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Density functional study of ethylene polymerization on zirconocene catalysts 
2.* Substituted zirconocene catalysts 
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Polymerization of ethylene on zirconocene catalysts was studied with the density func- 
tional theory" The approach proposed previously for the model system Cp2ZrEt" + C2H 4 was 
extended to substituted zirconocene catalysts (RCp)2ZrEt' .  which allowed us to compare the 
resutls of caiculations with the experimemally found rate constants of chain propagation. The 
m'hyl fragment was demonstrated to be an adequate model for a growing polymer chain. The 
order of decrease m the activation energy of chain propagation calculated tbr compounds with 
R = H. /'vie. Pra, -rod Bu ~ is in quatitati',e agreement with tile e'/perimental data. Hmvever, the 
quantitative description gave underestimated theoretical rate constants of chain propagation 
compared to the experimental values. In /tie case of polyalkyi-subslituted zirconocenes 
(R = 1.2-Me 2 or MeD, no correlation bepaeen the calculated and experimental characteristics 
was obser,,ed. The results were explained using the simplest model reaction of the replacement 
of the MeMAO-  counterion by an eth.vlene molecule accornpanied by displacement of the 
former to the outer coordination sphere of the Zr atom. This step was demonstrated to comrol 
the kinehcs of the process. It was concluded fllat the isolated-cation model used in early 
investigations is not adequate and calls ff~r modification with regard to the effect of tile 
counterion. 

Key words: polyolcfma, substituted zirconocenes, quantum-chemical calculations, density 
[unct~onal theory. 

Q u a n t u m - c h e m i c a l  ca l cuh t t i ons  find i n c r e a s i n g  ap-  
plication in studies of  m e c h a n i s m s  of cata lyt ic  processes ,  
in part icular ,  of  olefin po lymer i za t ion  on  z i r c o n o c e n e  
catalysts. The  a p p l i c a t i o n  o f  the f u n c t i o n a l  dens i ty  
lh: :o~ '2-~- made  i~ poss ib le  to  substantially i nc rease  the 
s~zes of  the systems u n d e r  invest igat ion (Lip tO t ens  of  
atoms with the use o f  1000 and  more basis  f u n c t i o n s )  
and to per form quan t i t a t i ve  compar i son  o f  the  results  of  
q u a n t u m - c h e m i c a l  c a l c u l a t i o n s  with the da ta  f rom ki- 
netic studies.  In the preset] t  work, we ca r r ied  ou t  such  
compar i son  for a series o f  a lkyl -subs t i tu ted  z i r c o n o c e n e s .  

It is c o m m o n l y  a c c e p t e d  that  ion pair  I is a species  
catalyzing po lymer i za t i on  o f  terminal  o lef ins .  In real 
catalytic systems,  ion pa i r s  1 are as a rule g e n e r a t e d  by 
the t r ea tmen t  o f  d i c h l o r o z i r c o n o c e n e  , i t h  a large excess 
of me thy l ah tmoxane  ( M A P ) .  In this case, z i r c o n o c e n e  is 
initially me thy la ted  fo l lowed by the f o r m a t i o n  o f  an 
adduct ( I )  o f  Cp.-,.ZrMe-~ wi lh  M A P ,  w h i c h  d i rec t ly  
reacts wi th  olef in  a n d  in i t i a t e s  ils p o l y m e r i z a t i o n  7 
(Scheme I). 

The  weakly n u c l e o p h i l i c  an ion  M e M A O -  is an  
a lumoxane  globule wi th  arl unknow n  s t ruc tu r e  of  stoi-  
ch iometr ic  c o m p o s i t i o n  (AIOMe), , .  

It was suggested t ha t  the  general  s c h e m e  o f  the  
catal.vlic cycle involves two major  steps, viz., the  reac-  
tion of  the cataNs! wi th  an  e thy lene  molecu le  to form an  

* For Part I, see Ref. 1. 
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in termediate  complex  in which  Alkyl designates a grow- 
ing polymer chain  ( reac t ion  ( I ) )  and isomerizat ion of  
this in termediate ,  leading to a po lymer  chain  elongated 
by a m o n o m e r  unit  ( r eac t ion  (2)), 

