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Electrochemistry of bis(indenyl)dimethylzirconium complex - -  
the precursor of the olefin polymerization catalyst* 
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The reduction in THF and oxidation in CH~Ch of the bent-sandwich complex (qs_ 
Ind),Zr,Me 2 (1) (Ind = CgH 7, indenyl) were studied by cyclic voltammetry. Complex 1 in 
THF undergoes one-electron reduction to radical anion t ' - ,  which partially decomposes 
with the liberation of the Ind- anion. Even at -45 ~ the one-electron oxidation leads to the 
formation of an unstable 15-electron radical cation undergoing fast heterolytic decomposi- 
tion to the Me" radical and (qS-Ind)zZrMe ~ cation, which is the key reaction center in the 
catalytic polymerization of olefins. Comparative analysis of electron-transfer-induced trans- 
formations of bent-sandwich dimethyl and dichloride zirconocenes of the general formula 
L,ZrX~ (L = rlS-Ind, qs-Cp; X = CI, Me) was performed. 

Key words: bis(indenyl)dimethylzirconocene, polymerization catalysts, redox properties. 
cyclic voltarnmetry. 

It is known that highly reactive catalytic systems for 
olefin polymerization based on metallocene complexes 
of Group IVB metals (Ti, Zr, HI) with a -bound alkyl 
ligands are prepared by their treatment with Lewis acids 
(organoaluminum .compounds,  polyalkylalumoxanes, 
perflu0rophenylboranes, borates, and others), z-7 The 
main function of cocatalysts of this type is the oxidative 
elimination of the alkyl ligand and generation of tetra- 
valent cationic complexes of L2MR" type (L is the 
q-coordinate ligand, R is alkyl). 2.8-14 A weak coordina- 
tion of the cocatalyst in the form of a complex counterion 
is an important condition for providing for efficient 
insertion of a monomer molecule at the metal--carbon 
bond in the active center. The acting active center in 
these catalytic systems, a cationic particle with an active 
metal--carbon bond, is stabilized in the time scale of the 
polymer chain "growth by weak interactions with a 
counterion,  fragments of the macromolecular chain, 
solvent, etc. Processes leading to the formation of the 
active center (primary alkylation of metallocene dichlo- 
ride, formation of the cationic species L2MR +) and its 
catalytic effect (insertion of  the monomer, chain trans- 
fer, etc.) reflect the reactivity of the metal--alkyl 
a -bond,  which is affected by the nature of the q-bound 
ligands, substituents, and bridging groups, t4 - t7  

Direct experimental observation and identification of 
the cationic complexes and possible related intermedi- 
ates are complicated due to their high reactivity. As a 
rule, the nature, evolution, and deactivation of active 
centers are determined from data of macroscopic studies 

*The material of the paper was first reported at the 195th 
Meeting of the Electrochemical Society (see Ref. 1). 

using kinetic laws of the catalyzed polymerization pro- 
cess and structural analysis of individual components  of 
a catalytic system, metallocenes. At the same time, one 
can attempt to generate an "individual" cationic particle 
by, e.g., redox transformation of dialkyl metallocenes 
L_~MR~ by varying conditions (temperature, medium) and 
to study its reactivity. We have previously applied a 
similar approach for studying the mechanism of reduction 
of bis(2-phenylindenyl) zirconium and hafnium dichlo- 
ride complexes, and the approach was rather fruitful. Is,19 

In this work, low-temperature cyclic voltammetry 
(CV) was used to study the electron-'transfer-induced 
heterolytic fragmentation of the (qS-lnd)2ZrMe_~ com-  
plex (1) and related bent-sandwich zLrconocenes L.~ZrX2 
(L = qS-Ind, X = CI (2); L = qS-Cp, X = Me (3), 
CI (4)). 

