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structure in [(C6HJCH2)SCSTI]2 is therefore expected to be the 
large repulsive forces between the (C6HSCH2)5CsTI moieties in 
the linear R-TI-TI-R arrangement, as suggested by Budzelaar 
and B o e r ~ m a , ~  rather than to be the TI-TI bond suggested by 
Janiak and Hoffmann.4 Note also the very small TI-TI distance 
in TI2H2 (3.28 A) compared with [(CSHSCH2)5C5T1]2 (3.63 A). 
This suggests that other effects (e.g. steric effects) are present, 
which increase the TI-TI distance. Even the fairly short TI-TI 
internuclear distances in compounds like TI2SnO3 (3.23 A)22 may 
be explained as being due to interactions of thallium with other 
atoms, e.g. the oxygen atom in the case of T12Sn03.22 It is 
therefore unlikely that reasonably strong TI(1)-TI(1) bonds exist 
in any of the known inorganic or organometallic compounds of 
the element?3 However, TI(I1)-Tl(I1) bonds remain a possibility, 
especially in the solid state. Dronkowski and Simon% have recently 
reported the preparation of T10,8Sn0,6M0701 I ,  which has a re- 
markably short TI-TI distance of 2.84 A. A qualitative analysis 
suggested the presence of a single TI-TI bond between TIZ+ units, 
which may be stabilized by interaction with the oligomeric 
transition-metal clusters.24 
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In the field of organometallic chemistry, recent studies have 
shown that some reactions may be efficiently catalyzed by electron 
transferI3 at electrodes or by redox chemical means. The systems 
most generally studied involve ligand replacement in mononuclear 
and polynuclear complexes. For all these reactions the key step 
is the labilization of intermediate paramagnetic species containing 
17 or 19 electrons in the valence orbitals of one metal  enter.^ 
A complete knowledge of the course of these catalyzed reactions 
requires kinetic studies in order to establish the mechanism 
(associative or dissociative) of the ligand substitution. These 
kinetic studies are generally performed by electrochemical means 
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Figure 1. Thermograms of reaction 1 catalyzed by electron transfer and 
their derivative curves (8 X IO4 mol of l+(PF;) and 4.8 X lo-) mol of 
P(OMe), in 0.1 L of CH3CN-0.1 M Bu4N+BF4-). 

using a working curve4 or simulated volt ammo gram^,^ but they 
do not take into account the interference of deactivation reactions? 
In this paper, we report that calorimetric measurements carried 
out during a ligand substitution catalyzed by an electron transfer 
constitute the basis of a kinetic study of the reaction in homo- 
geneous solution. In the same experiments the rate of deactivation 
steps may be obtained. Moreover, the example described shows, 
for the first time, that the electron-transfer catalysis may be used 
for thermochemical studies of chemical reactions that are otherwise 
unfeasible. 

The chemical reaction investigated by our calorimetric method 
is the arene ligand replacement (1) in complexes (qs-CsHs)- 
Fe"(@-arene) (l+). This ligand exchange (1) can be performed 

(~5-CsH5)Fe1'(q6-Ar)+ + 3P(OMe)3 - 
1+ 

(qS-CsHs)Fe11[P(OMe)3]3+ + Ar (1) 

by heating7 but it slowly leads to low yield of 2+. It is obvious 
that calorimetric studies are not possible in these experimental 
conditions. However, when reaction 1 is catalyzedsa by electron 

2+ 
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Table I. Enthalpy Changes, Rate Constants, and Deactivation Rate Constants of Reaction 1 (at 293 f 1 K in CH3CN-0.1 M Bu,N+BF,-) 
electrolysis A H ,  k,,JI) IO-' 

substrate (Ar) current,-mA kJ-mo1-I kt," s-I m&-' .S-I kt,b s-I 
1.4 f 0.3 2.5 f 0.6 la+ (C6Hd IO -206 f 9 1.08 & 0.15 