Up to now, step (2) has  been  cons idered  as the rate- 
de te rmin ing  react ion stage in all theore t ica l  studies. In 
part icular ,  this c o n c l u s i o n  was made  in the theoret ical  
studies z -6  in which the model  system {Cp2ZrEt* *C2H4} 
was examined  in deta)l with the use of  the densiL', 
funct ional  theory. In the previous c o m m u n i c a t i o n ,  t we 
have conf i rmed the qual i ta t ive  conc lus ions  made in the 
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It was  d e m o n s t r a t e d  z - ~  that  the major  c h a n n e l  of  
p o l y m e r  c h a i n  p ropaga t ion  involves the conversion of 
[:~-agostic addt ,  ct 2 into  cz-agostic complex 4 fol lowed by 
,he i n s e r t i o n  o f  an  e thy l ene  molecule  at the Z r - - C  b o n d  

through transit ion state 5 to form y-agos t ic  p roduc t  6. 
Transi t ion state 5 is e i ther  c h a r a c t e r i z e d  by a no t i ceab ly  
lower energy than that  of  3 r o r  not  local ized on  the  
potent ial  energy surface of  the sys tem at all. L4 In the 
latter case, tile react ion proceeds  w i t h o u t  a barr ier  and .  
hence,  has no effec~ on  the k ine t ics  o f  cha in  p r o p a g a -  
tion. Complex 2 is conver ted  in to  c o m p o u n d  4 t h r o u g h  
transi t ion state 3 with cleavage o f  the  ~3-agostic b o n d  
accompan ied  by rota t ion of  the e thyl  g roup  about  the  
Z r - - C  bond. In this c o n n e c t i o n ,  we e s t ima ted  the ac t i -  
vation energy of cha in  p r o p a g a u o n  as the d i t t e r e n c e  
between the energies of  t rans i t ion  s ta te  3 and c o m p l e x  2. 

Apparently,  in te rac t ions  wi th in  the  con tac t  ion pa i r  
Cp2ZrAIkyt§  - c a n n o t  be ignored  in real c a t a -  
lytic systems. The react ion with e t h y l e n e  is a c c o m p a n i e d  
by replacement  of the M e M A O -  c o t , n t e r i o n  to the o u t e r  
coord ina t ion  sphere of  Zr. If the  M e -  an ion  is used as 
the  s i rnplcst  m o d e l  o f  M e M A O - ,  the  ab i l i t y  or" 
z i rconocene  to add ethylene giving rise to a s epa ra t ed  
ionic pair may be cha rac t e r i zed  by t he  frec ac t iva t ion  
energy (,3.G298) of the react ion 

(RCPJ2Zr(Et)Me -~- C2H 4 ~ 

{(RCP)2Zr Et)C2H4]* ~- Me-. (3) 

The aim of this work was to e x a m i n e  the a g r e e m e n t  
between the results of  theore t ica l  s tud ies  I-~' and  the  
exper imenta l  kinetic pa ramete r s  d e t e r m i n e d  previously  8 
for a series of a lkyl-subst i tu ted z i r c o n o c c n e  catalysts .  
This comparison allows one to eva lua t e  the co r r ec tnes s  
of  the description of  a real ca ta lyt ic  sys tem by the m o d e l  
of an isolated cation.  

Calculation procedure 

All calculations were carried out as described prcviously. I 
We used the density functional, which includes tile electron 
density gradient. '~ The program used in calculations involves 
Gaussian basis sets Ibr solving the Kohn- -Sham equations and 
the expansion of the electron density m an auxiliap,. basis 
set. Ill The follov, h~g contn~cted orbital basis sets were used: 
(Sslp)/[3slpl. (I Is0p2dLq0s3p2dl, and (21s16p12d)/I }5s12p7d] 
for H, C. and Zr, respectively. The auxiliary basis sets consisted 
of uncomracted Gaussian functions of dimensions (Ss!p), 
(10~3p~dlf'). and i21s9pgd:SflXC, g) lbr H. C. and Zr, respectively. 
In the optimization of the genmetr% no constraints were im- 
posed on tile local symmetw. The type of s ta t ionau  points was 
determined by analytical calculations of second derivatives of 
the energy. 

Results and Discussion 

Choice of a model for a growing polymer chain 

In studies of the unsubs t i tu t ed  z i r c o n o c e n e  c a t a -  
lyst, I - 6  no cons idera t ion  has been  g iven  to the  c h o i c e  o f  
a hydrocarbon  f ragment  as a mode l  o f  a growing po ly -  
mer  chain  such that ca lcu la t ions  would  ensu re  thc i n d e -  
pendence  of the final results o f  c a l c u l a t i o n s  f rom the  
length of  this fr:~gment. However, t h i s  p rob lem is o f  
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fundarnental  importance in discussion of  quantitative 
characterist ics of  the catalyst. 