Results and Discussion 

Reduction o f (  rl 5-lnd)eZrMe: (1) 

The symmetrical pair of peaks A/A" and the irrevers- 
ible secondary anodic peak B are observed on the cyclic 
vQItammograms of reduction of the 16-electron complex 
1 in THF (Fig. 1, a). The potentials of these peaks are 
presented in Table 1. Peak currents A, A' ,  and B are 
diffusion-limited (I  0 �9 v -~/2 = const, where lp is the peak 
height and v is the scan rate), z~ Peaks A and A" corre- 
spond to one-electron transfers, which follows from 
comparison of their heights with that of the one-e lec-  
tron peak of reduction of (qS-Cp)2ZrCI 2 under the same 
conditions, i5,zl-z3 The reduction of complex I is char-  
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Fig. 1. Cyclic voltammograms of reduction: (a) complex 1 (5 '  10 -4 tool L -I .  8 ~ (b) complex 2 (5- 10 -4 tool L - t .  -15 ~ in 
THF in the presence of 0.05 M Bu4NPF 6 on a glassy-carbon electrode at v = 0.2 Vs-L 

acterized by close values of  peak currents  A/A" (lp~//p c = 

0.9, where [t~ a and I f  are the heights o f  the anodic and 
cathodic peaks, respectively) and AEp = Ep a - Ep r = 
120 mV (Ep a and Ep c are the potentials o f  the anodic 
and cathodic peaks, respectively). The vo l tammo-  
grams of  reduction of the dimethyl  ( ! )  and d ich lor-  
ide (2) complexes are presented in Fig. I for compa- 
rison. 

Change from the 16-electron conf igurat ion in the 
starting complex I to a 17-electron conf igurat ion in 
radical anion i ' -  is accompanied by a-substantial in- 
crease in the reactivity of  the z i rconocene:  the reverse 
scan allows one to detect a p ronounced  irreversible peak 
(B) attributed to solvated reduct ion  products  and indi-  
cating the kinetic instability o f  the primary radical anion 
1 -  (Fig. I, curve al. The tempera ture  decrease from 
room temperature  to - 2 5  to - 5 0  ~ results only  in a 

Table 1. Potentials of peaks on cyclic voltammograms of 
bis(indenyl)- and bisicyclopentadienyl)zirconium complexes 
(5" 10 -4 tool L -I)  during their reduction in THF and oxidation 
in CH2CI 2 (in the presence of 0,05 M Bu4NPF 6, a glassy-carbon 
electrode, sweep rate 0.2 V s - t )  

Corn- Solvent T/~ Peak ~ " (Ep ~)/V 
plex (SCE) 

I TH F 8 A/A' -2.46 
B (-0.64) 

CH2CI 2 -45 C 1.30 

2 THE -1.5 A/A' - t .71  
CH2CI 2 -45 C 1.45 

3 TH F 8 A/.4' -2.72 
B (-0.47) 

CH2CI 2 C" 
4 T H  F - 4 0  A/A' --  1.78 

CH2CI 2 C'" 

"~ L ~) = (Ep;' + EpC)/2. 
's Potential of the irreversible peak. 
"The oxidation potential was not measured. 

decrease in the peak height, but not its disappearance.  
S imi lar  vo l tammograms  were obtained for the one -e l ec -  
tron reduct ion ofbis(cyclopentadienyl)dimethylzirconium 
(3): peak B is shifted toward positive potentials, Ep. B = 
- 0 . 4 7  V. 

