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A linear correlation between the electrochemical gap values (G = Eox - Ered) and the 
energies of  optical transition in the UV-vis region was found and justified for a series of non- 
bridged and bridged bent-sandwich zirconocene complexes with the general formula 
R(@-L) ,ZrX> where L = cyclopentadienyl (Cp), indenyl (Ind). fluorenyl (Flu!; X = C1, Me; 
the bridging group R = SiMe 2, (CH2) 2. 
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The  f ron t ie r  orbi ta ls  ( H O M O  and L U M O )  deter -  
m i n e  the  react ivi ty of  c o m p o u n d s  in var ious react ions.I  
Relat ive  energies  o f  these  orbi ta ls  may be e i the r  ca lcu-  
lated by q u a n t u m  c h e m i s t r y  or  d e t e r m i n e d  empirical ly,  
e.g., by spectra l  and  e l e c t r o c h e m i c a l  methods .  In the 
p resen t  paper  we show a n d  justify the exis tence of  l inear  
c o r r e l a t i o n  be tween  e l e c t r o c h e m i c a l  and  opt ical  cha rac -  
ter is t ics  o f  br idged an d  n o n - b r i d g e d  d ichlor ide  and di-  
me thy l  z i r c o n o c e n e  c o m p l e x e s ,  which  are precursors  o f  
the  h ighly  eff icient  h o m o g e n e o u s  Z i e g l e r - N a t t a  ca ta-  

lysts, z The  t h e r m o d y n a m i c  cor re la t ion  f o u n d  is an  
graphic example  of  a c o m b i n a t i o n  of  e l e c t r o n i c  and  
spectroscopic  approaches .  

Results and discussion 

16-Elec t ron  (16e) d i c h l o r i d e  and d ime thy l  z i r c o n o -  
cene complexes  (1 - -8 ,  see Table  1, where Cp is qS-cyc lo -  
pentadienyl ;  Ind is r tS- indenyl ;  Flu is r l s - f luorenyl )  u n -  

Table 1. Reduction and oxidation potentials (CH2CI~0.05 M Bu4NF 6, glassy carbon electrode, 
0.2 V s - I )  and absorption bands of the first LMCT optical transition for complexes 1--8 
(solvent CHzCI_,) 

Complex #r~d Eo~ G/V k/nm v = I/~. Reference 

V (s. c .e . I  / cm -I  

Cp~ZrCI 2 ( I )  -1.63 1.86 3.49 338 29586 4 
Me2SiCp~ZrCI 2 (2) - 1.53 1.80 3.33 360 27778 a 
Ind2ZrCl 2 (3) - I . 5 9  1.48 3.07 390 25641 4 
C,H41nd2ZrCI 2 (4) -1.57 1.36 2.93 435 22989 a 
Me2Silnd2ZrC12 (5) - I . 5 4  1.38 2.92 454 22026 a 
Ph2C(CpFlu)ZrCI 2 (6) - 1.49 1.21 2.70 500 b 20000 ~ o 
Cp2ZrMe 2 (7) -(2.72) r 1.41 (4.13) c 278 ' 'e  35971 a,e 4 

-2.59/- 4.00/ 
Ind2ZrMe 2 (8) -(2.46) c 1.30 (3.76) c 315 h 317460 4 

-2.3.7- 3.63/ 

a Present work. 
b Toluene as solvent. 
" T H F  as solvent. 
d Cyclohexane as solvent. 
e A shoulder. 
fPotent ial  of  hypothetical reduction or the difference of redox potentials of redox processes in 
dichloromethane (the reduction of dimethyl circonocenes in CH2CI 2 is beyond reach) assuming 
that between THF and CH2CI 2 it holds that AL~Ired - 0.130 V. 
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dergo reversible or quasi-reversible one-electron reduc- 
tion to the corresponding radical anions, which is char-  
acterized by the formal standard potential (~red), and 
irreversible oxidation. 4,4a,5 We have previously obtained 
typical cyclic voltammograms of the reduction and oxi- 
dation of such complexes for compounds 3 and 8 as the 
examples. 4a The irreversible character of  the oxidation is 
caused by instability of  15e-radical anionic zircono- 
cenes, 4a,5 which primarily ensue from one-electron oxi- 
dation. Nevertheless. the values of the oxidation poten-  
tials (Eox) of  complexes 1--8 may be employed in 
the calculation of electrochemical gap values (G = 
Eox - k-0red), which determine the difference of  enemies 
of  redox orbitals, i.e., HOMO and LUMO, in a given 
solvent. 6-1~ On the other  hand, the charge transfer 
band in electronic absorption spectra also characterizes 
the difference between the acceptor  (LUMO) and donor 
(HOMO) orbitals. Though optical electron transition 
leads to the formation of  excited states and, unlikely, 
electrochemical reduction/oxidation produces ground 
states, previously I! the l inear correlations between G 
values and optical electron HOMO--+ LUMO transfer 
energies have been found for some inorganic complexes. 

tn the case of metallocene complexes, tz the first 
low-energy electron transition attributed to the charge 
transfer from aromatic ligand to the metal (LMCT) 
corresponds to optical transfer HOMO ~ LUMO. t3 The 
LMCT type H O M O ~ L U M O  electron transition in 
the z i r conocene  complexes  can be formally pre-  
sented as Zra+(qS-L2)2---,  Zr3-(rlS-L2) - .  In the redox 
processes we have, correspondingly,  Zr4+(qS-L2) 2- 
+ e - - + Z r 3 §  2- (Ered) and Zr4§ 2- 

Zrt+(rlS-L,) - + e -  (Eox). 
We investigated a dependence between experimen- 

tally measurable values, viz., the energies of optical 
electron transition from HOMO to LUMO and the 
differences of  redox potentials: 

r 4+ 5 2- ~ ~+ 5 2-  ,lTr j _ -  I zr (N-L,) i 

Data plotted on Fig. I testify in favor of  a linear 
character of  the dependence.  The following conditions 
most probably hold: the difference of solvation energies 
of  redox pairs in their ground states is small or compa-  
rable with the difference of  the solvation enthalpies of  
the ground and excited states in electron transition: 
geometric distortions of  considered redox components 
are small (difference of  the entropies ~ 0); vibrational- 
type optical transition takes place. 