Using the unsubstituted a lkylzi rconocene cation as 
an example,  we considered the quest ion of  whether  the 
difference be,ween the energies of  3 and 2 depends on 
the type of  the alkyt group (Et. Pr, Bu, ew.) bound to 
the  meta l  atom. In the previous studies, either ."vie I t  or  
C H i M e  2 - f '  were chosen as mode l s  o f  a g r o w i n g  po l y -  
mer  chain,  v, hich, in principle, may be inadequate to 
correct ly  describe the process. 

Scheme 3 
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The act ivat ion energies of  the rearrangement of  com-  
plex 2 into complex  4 throt, gh transit ion state 3 calcu- 
lated for different alkyl groups bound to the Zr atom 
(X = H, Me. Et, or  Pr) are given m Table 1. As can be 
seen from Table 1, the ,5Evalues increase only slightly as 
the chain length increases. However ,  a simultaneous 
increase in the entropy of  activation AS29 s compensates  
tbr this effect and the AG2~ ~ value tbr the reactton is 
virtually independent  of  the chain length. Therelbre,  the 
use o f  the ethyl group (X = H) as a model of  the 
po lymer  chain |br  solving the above-mentior~ed problem 
seems to be reasonable. Hereinafter  we will use this 
approximat ion .  

Reactions of  dialkyl-subst#uted elhyizirconocene cations 
[(RCP)2ZrEI] + (R = Me, Pr a, or Bu n) with an ethylene 

molecule 

Investigation of  the nlechanism of  the reaction of  
e thy lz i rconocene  cations (R := Me, Pr'L or Bu:') with an 
e thylene molecule  dernonstrated that m all cases the 
structures of  intermediates  and transition states {,includ- 
ing the mutual  orientat ion of  the substituents in the Cp 
rings) are very similar and only the quantitative charac-  
teristics of  the reaction change in this series. Hence,  all 
possible in termedia te  structures appearing in the course 
of  the t ransformat ion of complex 2, into 4 can be 

Table I. Actwation energies and thermodynamic parameterr, of 
transition states 3 of isomerization of [',-agostic complex 2 imo 4. 

R vireo, ~ AE  A H  0 ,AH20 g AG29g A,'~'Z0g 

.Zcmt kcal tool - j  ./col tool -I K -~ 

H 173i 5.20 3.86 3.9'8 3.66 1.09 
Me 150i 5.25 3.96 4.07 3.4{, 2.05 
Et 152i 536 4.02 4.15 3.44 2.39 
Pr 152i 5.51 4.17 4.30 3.55 2.52 

Note. The image frequencies (Vh,a~). the activation energies 
witilout considering the zero-point energies tAE) and taking 
into account these energies (_'~tto), the enthalpies of  activation 
I=\H2,~), the entropies of activation (AS?,~), and the free activa- 
tion energies (,t\G29~;) for transition states 3 of isomerization of 
[~-agostic complex 2 into 4. 

considered in detail using the [(MeCP)2ZrEtJ  + ca t ion  as 
an example. 

Siruclures attd energies 0/ inlermediates of 
[(MeCp)~Zr(EOC2H4] +. S t a t i o n a u  points cor responding  
to four ~-agostic c o m p l e x e s  [ (MeCp;2Z,- (Et )C2H4]  ~ 
(Ta--di, which differ in the mutual a r rangement  of  the 
Me groups, were located on the potential energy surface 
of the [ (MeCp)2ZrEt} ' -+C2H 4 system. The i r  structures 
are shown in Fig. t. 1-he thermodynamic  character is t ics  of  
the complexes are given in Table 2. The relative energies 
{AE) of  7a- -d  are 0, 0.06, 0.16, and 0.47 kcal tool - I ,  
respectively. The differences in tile energy o f  the opti- 
mized structures arc small and comparable wi th  the en- 
ergy of thermal motion at - 2 0  ~C (-0.6 kcal t o o l -  1). [ 'he  
standard ,kG29 s values increase in the series o f  complexes  
7a--d in parallcl with an increase in the energy. Hence ,  it 
is appropriate to consider compounds  7a and 7b, possess- 
ing the lowest energies, as the initial states. 

d �9 V - " ~  c ~ .2 

Fig. I. Structures of the complexes [(MeCp)-,Zr(C2H4)EtI": 
7a (a), 7b (b). 7e (c), and 7d (d). 
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Ta1)le 2. Energies and thermodynamic parameters of the con- 
tbrmers of ~-agostic complex 7. [(MeCp)?Zrt'Et)C2H4]" 

C7 o m - 3. E ,x H:) ~ ft29x _'~ G29 x AS29 ~ 

pottnd kcal tool - I ./cal n'~ol- I K- I 

7b 0.06 0. t ~ 0. I I 0.20 -0 .33  
7c 0.16 0.20 026  0.29 .-0.43 
7d 0.47 0.59 0.50 0.50 -0 .02  

,Vote. The parameters are given relative Io conformer 7a. t~r 
which all values presented in the ruble are taken as zero. 