The  nature o f  a species oxidized at the potentials o f  
peak B (Ev. e = - 0 . 6 4  V for complex  1) is not reliably 
proved at the present t ime. Note  that a similar species 
has recent ly been detected z4 upon the reduction o f  the 
related t i tanium complex  (qS-Ind)zTiMe2 (5). The irre-  
versible anodic  peak at - 0 . 6  V has been at tr ibuted z4 
to the  o x i d a t i o n  o f  the i n t e r m e d i a t e  t i t a n o c e n e  
(r l5- lnd)2Til l IMe that originated at the reduction po ten-  
tials o f  complex  5. However ,  it can reasonably be as- 
sumed  that w h e n  complexes  bear  e lec t ron-dona t ing  
ligands o f  the methyl type, the density of  negative 
charge on the e lec t ron-wi thdrawing ligands qS-Cp a n d /  
or  qS-Ind  increases and, therefore,  electron transfer may  
induce  cleavage o f  the meta l locene  skeleton with e l imi -  
na t ion  o f  a stable aromatic  anion ( C p -  or  Ind-) .  In fact, 
the addi t ion  o f  a sevenfold excess o f  indene ( l ndH)  to a 
solut ion o f  complex  1 in T H F  results in an increase in 
the height  o f  anodic peak B upon a forward potent ial  
scan to the region o f  formation of  l n d -  anions. Taking 
into accoun t  this fact and the published data zs on the 
potent ia ls  o f  the I n d - / l n d "  redox pair. we can propose 
the fo l lowing  m e c h a n i s m  o f  reduct ive  c leavage o f  
z i rconocene*:  

1 

+ e -  
ind2ZrlllMe2 "- D 

" Ind- + IndZrnIMe 2, 

* We do not rule out parallel elimination of the highly reactive 
Me- anion in dimethyl derivatives. 
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Oxidation o f  ( I7 S-L)2ZrX 2 complexes 
(L = lnd, Cp, X = Me, CI) 

Oxida t ion  of  z i r conocenes  1- -4  has a s o p h i s t i c a t e d  
irreversible m e c h a n i s m  (Fig. 2) and  is a s u p e r p o s i t i o n  
of  two processes:  oxidat ive heterolysis  of  the  Z r - - X  
bond  (X = Me, CI) and  oxida t ion  o f  the  X" radica l ,  
the p roduc t  o f  f r agmen ta t ion  of  the pr imar i ly  f o r m ed ,  
k i n e t i c a l l y  u n s t a b l e  1 5 - e l e c t r o n  r a d i c a l  c a t i o n  
( q S - L ) 2 Z r X 2 " ' .  Oxida t ive  homolysis  o f  the Z r - - X  b o n d ,  
resul t ing in the  15-elect ron complex  L ,Z r l l tX  a n d  ca t -  
ion X ~, is i m p r o b a b l e  because L 2 Z f u i x  is a s t r o n g e r  
reduc ing  agent  in this  redox pair.* d ~  c o n -  
ta in ing  l igands o f  the  qS-cyc lopentad ienyl  type are c h a r -  
acter ized by an  ou t -o f - sphe re  ox ida t ion  via the  ECE or  
ECir route  ( E  and  C are the e l ec t rochemica l  and  c h e m i -  
cal stages,  respect ively) .  2~ Note tha t  the  above  p r o p o s e d  
m e c h a n i s m  of  t w o - e l e c t r o n  e l e c t r o o x i d a t i o n  o f  t he  
16-elect ron d ~  (qS-L)2ZrX 2 (X = Me,  CI) is 
not  exhaust ive,** because  highly react ive i n t e r m e d i a t e s  
par t ic ipate  in paral lel  react ions  and  pass iva t ion  o f  the  
e lec t rode  surface.  28 

Zr  -e ,, ind2ZrlVX2. . = 

X' +- Ind2ZriVX+ 

1, 2 -e-N'~ 
X-" 

in conc lu s ion ,  we note that  s imi la r  e l e c t r o c h e m i c a l  
p rocesses  o c c u r  in b e n t - s a n d w i c h  c y c l o p e n t a d i e n y l  
z i r c o n o c e n e s  (3, 4).  

Cata ly t ic  act ivi ty o f  in te rmedia te  p roduc t s  o f  e l e c t r o -  
chemica l  r eac t ions  in olefin po lymer iza t ion  p rocesses  is 
of  i n d e p e n d e n t  in teres t  and will be d iscussed  e l sewhere .  