5 -197 f 6 0.76 f 0.05 

5 -207 I .95 

5 -191 f 2 0.20 

IO -192 0.53 
5 -176 0.34 

lb+ (CbHSOCH3) IO -195 2.29 1.4 2.6 

IC+ ( C ~ H S C O ~ C H ~ )  IO -187 0.33 1.1 0.5 

Id+ ~ - C H ~ C ~ H I C H ~ )  20 -186 0.69 3.0 0.8 

.k*  values are obtained from eq 8. b k l  and k,' values are obtained from eqs IO and 12. 

transfer at a cathode in CH3CN/0.1 M Bu4N+BF4-, it rapidly 
affords 2+ with a quantitative yield, at room temperature. These 
conditions allowed calorimetric investigations that were performed 
in an adiabatic divided electrolysis cell working at  constant current. 
Experimental Section 

Chemicals. Substrates (q5-CsH!)Fe1'(q6-arene)+(PF[) were prepared 
as previously described.8b Acetonitrile was twice distilled from calcium 
hydride and stored over molecular sieves. The supporting electrolyte 
nBu4NBF4 (Fluka) was of electrochemical grade and was dried over P205 
in a vacuum dessicator. P(OMe), (Fluka), which was used as received, 
contained 0.5% of OP(OMe)3.9 

Instrumentation and Measurements. The calorimetric investigations 
were performed at 293 f 1 K in an adiabatic divided electrolysis cell 
previously described.I0 Each compartment contained 100 mL of ace- 
tonitrile with 0.1 M nBu4NBF4 as supporting electrolyte. Electrodes were 
8-cm2 platinum grids. Substrates I+(PF[) and P(OMe)3 were added in 
the cathodic compartment of the electrolysis cell. The solution was 
degassed with solvent-saturated nitrogen. After deoxygenation, electro- 
lysis was carried out with constant current afforded by a galvanostat 
(PAR 363). A continuous stream of nitrogen was passed over the solu- 
tion while measurements were being performed. The temperature inside 
each compartment was measured by using standard equipment: ther- 
mistor, voltage source, Wheatstone bridge, and operational amplifier. The 
temperatures were recorded and stored in a computer (HP 85F) for data 
processing. The relationships used to extract the thermal effect of the 
chemical reaction ( I )  from the total thermal effects (including reaction 
heat, stirring Joule effect of the current, and heat exchanges) were es- 
tablished elsewhere.'' All along the electrolysis the potential of the 
cathode was measured versus a reference electrode (Ag/AgCI). 
Results and Discussion 

The corrected thermograms of reaction 1 (Figure 1)  show an 
induction period (without considerable temperature variation) 
followed by an increase of temperature that reaches a maximum 
at  time t, when all the substrate 1+ has reacted. The thermogram 
shape agrees with phenomena occurring during controlled potential 
electrolysis: at the beginning the current, which is the reaction 
course indicator, remains approximately constant, and then it 
rapidly decreases until the residual value is reached. During the 
induction period the electrons provided by the cathode are not 
used for the catalysis of reaction 1, but they reduce oxidizing 
impurities in the solution. Indeed, the induction period is larger 
for carelessly deoxygenated solutions, and it shortens when the 
electrolysis current increases. 

The enthalpy change AH of reaction 1 is calculated from the 
final thermal effect (Table I). Assuming that without P(OMe), 
in solution the cathodic reaction uses one electronEb per molecule 
of I+,  the electricity consumption shows that the A H  values 
correspond to more than 98% conversion of 1+ through reaction 
1. 

Considering that the heat dissipated in the cathodic com- 
partment of the electrolysis cell is proportional to the amount of 
substrate 1' that has reacted, we can use the increasing part of 

(8) ( a )  Darchen, A. J .  Chem. Soc., Chem. Commun. 1983, 768. (b) 
Darchen, A. J. Organomet. Chem. 1986, 302, 389. 

(9) We have checked by cyclic voltammetry that OP(OMe), did not in- 
terfere in the course of the arene replacement by P(OMe)3. 