Structures and  energies o f  transition states o f  the reac- 
tion [ (MeCp)2ZrKt /~+Qt l4 .  T h e  general set o f  t rans i -  
t ions  states 8 a - - f  in the course  of  chain  p r o p a g a t i o n  
(Fig. 2) co r responds  to complexes  7a and  7b. The  
energ ies  of  8 a - - f  are 4.7. 5.3, 5.5. 5.7, 5.{:;, and  
6.2 kcal tool -~, respectively. T h e  energies and  the  ther-- 
m o d ~ n a m i c  parameters  of  t rans i t ion  states 8 a - - f  are 
given in ]]able 3. 

As can be seen from Fable 3, t rans i t ion s ta te  8a is 
charac te r ized  by the lowest energ,, .  Hence,  th is  t rans i -  
t ion state would be expected to play the key role in the 
model  reactioil under  cons idera t ion .  The ac t i , , a t ion  en-  
ergy ,.3//a of  s tate  8a (3.8 kcal mol  - I )  is vir tual ly ident i -  
cal to the AH 0 value for the reac t ion  of the unsubs t i t u t ed  
e thy lz i r conocene  cat ion (3.98 kcal t o o l - I ;  c o m p o u n d  3 
in Table 3}. A compar i son  of  the calculated AG2(j8 values 
demons t r a t ed  that  t ransi t ion s ta te  8e is c h a r a c t e r i z e d  by 
the  lowest free energy. Ca lcu la t ions  of  v ibra t ion  f r equen-  
cies and.  consequent l , , ,  o f  en t rop ies  of  such c o m p l e x  
systems in the ha rmon ic  app rox ima t ion  can  give e r r o n e -  
ous  results. Therefore ,  the _xG298 values given in Table  3 
can  be cons idered  only as approx ima te  values for real 
catalysts. However ,  the probabi l i ty  of  the resul ts  being 
e r roneous  decreases  in the case of  e x a m i n a t i o n  o f  the 
overall  range o f  the values kG29s18a)--kG29s(8e) .  

The reactions ~g[CRCp),ZrEt/+ (R = P#' or Bu") with 
an ethylene molecule. The energies  and t h e r m o d y n a m i c  
character is t ics  of  in te rmedia te  complexes  and  t rans i t ion  
states  for o the r  d ia lkyl -subst i tu tcd  (R = Pr n o r  Bu n ) 
z i r conocenes  (Table 4) were ca lcula ted  ana logous ly �9  

The en tha lp ies  of  ac t iva t ion  ,.3/-t~ for i somer i za t ion  of  
13-agostic adduct  2 to tbrm c,-agostic complex  4 c h a n g e  

@ ~-, c �9 -". / r  

.5 ~> ,~) ".. % 

0 J"I'D g" 

" 2 .2," 2 

. ~ '  ", d 

<::-41v~' 

X, z 

-, : 5.) -, ,2 

Fig. 2. Structures of transition states 8 of" isomerizaQon of the 
complexes [(MeCp)2Zr(C/I t4)Et] ' :  8a (a) 81) Ib). 8c Icl, 8d 
{d). 8e (e), and 8f U'). 

in the  series  3.9 (R = I-I), 3.8 (R = Me, 8a) .  3.7 
fR = Pr  n, 8a) ,  and 3.5 kcal tool -I (R = Bu n , 8a).  -l'he 

s t : , nda rd  ,,xG29 s values change  in the same series  as 
follows: 3.7 (R = Hi ,  3 .3- -3 .6  (R = Me, 8 a - - e ) ,  3 .3 - -3 .5  
IR = Pr  n, 8 a - - e ) ,  and 2 . 9 - 3 . 1  kcal tool - I  (R  = Bu n , 
8 a - - e ) .  At 326 K, the calculated ~xG2>, values are 3.6 

T a M e  3 .  Energies and thcrmods.narnic parameters of transition states 8 a - - f  of chain propagation in the case of Me-substituted 
z l r c o n o c e l l e  c a t a l y s t s  

