E t O H  
> T H F  > Py > D M F  > M e O H  > d ioxane  > D M S O  and  
changes  by 1100 t imes  on  going from MeCN to D M S O .  
No  b road  co r r e l a t i on  was observed when  the effect  o f  
so lvents  on the  r eac t ion  rate cons t an t  o f  i od ina t ion  of  
c o m p o u n d  4 was s tudied .  However ,  two t e n d e n c i e s  can  

be m e n t i o n e d .  On the o n e  hand ,  when  the  d ie lec t r ic  
c o n s t a n t  o f  the  solvent  (~) increases ,  the  r eac t ion  is 
acce le ra ted  in the  order  d ioxane ,  T H F ,  Py, M e C N .  In 
this  series, the  die lectr ic  c o n s t a n t  of  the  so lven ts  cor re-  
lates wi th  the  reac t ion  rate c o n s t a n t  expressed  in the 
logar i thmic  fo rm (Fig. 4, a).  On the  o t h e r  h a n d ,  in the 
series AcOEt ,  B u O H ,  P r O H ,  E tOH,  M e O H ,  D M F ,  the 
rate c o n s t a n t  decreases,  by cont ras t ,  as ~ increases  
(Fig. 4, b). These  d e p e n d e n c e s ,  wh ich  exc lude  each  
o ther ,  can  be most  likely exp la ined  by an increase  in the 
e lec t rophi l i c i ty  o f  12 in the  o rde r  d ioxane ,  T H F ,  Py, 
M e C N  due to the  increas ing  polar iz ing  effect  of  the 
so lvent  on  the iodine molecu le .  O r g a n o t h a l l i u m  c o m -  
p o u n d  4 is ionized in this  so lven t  and  exists, mos t  likely, 

&H"/k.I mol -I 

100 

,0  

4 

60 5 

40 6 

20 

-100 - 8 0  - 60  

I I 

- 40  - 2 0  
AS,t/j K-I mol-I 

Fig. 3. Compensation effect in the iodination of di(p-anisyl)- 
thallium trifluoroacetate in various solvents: /, dioxane; 2, THF: 
3, DMF: 4, DMSO; 5, AcOEt: and 6, MeCN. 

Iog(k2fL real - t  s-I)  

o _ . . ._ .~ ,  6 a 

- I  

- 2  ~ / 

4 
1 6 J 

0 25 50 e 

Fig. 4. Dependences of the logarithm of the rate constant oi 
iodination of di(p-anisyl)thallium trifluoroacetate on the di- 
electric constants of solvents (e): 1, dioxane; 2, THF;  3, OM F; 
4', DMSO; 5, AcOEt; 6, MeCN; 7, MeOH; 8. EtOH; 
9. prnOH; 10, BunOH: and It, Py. 
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At Ar 
I 

] Ila+ C~H4R C6H4R 

Scheme 1 

Ar 
I+ 

X- TI ",,~---I.C4H802 ~ RCsH~--I +ArT1XI.C4HsO2 

R 

Table 4. Effect of the nature of the counterion in the iodina- 
tion of diphenylthallium salts by molecular iodine in dioxane 
at 25 ~ in darkness 

Compound X k 2 �9 102/L tool -I s -t  pKa 

! OCOCF 3 0.0367 0.25 
10 OCOMe 0.123 4.75 
11 OCrF 5 1.23 5.5 
12 Br 4.52 -9.0 

as ion pairs. Therefore, when the electrophilicity of 12 
increases (which occurs as E increases in the series 
indicated), the reaction rate constant increases. In the 
series AcOEt, BuOH, PrOH, EtOH, MeOH, DMF,  the 
electrophilicity of 12 is most likely approximately the 
same, since the same polarizing center (the oxygen atom 
of the hydroxyl or carbonyl group) acts upon the 12 
molecule. Probably, the state of compound 4 in the 
solution changes substantially in this series. Compound 
4 becomes more ionized on going from AcOEt to DMF 
and, hence, the reaction rate constant decreases (see 
Fig. 4, b). Thus, both the ionization processes of 
organothallium compounds and the electrophilicity of 12 
in the given solvent should be taken into account in the 
study of the effect of solvents on reaction (I). it follows 
from Fig. 4 that the electrophilicity of 12 plays an 
important role, since the straight line a has a greater 
slope. 

To confirm the effect of ionizing processes on reac- 
tion (I),  we studied the dependence of the iodination 
rate constant in dioxane on the nature of the anion in 
compounds 1, 10--12 at 25 ~ in darkness (see Table 4). 

It follows from the data in Table 4 that the rate 
constant of the iodination of diphenylthallium salts 1, 
10--12 changes in the series 1 < 10 < 11 < 12. For 
compounds 1, 10, and 11, the degree of ionization of 
diphenylthallium salts decreases in the same sequence, 
since the strength of the corresponding acids forming 
these salts decreases in this series. The strength of the 
acids can be estimated by the pK a value (see Table 4). 
In the series indicated, the rate constant of iodination 
increases by 33.5 times, and the acidity of the corre- 
sponding OH-acids and ionization of diarylthallium salts 
1, 10, and 11 decrease as well. For compound 12, the 
iodination rate is higher, although HBr is a strong acid. 

In this case, 12 is activated by the bromide ion and, 
probably, for salt 15, by the iodide iota. 

Thus, the iodination of diarylthallium salts by mo- 
lecular iodine in dioxane occurs via the electrophilic 
mechanism to form the transition state (Scheme 1). 

The 12 molecule is coordinated at the TI atom of the 
organothallium compound existing in dioxane as ion 
pairs. This coordination enhances the positive charge on 
the second iodine atom, which attacks electrophilically 
the C atom of the aromatic cycle. The electrophilic 
attack of the iodine atom is the limiting stage of the 
process. 
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