(10) Boudeville, P.; Burgot, J. L. J .  Therm. Anal. 1985, 30, 5 .  
( 1 1 )  (a) Boudeville, P. Thesis, 1986, Rennes, France. (b) Boudeville, P.; 

Burgot, J. L. Thermochim. Acta 1%7, 114, 187. 

the thermograms for kinetic studies. This part follows quadratic 
eq 2 as shown by the large linear portion of the derivative curve 

(2) 
of the thermograms (Figure 1). This observation agrees with a 
first-order kinetic of the overall reaction 1 beyond the induction 
period and confirms the voltammetric behavior of 1+ with in- 
creasing P(OMe), concentrations.8a We have fitted the increasing 
part of the thermograms and eq 2 in order to obtain a starting 
time usable during further kinetic investigations. 

Scheme I, which details the rate-determining steps in the overall 
reaction 1, has been used for the rate constant evaluation (K = 
i/VF; i is the current; Vis the volume of solution in the cathodic 
compartment; F is the Faraday constant). Whatever the constant 
current used we have controlled that the cathode potential always 
corresponds to the reduction of 1' before time t ,  and to the 
reduction of 2+ after t,. 
Scheme I 
electrochemical initiation 

Q(t) = ut2 + bt 

K 
1' + e-- 1' ( K  = i / V F )  (3) 

chain propagation 
k 

1' + xCH3CN - 3'(?5-C5H5)Fe'(NCCH3), + Ar (4) 

3' + 3P(OMe), - 2' + xCH3CN ( 5 )  

2' + 1+ - 2+ + 1' ( 6 )  
Assuming irreversibility12 for step 4 and steady state for both 

intermediates 2' and 3', the thermal effect Q(t) and its derivative 
dQ/dt versus time are expressed by relationships 7 and 8. 

fast 

fast 

Q(t) = [ ( l + ) o  - (1')JVAH = (0.5kKt2 + Kt)VAH (7) 
(8) 

Whatever the substrate may be, the results show a discrepancy 
between the rate constants k obtained for different current in- 
tensities (kt in Table I). This observation suggests the Occurrence 
of deactivation reactions, which have not been taken into account 
up to now. In order to investigate the kinetic implications of this 
deactivation: we carried out electrolysis with the current switched 
off a t  time t* after the catalyzed reaction 1 has started (Figure 
2). As shown by the derivative curve, the deactivation reactions 
slow down the heat dissipation. The results are consistent with 
a first order for reaction 1 and a zero order for the deactivation 
reactions, as shown by the good fit between the experimental curve 
and the simulated one (Figure 2). The drawings of simulated 
thermograms taking into account first- or second-order deacti- 
vation reactions do not present the linear parts observed on the 
experimental derivative curves before and after time t* .  

Deactivation reactions Occur in the bulk of the solution and 
involve the intermediates of the catalytic cycle (I*, 2', or 3' in 
Scheme I). In the absence of P(OMe),, it is known that 1' may 

dQ/dt = (kKt  + K)VAH 

(1 2) Voltammetric studies of la+ in the presence of xylene or mesitylene did 
not show the replacement of coordinated benzene by free arene in la: 
Darchen, A. Unpublished work. 
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Figure 2. Experimental (+,X) and simulated ( 0 - )  thermograms of re- 
action 1 catalyzed by electron transfer and their derivative curves with 
the electrolysis current switched off at time t* (8 X IO-' mol-L-l, of 
la+(PF,-); 48 X 10" mo1.L-l of P(OMe), in CH'CN - 0.1 M Bu4N+- 

react with dioxygenlj or slowly with water.I4 The irreversible 
voltammetric behavior of 1+ and 2+ in acetonitrile shows that 2' 
and 3' decay, leading to ferrocene and unknown decomposition 
products.8b The few amounts of side products formed during the 
catalysis of reaction 1 do not allow us to establish the true 
deactivation reactions. However that may be, a zero order is 
uncommon and may be explained by one of the following hy- 
potheses. (i) In reaction Scheme I, we have considered a steady 
state for the intermediates 2' and 3', so their concentrations are 
lower than the deactivating substrate ones (oxidizing impurities, 
water, etc.). If 2' or 3' deactivates according to a pseudo-first- 
order kinetic, the overall observed deactivation is equivalent to 
a zero order with respect 1'. (ii) Another hypothesis may be a 
fast reaction of 1' with an impurity continuously introduced in 
the solution. This impurity should be the dioxygen present a t  5 
ppm in the dinitrogen used for the deoxygenation of the solution. 
We have already noted that dioxygen deactivated the reaction 
during the induction period. 