Compou nd v, mag ,.6 k" ,5.1f 0 .6 H2 g .,.: A G29 s .-", $2  g 8 

/ cm-~ kcal tool -L /cal tool -I K -I 

3 173i 5.20 3.86 3.98 3.66 1.09 
8a t46i 4.89 3.79 3.76 3.61 0.49 
81) I ;9i 5.43 4..?', 1 4.33 3.92 1.29 
8c 162~ 5.54 44L 4.41 4.03 1.30 
8d 153i 5.71 4.56 4.56 4.04 1.76 
8e 162i 5.82 4.75 4.75 3.31 4.84 
8f 164i 5.82 4.77 4.77 4.81 -f). 14 

Now. For states 3. the values are given relative to complex Z: for state 8a--f ,  the values are given relative to 7a. 
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Table 4. Energies and thermodynamic parnmeters of ihe coil- 
formers of [5-agostic cornplex 7, [(RCpbZr(Et)C,Ha] ~. and of 
iransilicu] Slates 8a and 8e of chaip, propagation ill the case af 
Pr- and Bu-substitl.,led zircolloccne catalysis 

Corn- vm~ag iX/: AHo ,.~tt2% 2.G2~s Aoce,ls 

pound /ciTf '1 kcnl r'nol " ! /c.:fl nlol -I K- I 

7b 
8a 
8e 

7b 
8a 
8e 

R = P r  
. . . . .  0.05 0.13 004 0.2g - l) 81 
43i 4.81 3.7! 3.74 3 47 0.92 
53i 562 4.38 4.54 3.27 4.26 

R = g u  
-- -0.06 0.04 -O.O 1 0.00 - t).03 
37i 4.77 3.50 3.59 3.09 1,66 
5(It 5.5g 4.25 =1.48 2 ')5 5. I 2 

Note. The parameters are given relative to conformer 7a, lbr 
which all values presented in the table are taken as zero 

(R = H), 3 .2 - -3 .6  (R = "vie, 8a - - e ) ,  3.2--3.4 (R = Pr n, 
8 a - - e ) ,  and 2 8 - - 3 . 1  kca] mol - i  (R = [~u", 8a - - e ) .  
which are very s imi la r  to the  standard values. 

Therefore ,  a c c o r d i n g  to the experimental  data, ~ the 
rate cons tan t  of  cha in  p ropaga t ion  should increase on 
going from the usubs t i t u t ed  complex to the butyl-substi-  
tuted derivative.  

Within  the  f rnmework  of  the :tbsolute reaclion rate 
llleOrV. 12 the rate c o n s t a n t  o f  a monomolecuh t r  reaction 
is propor t iona l  to exp(-AGe/R-l) .  Then,  with the rate 
constant  for the u n s u b s i i t u t e d  z i rconocene catalyst taken 
as unity, the ca lcu la ted  rate constants  of chain  propaga- 
tion at 326 K arc 1 (H) ,  1.0--,9.0 (Me),  1.3--2.1 IPrn), 
and 2 .4- -3 .5(Bun) ,  whe reas  the  ratio between the experi- 
mental  values l't is I (H)  : 1.3 (Me) : 9.7(Pr n) : 11.7 
(Bun). F rom these f indings  we conclude that the quant i -  
tative descr ip t ion  gave unde res t ima ted  rate constants  o f  
chain p ropaga t ion  for R = Pr n or Bu n compared  to the 
cor responding  e x p e r i m e n t a l  values. Apparently,  there is 
at least one  more  p a r a m e t e r  control l ing the kinetics or  
the process o t h e r  t han  the  energy of isomerizal ion of  
[?,-agosiic complcx  7 in to  the  corresponding ct-agostic 
complex th rough  t r ans i t i on  state 8. 

React ions  of  polymethyl-substituted ethylzirconoeene 
cations I (Me.Cp)eZrEt]  ~ (n = 2 or 4) with an ethylene 

m o l e c u l e  

Let us examir le  w h e t h e r  calculat ions provide reliable 
predic t ions  of  the p rope r t i e s  of  the polyalkyl-substi tuted 
e thy lz i rconocene  ca t i ons  [~ Me,,Cp)eZrEt]  ~ (n = 2 or 4). 