Notably the same linear dependence holds for non- 
bridged (!  and 3) as well as for bridged (2, 4, and 6) 
dichlorides, and also for dimethylzirconocenes (7 and 
8) lying within a wide range of variation of electro- 
chemical and optical parameters (see Table 1). This is 
most likely caused by the fact that, first, reduction and 
oxidation of  the complexes 1--8 proceed via principally 
similar mechanisms, second, solvation energy changes 
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Fig. 1. The linear correlation between electrochemical gap G 
values and wave numbers of the first optical transition v 
tbr the complexes 1--8 (r = 0.992): Me2SiCp2ZrCI 2 (1), 
[nd2ZrCl 2 (2), (CH2)21nd2ZrCI 2 (3) Me2Silnd2ZrCl 2 (4); 
Ph2CCpFluZrC12 (5); CP2Zr.Me 2 (6); CP2ZrCI 2 (/"); 
lnd2ZrMe 2 (o% 

for rlS-L!ZrX2 ~  and ~15-L2ZrX2 ~  redox pairs com-  
ponents for the compounds  studied between neutral and 
reduced or oxidated states, as well as between the 
ground and optically excited states, make approximately 
equal contributions t o  E0red and Eox, and, third, the 
sequence and the charac te r  of  frontier (redox) orbitals 
remains in general the same whatever non-br idged and 
bridged dichloride or  dimethyl  complexes are given. 

According to the data obtained 3-6A4A5 the above- 
stated conditions general ly  hold, and this fact does lead 
to the linear relationship between the energies of  optical 
and electrochemical e lect ron transfers. 

In distinction to LOre d values, which are rather easily 
determinable by cyclic voltammetry,  e.g., in T H F  or 
CH~CI3 medium, the measurement  of  the oxidation 
potentials (Eox) for many zirconocene complexes is 
frequently unfeasible. This is caused by relatively high 
positive Eox values and kinetic instability of  the prima- 
rily generated radical cat ionic  forms of  the complexes.  
The latter rapidly decompose  yielding very reactive radi- 
cals and cations, 4a,5 which react with a solvent, block 
the electrode surface, etc. 4a,5 As a result, on the cyclic 
voltammograms one can often see blurred, hump-shaped 
anodic peaks that encumber  exact determinat ion of  Eox. 
The linear dependence  allows us to find a G value from 
the energy of the first optical transition (v) and,  mea- 
suring only g"Ored, tO calculate  Eox without direct  experi- 
mental determination o f  this value. 

Experimental 

For spectral studies, toluene (special purity) and cyclohex- 
ane (Aldrich, 99.9%, HPLC) were distilled over LiAIH4, de- 
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gassed in vacuo, and stored over the euteetic alloy Na + K; 
dichloromethane fAldrich, 99.9%, A.C.S. HPLC) was dried 
successively over Cal l  2 and P205. All preparative procedures for 
the zirconocene complexes were carried out in an atmosphere 
of pure dry argon using the standard Schlenk technique or in a 
dry box filled with helium. 16 Electronic absorption spectra of 
the complexes were recorded in 0.25, 0.5, 1.0, and 3.0 cm 
evacuated quartz cells on a Hewlett--Packard 8451A Diode 
Array spectrophotometer. 

Voltammetric measurements were carried out in a dry inert 
atmosphere (Ar) in THF (Aldrich, 99,9%, A.C.S. HPLC) and 
CHeCI 2 pre-purified using standard procedures t7 and distilled 
directly in an evacuated and filled with argon electrochemical 
cell of a special construction according to previously described 
procedure. 4"i8"!9 An 0.05 M solution of tetrabutylammonium 
hexafluorophosphate pre-dehydrated by melting in vacuo 
(Aldrich) was used as the supporting electrolyte. 

All potentials are presented relative to an aqueous saturated 
calomel electrode (SCE) by referring the potential of the refer- 
ence electrode (Ag/AgCI/4 M aqueous solution of LiCI). which 
was separated from the solution under study in the cell by a 
solution of the supporting electrolyte, to the potentials of redox 
transition of ferrocene ~ (E ~ = 0.44 and 0.43 V vs. SCE in 
THF and CH2CI 2, respectively). 

A glassy-carbon disk electrode sealed into glass and polished 
with a diamond paste (grain size <1 ~m) was used as the 
working electrode. Vottammetric measurements were carried 
out using a PAR 175 signal generator and a PAR 173 potentiostat 
with drop compensation of  ohmic losses. 

The  a u t h o r s  are g ra te fu l  to A. E. Sh i lov  for useful 
discussions,  and  also to O. N. Babkina  a n d  N. M. 
Bravaya for  va luab le  r e c o m m e n d a t i o n s .  G .  V. Loukov~ 
thanks  H a t d o r  T o p s e  A / O  ( D e n m a r k )  for  t he  f inancial  
support. 
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