Taking into account a zero order for the deactivation reactions 
(rate constant kd), the thermal effect Q(f) and its derivative dQ/dr 
versus time are expressed by the new relationships 9-12. 
during the electrolysis 

BFi). 

(1 3) Volkenau, N. A.; Petrakova, V. A. J .  Organomet. Chem. 1982,233, C7. 
(14) (a) Nesmeyanov, A. N.; Volkenau. N. A.; Petrakova, V. A.; Kolesov, 

V. S. Dokl. Akad. Nauk. SSSR 1977, 235, 366. (b) Buet-Leguistin, 
A. Thesis, 1980, Rennes, France. 
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after switching off the current ( f  > f * )  

Q(t) = [-0.5kkd(t - f * ) 2  + ( k ( K  - kd)t* - kd)(f - f * )  + 
( l + ) o  - (1+),.1 VAH (1  1) 

dQ/dt = [-kkd(f - f * )  + k ( K -  kd)f* - kd]VAH (12) 
Relations 10 and 12 allow access to the rate constants k and 

kd from derivative curve slopes for two electrolyses carried out 
with different current intensities or from one experiment with the 
current switched off. The values of k and kd are given in Table 

The rate constant k§ of reaction 1, corrected for the deactivation 
reactions, is arene ligand dependent. The rate decreases following 
the sequence lb+ > la+ > Id+ > IC+. This order agrees with 
stability of the corresponding paramagnetic species 1' in aceto- 
nitrile without P(OMe),, as shown by voltammetric studies.8b 
Owing to uncertainties about the: nature of deactivation reactions 
occurring during reaction 1, we cannot discuss the values of kd. 

As a concluding remark, we could emphasize that the reaction 
investigated in this paper shows, for the first time, that elec- 
tron-transfer catalysis allows new ways for thermochemical in- 
vestigations of chemical r e a c t i o n ~ . l ~ ? ' ~  From an experimental 
point of view, a chemical reaction may be easily carried out by 
means of chemical redox reagents, and in such conditions, the heat 
dissipation may be a useful indicator of the course of the reaction. 
The enthalpy change AH of reaction 1 does not seem to be in- 
fluenced by the arene ligands. It is likely that the substituents 
of substrates 1+ do not significantly modify the energy of the 
iron-arene bond. Unfortunately, because of the ionic nature of 
starting and final compounds (l+, 2+), we have not been able to 
link the.enthalpy change and bond energy with more accuracy. 

I (ks ,  kd8). 

(15) Benson, S. W. Thermochemical Kinetics. Methods for the Estimation 
of Thermochemical Data and Rate Parameters; Wiley: New York, 
1976. 
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Organometallic Mechanism and Catalysis; Academic Press: New York, 
1978; p 237. (b) Halpem, J. Acc. Chem. Res. 1982, IS, 238. (c) Bruno, 
J. W.; Stecher, H. A.; Morss, L. R.; Sonnenberger, D. C.; Marks, T. 
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Introduction 
The red-brown air-stable MnlI1 compounds of empirical formula 

MnC1,L (L = bpy, phen) have been known since 1965 when 
Goodwin and Sylva isolated them from the reaction of L with the 
purple ether extract of the black solid obtained from reduction 
of MnOz with dry HCl in CCl,.' The same compounds were later 
obtained independently by Funk and Kreis using a similar method? 
Earlier, Gill had obtained green (NEt4)2MnCIS from this ether 
extract by treatment with an ethanolic solution of NEt4CL3 
Similarly, (NEt4)2MnC15 was obtained by addition of NEt4Cl to 
the purple solution obtained from reaction of CH,COCI with 

~ ~~~ 
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