Struetures attd enemies oJintermediates and transition 
states of the reaction [(I,2-Me:CP)2ZrEt] "~ ~-C2H4. Sta- 
t i o n a u  po in ts  c o r r e s p o n d i n g  to four ff-agostic com-  
plexes [ ( I , 2 - M e 2 C p J 2 Z r ( E t ) C e H 4 ]  + (7a- -d) .  which dil L 
fer in the m u t u a l  a r r a n g e m e n t  of  the ,'vie groups, 
were located on  the  po ten t i a l  energy surfitce of the 
1 ( [ ,2 -MeeCP)eZrEt ]+- r 'C2H4 system. The structures of  
the agostic c o m p l e x e s  are shown in Fig. 3. The relative 
ene rg ies  are 0. 0 .47 ,  t . 24 .  and  1.72 kcal reel -~ 

for 7a,  7b, ?c ,  and  7d, r espec t ive ly .  The  ar range-  
m e n t  of  the  s u b s l i t u e n t s  in c o n f o r m e r  7a cor re -  
sponds  to tha t  observed in the  crystal  s t ruclure  of  
(1 ,2 -Me2Cp)2ZrMe+MeB(CoF5)3  s tud ied  previously, t3 In 
the s t ructure  of  conR)rmer  7b, the  methyl  snbs t i tuents  
are located at m a x i m u m  poss ible  d i s t ances  both  from 
each o the r  a n d  from the a toms  o f  the  ethyl  f ragment  and  
tile e thy lene  molecu le  Other  c o n f o r m e r s  (7c and 7d) are 
charac te r i zed  by not iceably h i g h e r  energ ies  and  are not 
cons idered  f rom here on. 

Of  two possible t rans i t ion s ta tes  8a and  8b (see 
F ig  3, e--l) appear ing  in the course  o f  i somerizat ion of  
[~,-agostic complex  7 into tile c o r r e s p o n d i n g  ~-agostic 
complex,  s tate  8a is chamclc r i zed  by lower  values o1" the 
energy E (Table  5), A t t  u, arid the  free energy AG29 ~. 
Hence,  state 8a should be c o n s i d e r e d  as a t ransi t ion state 
of  the key stage of  chain p ropaga t ion .  T h e n ,  the activa- 
tion energy o f  this stage is 4.4 (3.8 for R = Me) kcal reel - I  
and l',G29 s = 4.2 {3.6--3 3 for R = Me)  kcal reel - i .  

Structures and energies of intermediates and transition 
states of the reaction [(Me4Cp)2ZrEt]*+C2tt4. The struc-  
tures o f a d d u c t  7 formed by [ ( .Me~CP)2ZrEt]*  with an 
e thylene  molecu le  and  t r ans i t ion  s ta te  8 of  the rate-  

7 

.. ~ ~. - . - .  �9 , . ~ ;  

,.., ;. . jar . ._;  

Fig. 3. Structures of  the complexes I( 1,2-MeeCP.izZr(C:H4)Etl § 
and the corresponding transition states of  their isomerization: 
7a (a), 7b it.O, 7c (c), 7d (all 8a (e). and 8b ~]). 



1740 Russ. Chem. Bull., Int. Ed., Vol. 49, No. I0, October, 2000 Nitant 'ev et al. 

Table 5. Energies and thermodynamic parameters of the con- 
formers o( [?,-agostic complexes 7. 1( Me,,CP)2Zr( ~')C2H4J "~ [ t !  = 

2 or 4), and transilion slates 8 of the chain-propagation reaction 

Corn- n \',,~ag AE. kiln AH29~ :',G29 s 6,S'2~ s 

pound /cm -I kcal tool -I ,,'ca tool -~ K -! 

7b 
8a 
8b 
8 

2 47i 
51i 

4 8~i 

I) 47 0.53 O.4q 1.20 -2.39 
5.50 4.39 4.49 4.23 0.87 
6.09 5.28 5.20 6.02 --2.75 
3.78 3.60 3.2q 4.39 -3.67 

Note. The parameters are given relative to con/\~rmer 7a, for 
which all values presented in ',he table are taken as zero. 

determining reaction stage ,,,,ere op tmf ized .  The energy 
and thermodynamic  characterist ics o f  these structures 
are given in Table 5. For the key stage o[ ' the  react ion,  
At-/,) = 3.6 kc'll tool - t ,  which is no t iceab ly  smaller than 
that in the case of  R = 1.2-.'vle~ (4.4 kca} too l - i i  and is 
approximately equal to that in the case of  R = Me 
13.8 kcal tool- i ) :  tile free ac t iva t ion  energy ,3G2% = 
4.4 kcal mol -I (4.2 attd 3.6--3.3 kcal tool -I for R = 
t ,2-Me2 and R = Me.  respectively). 