Experimental 

Toluene.and pentane freshly distilled above LiAIH 4 were 
used for the synthesis of dimethylzirconocene !. All proce- 
dures were carried out in an atmosphere of purified dry, argon 
using the Schienk techniques. Bis(indenyllzirconium dichlo- 

E/V (SCE) 
I I ] 

2 I 0 

Fig. 2. Cyclic voltammogram of  oxidation of complex 1 
(5-10 -'~ mol L - t .  -45  ~'C) in CH2CI 2 in the presence of 
0.05 M BuaNPF 6 on a glassy-carbon electrode :it o = 
0.2 V s -I .  

~20 ~ with continuous stirring, and the stirring was continued 
for 16 h. The precipitated LiCI was filtered off. toluene was 
removed by distillation in vacuo, and (qS-lnd)2ZrMe2 (I) was 
extracted from the solid residue with anhydrous pentane 
(4x40 mL). The pentane extracts were combined, and the 
solvent was removed by evacuation. Complex I was obtained 
in 80% yield (0.g5 g). Found (7/0): C. 68.27: H, 5.80; Zr, 
25.93. C_-,oH20Zr. Calculated (%): C. 68.32: H, 5.73; Zr, 25.95. 

Voltammetric measurements were carried out in a dry. inert 
atmosphere in CH2CI 2 and T H F  pre-purified and distilled 
directly to an evacuated and argon-filled electrochemical cell 
according to a previously described procedure29: THF (Aldrich) 
was purified by the ketyl method. 29 An 0.05 M solution o f  
tetrabutylammonium hexafluorophosphate (Bu,tNPF6. Aldrich) 
pre-dehydrated by melting in vacuo was used as the supporting 
electrolyte. Low-temperature electrochemical measurements 
were carried out in a cell thermostatted with isopropyl alcohol/ 
liquid nitrogen in a Dewar flask. 

All potentials were given vs. an  aqueous saturated calomel 
electrode (SCE) and were obtained by referring the potential 
of the reference electrode (Ag/AgC1/4 M aqueous solution of 
LiC1), which was separated from the solution under study in 
the cell by a bridge filled with a solution of the supporting 
electrolyte, to the potentials of redox transitions (0/+) tbr 
ferrocene or decamethylferrocene (E ~ = 0.44 and 0 V. respec- 
tively, relative to SCE in THF). 

A glassy-carbon disk electrode sealed into glass and pol- 
ished with a diamond paste (grain size _<1 ram) was used as a 
working electrode. Voltammetric measurements were carried 
out using a PAR 175 signal genera tor  and a PAR 173 
potentiostat with positive feedback circuitry for IR compensa- 
tion. 

ride (2) was prepared bv a procedure described previously. 18 
-Bis(indenyl)dimethyizirconoeene, (rtS-lnd)2ZrMez. ( ! ) .  A . . This  work  was f inancia l ly  Suppor ted  by the Russian 

weighed sample of (qS-lnd)2ZrCl2 (2) (I.15 g, 3.3 mmol) was F o u n d a t i o n  for  Basic R e s e a r c h  ( P r o j e c t  Nos. 96 -15-  
placed in a round-bottomed flask with a Teflon valve attd a 
magnetic stirrer. Anhydrous toluene (20 mL) was frozen into 
the flask, and a 1.6 M solution (4.12 mL) of MeLt (6.6 retool, 
Aldrich) in diethyl ether was added at - 8 0  ~ in a dry argon 
flow. The reaction mixture was slowly (for 0.5 h) heated to 

* In MeCN--NaBPh 4. a related CP2ZrnlMe complex is oxi- 
dized at - I . 9  V vs. the F c ' / F c  ~ pair, z6 whereas the potential 
of the Me ' /Me+pa i r  is -0 .5  V. z7 
** The height of oxidation peak C (see Fig. 2) does not reach 
the two-electron level. 
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