The rate constant  of  a m o n o m o l e c u l a r  reaction is 
proportional to exp(--A(;=/RT)  and,  consequent ly ,  the 
dependence of AG = on In k should  bc h n e a r . -  The  
dependence  of  the -'-~G=~,.6 values (for 8 a - - e  and 7a). 
which were calculated in the present work fbr the stage 
o f  isomerization o f  la-agostic comp lex  7 into the cor re -  
sponding a-agostic complex,  on the logarithm of  the 
experimental  rate constant  of  cha in  propagation m e a -  
sured previotlslv ~ is shoven in Fig. 4. l h e  theoret ical  
values presented in Fig. 4 were ca lcu la ted  at 326 K (the 
temperature at which the rate c o n s t a n t s  were exper imen-  
tally measured). The logarithm of  the experimental  rate 
constant  of chain propagation increases in the series 
H - - M e - - I , 2 - M e 2 - - M e a - - p r n - - B u  n. It can be seen f rom 
Fig. 4 thai the ,sG".~> values ca lcula ted  for the series o f  
dialkyl-substituted z i rconocenes  (R = Me, Pr n, or Bu% 
linearly depend on the exper imenta l ly  measured rate 
constants  of chain propagation.  However ,  the calculated 
parameters  for po l .vme thy l - subs t i t u t cd  z i r c o n o c e n e s  
(R = 1,2-Me 2 or  Me4) not iceably deviate from this 
dependence.  For the polymethyl-subst i tu ted  z i r cono-  
cenes,  the ~G326 values are substant ial ly higher titan the 
corresponding values for all o ther  catalysts under c o n -  
sideration, including unsubstituted z i rconocene  (R = Cp) .  
This signifies that tile rate constants  o f  chain propaga-  
tion for these two z i rconocenes  should  be smaller than 
those for the remaining compounds .  Nevertheless,  these 
zirconocenes are in termediates  be tween  tile c o m p o u n d s  
with R = Me and Pr n (see Fig. 4). 

There |bre ,  there is no correlat ion between the ca lcu-  
lated and expe r imen ta l  pa r ame te r s  in the case o f  
polyalkyl-substituted z i rconocenes  (R  = 1,2-Me 2 o r  
Me4). Apparently. this indicates that the kinetics o f  tl~e 
process is controlled also by factors other  than the 
energy of  isomerization of  ~-agostic complex  7 into tile 

,x 6'~.~2Jkcal mol -t  

46 

4.2 ~ 4Cp 
Me2Cp 

3.8 Cp 

3.4 

3.0 

2.6 BuCp 
i i ~ L i i a 

4.5 5.0 5.5 r 6.5 7.0 ln(ke, p) 

Fig. 4. Dependence of the calculated _'~G=__~2~, ~alues on the 
logarithm of the experimental rate constants of chain propa- 
gation. 

corresponding ct-agostic complex  through transition state 
8. To account  for tile results obta ined,  we at tempted to 
est imate the effects (of the di rect ion and extent) of  other  
stages on the kinetics of the process. 

Reaction o f  the catalysts with the M e A I A O -  counterion 

To elucidate the effect of" react ion (1) on the kinetics 
o f  chain propagation,  let us cons ider  the simplest model 
(4) for reaction ( I): 

(RCP)2Zr(Et)Me (9) + C2H4 

[(RCD),.ZdEt)C2H4]" (7a) + Me-. ,'.I.) 

Ttlis reaction describcs equilibriurn between [~;-agostic 
adduct 7a, which is directly inw)tved in tile key stage of 
the reaction, and the latent state o f  catalyst 9. The 
energies and the standard the rmodynamic  characteristics 
of  reaction (4) are given in Table 6. The dependence of  
the calculated AAG.;26 values for reaction (4) on the 
experimental parameters (T  = 326 K) is shown in Fig. 5. 
The gAG326 values :~re equal to AG326 on condit ion that 
/5G326 for the compound with R = Me4 is taken as zero. h 
can be seen from Fig. 5 that the dependence  of,AAG326 on 
In k in the series of zirconocenes with R = H, Me, Pr n, 
and Bu n is to a first approximation linear. The AAG32~, 
value decreases in the series of  the compounds  under 
consideration, i.e., the addition o f  the ethylene molecule 
giving rise to a separated ion pair is thermodynamical ly 
more favorable for the substiments containing a la~e  
number of  C atoms, which, m turn, should }cad to an 
increase in the experimental effective rate constant of 
chain propagation. It is the contr ibut ion of  this stage to 
the overall kinetics of  the process that may be responsible 
for the stronger dependence of  the experimental  rate 
constants on the length of  the hydrocarbon substituent in 
tile cyclopentadienyl ring compared  to the dependence of  
the rate constants calculated from AG2,~ 8 of  activation. 

In the case of  polymethyl-subst i tuted zirconocenes,  
the dependence  deviates from tinearity. The data shown 
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Table 6. Energies and thermodynamic parameters l\)r model reaclion (4} with the cocatalyst 

Parameter kt Me [}P~ Bu ~' l. 2- Me, ,'vle 4 

.', E,'kcal tool- I 173 03 I 7(I. 15 I ~8.63 168.22 169.08 167.04 
_\H~/kcal tool --t i71.75 168 56 167.18 t66.88 167.55 165.69 
~tl2,;s/kcat t oo l  J t 71 9.~ 168.88 16743 167.09 167.84 165.86 
,xS_,.,}~/cal tool- I K- ~ -3.(}5 -3.54 -4.26 -4 .7[  - 1.87 -5.49 
.+(;2,}8/kcal tool ~ 172 ,'-;4 16994 168.70 I c,8.50 16840 i 67 50 

.u,(;~2f,/kcal m o t  i 
Cp 

5 �9 

3 

I 
�9 Bu Cp~"" 0 Me2Cp �9 

Mc4CP 

i _ ,  l I ~ I I 

4.5 50 5.5 6.0 65 7.0 In~ k,.,,~0 

Fig. 5. Dependence of the calcudated ~G~2~, ,,alues for model 
reaction (3) on line h)garithl]l of the experimental rate constanis 
of chain propagation. For [ (Me4CP}2Zr(C2H4)Et[ ' ,  the calcu- 
lated AG._,2~ , "value is taken as z,.:ro. 

in Fig. 5 indicate  tha t  the  addi t ion  of  e t h y l e n e  to these 
c o m p o u n d s  and thc  I b r m a t i o n  of  sepa ra ted  ion pairs 
should proceed more  reqdi ly  than those in the  case o f  all 
other z i r conocenes  u n d e r  cons idera t ion  and ,  c o r r e s p o n d -  
ingly, the expe r imen ta l  ef fec t ive  rate c o n s t a n t s  are h igher  
than those  ca lcu la ted  f rom the AG values. These  differ-- 
ences are responsible  for the  d iscrepancy  be t w een  the 
exper imenta l  and c a l c u l a t e d  rate c o n s t a n t s  o f  cha in  
propagat ion.  F rom this  it follows that stage ( I )  c o n t r i b -  
utes s ignif icant ly  to the  k ine t ics  of the process .  

In the present  v, o rk ,  the  mechan i sm of  the  reac t ion  
of the subst i tu ted  e t h y l z i r c o n o c e n e  ca t ions  ( R C p ) 2 Z r E I  + 
with an e thylene  m o l e c u l e  is analyzed in deta i l  tbr  the 
first t ime.  This made  it poss ib le  to c o m p a r e  the  results of  
ca lcula t ions  with the  e x p e r i m e n t a l  data on  rate conb tan t s  
of chain  p ropaga t ion .  

The  use of  the m o d e l  o f  an isolated cation, which 
does no t  take i n t o  a c c o u n t  i n t e r a c t i o n s  wi th  the  
M e M A O -  c o u n t e r t o n ,  a l lows one to o b t a i n  on ly  the 
quali tat ive c o r r e s p o n d e n c e  between the ca l cu l a t ed  and  
measured kinetic c h a r a c t e r i s t i c s  in the s imples t  h o m o l o -  
gous series of  d i a lky l - subs t i t u t ed  catalysts (R  = H, Me, 
Pr n, or  Bun). t h e  q u a n t i t a t i v e  examina t ion  as well as the 
extension of the range  o f  z i r conocenes  u n d e r  cons ide r -  
ation by inc luding  t he  po tya lky l - subs t i tu ted  c o m p o u n d s  
(R = 1,2-Me 2 or Me4) led to the absence  o f  the  corre la-  
tion be tween  the c a l c u l a t e d  and  expe r imen ta l  c h a r a c t e r -  
istics. 

To accounl  lbr the results obta ined  m this work, the 
simplest  model react ion (3) of the replacement  of  the 
MeMAO--  coun te r ion  by an e thylene  molecule lbllowed 
by the d isp lacement  of  the former  to the outer  coord ina -  
t ion sphere about  the Zr  a tom was considered.  Both 
stages of  the process,  viz., el)  and  (2), were d e m o n -  
s t rated to make c o m p a r a b l e  con t r ibu t ions  to the kinetics 
of  the process unde r  study. Unlike the iso/aw'd cation 
model ,  the ionic pair model  j4,15 allo~s, one tO study 
in terac t ion  with the coun te r ion .  
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