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Summary 

Newarku Delaware 1971 I (US..4.) 

12th, 1974) 

Equilibrium quotients (Q) for the reaction 

(C6HSCHz).,M + B : (C6HSCHa)4’Ll - B 

(hl = Zr, B = pyridine, +picoline, 3,5-lutidine; M = Hf, B = tetrahydrofuran) 
have been obtained in chlorobenzene solvent. The value has also been ob- 
tained in 1,4dioxane for the system (C6HjCH2)JZr/q-picoline. Equilibrium 
quotients increase with a change of base in the order tetrahydrofuran 
< pyridine < 4-picoline < 3,5-lutidine. Studies of competing equilibria be- 
tween (C6HsCH&Zr and (C6HjCH?)*Hf with pyridine or 3,5-lutidine indicate 
that (C,H,CH,),Hf gives equilibrium duotients which are 34-39 times larger 
than those obtained with (C6HSCHz)JZr using a common base. Effect of 
solvent and concentration of (C,H,CH,),M on the magnitude of Q are dis- 
cussed. 

Introduction 

Lewis bases are known to alter the catalytic behavior of transition metal 
complexes [l-4]. Therefore, a systematic study of adduct formation in 
catalytically active organometallic systems could contribute to an understand- 
ing of factors which influence catalytic activity [5]. Because of the importance 
of features such as the nature of the lattice site in heterogeneous systems, a 
soluble organometallic catalyst is better suited for a study of acid-base be- 
havior. 

Tetrabenzylzirconium and tetrabenzylhakium are thermally stable com- 

l Based m put 00 Ph. D. lhesls of J_J.F.. Un~vers~ry of Dekiware. 1973. 

** Author Co whom correspondence should be addressed. 





Computation of equilibrium quotients 

Previous results [ 10, 111 suggest that only monoadduct, formation occurs 
to any appreciable estent when pyridine derivatives are added to tetrabenzyl- 
hafnium in aromatic solvents. If one assumes that only a monoadduct forms 
when tetrabenzylzirconium reacts with a Lewis base, the equilibrium quotient 
for reaction 1 is given by eqn . 2 [ 10, 121 where AI, is the total concentration of 
free and complexed RJM, x a 1 hl _a is the mole fraction of RJM which is complexed, 
and BTl\I is the base to metal ratio. If rapid NMR exchange between free and com- 
plexed R,M occurs, the value of X&hl_a is given by eqn. 3. 

Q= 
XR4hI -B 

(2) 

XR~M.B =- 
A0 

(3) 

where &.,, = (sobs - ~R_,v) and A0 = (hR,hl -B - aR.$,) . 

It was not posstble to measure 6 a,%, _a directly for most, of the systems 
studied. Therefore, a non-Linear least squares procedure [ 13) * alas used to 

obtain values of A” and Q which gave the best fit of Aciilc with the mea- 
sured values of Aok. Acalc was determined from trial values of A0 and Q 

through use of eqns. Li and 5. 

n talc= -7 ;” [b - ( b2 - 4&W)’ ‘I ] (4) 

where b = 1 + BTfV + (Jl,Q)-’ (5) 

Calculations were performed on a Burroughs 6’iOO computer at the University 
of Delaware Computing Center. Marginal standard deviations [ 14-161, con- 
ditional standard deviations [ 14-161 and support, plane confidence limits 
[ 13-1’71 were calculated as part of the least squares program. Sharpness 
of fit parameters [18] were calculated separately. The range of saturation frac- 
tions [ 191 used in each case are shown in Table 1. 

For systems in which little adduct dissociation occurred (R,Hf/pyridine 
and RAHf/3,5-lutidine) competing equilibria involving (C,HjCHz)JHf, 
(C6HjCH2),Zr and the base were used to obtain AL, and QHJQZr [lo]. A 
non-linear least squares procedure [13] was used to find values of these para- 
meters which gave the best fit between A:& and AZ& where 

A= = 
A”z, 

ca~c 1 + F(Q,,/Q,,) (6) 

l The Forrran program used was wr~llen by D.W. hlarquadt and rerlsed 
Debware Sysrems Librcuy by T.R. TaLmm. Del&s of Lhe merhod habe 
viously 1131. 
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A”Hf - A,A 

A”f 
ObS 

Only those data points in which Lsz~ > 0.03 and 
included. 

Results and discussion 

3i9 

(‘7) 

LszLS) Z 0.03 were 

Resuhs of the equilibrium studies are shown in Table 1. In all cases the 
sharpness of fit exceeded the recommended minimum of 20 [ lS]. Also the 
conditional standard deviations are small (C 5%), and the ratios of the mar- 
ginal to conditional deviations are well below the rejection value of 12 pro- 
posed by Guidry and Drago [20]. Therefore, we believe the equilibrium 
quotients are reliable, in spite of the fact that the ratio of the marginal to 
conditional deviations are somewhat larger than the maximum value of 3 
recommended by Guidry and Drago [ZO]. 

In chlorobenzene values of A0 for (C,H&H,),Zr l B Ile in the range 
0.88-1.01. while those for (C6HjCH,)qHf - B lie in the range 0.74-0.75 
when B is a pyridine derivative (Table 2). AU shifts are downfield from free 
(C6HSCH2)Jkl. A0 for (C6HSCH1)JHf - THF lies 0.59 ppm downfield from 
(CsH5CH2)qHf. If the local diamagnetic term predominated, one would 
espect an upfield shift upon adduct formation. Althought ring currents 
arising from the presence of pyridine bases could contribute to the down- 
fields shifts, this would not explain the downfield shift in (C,H,CH,),Hf - THF. 
X-ray crystal structures of tetrabenzylzirconium [ 211 and tetraijenzylhafnium 
[22] indicate that the average M-C-C bond angle is close to 93”, suggesting 
that interactions occur between the metal and the ring of the benzyl group. 
It is likely that these metal-ring interactions are partially destroyed upon 
adduct formation. The resulting change in geometry will affect the ring 
current contributions to hCHz and could lead to the observed downfield 
shift. 

The chemical shifts of the Si-CH2--hI protons in [(CH,)$iCHJ JZr 
and [(CHJ)$iCHz j,Hf in C,H, occur a: &82 and r9.43 respectively [ 231, 
while those of the C-CH,-M protons in [(CH,)$CH2],Zr and 
[(CH,),CCH,].Hf occur at 78.48 and ~%.98 [24]. Thus, the methylene protons 
in the hafniurn derivatives appear 0.5-O-6 ppm upfield from those of the 
zirconium derivatives. In contrast the methylene protons in (C,HjCH,),Zr 
and (C,HjCHz),Hf are separated by only 0.04 ppm. Therefore, it appears 
that the metal-ring rnteraction decreases the difference in chemical shift 
which occurs when the metal is changed from zirconium to hafnium. The 
fact that the adduct chemical shifts for (C,HjCH2)JHf - B appear O-2-0.3 
ppm upfield from those of (CbHjCHz)JZr - B when I3 is a pyridine derivative 
is in accord with the higher resonance frequency observed for the trimethyl- 
silylmethyl and neopentyl derivatives of hafnium compared with those of 
zirconium. These results support the argument that the metal-ring mterac- 
tion is partly destroyed in adducts of the benzyl derivatives. The estent to 
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which the higher adduct frequency in (CtiHjCHz)qHf - B reflects a difference 
in the strength of the metal-base interaction in going from zirconium to 
hafnium cannot be determined from our results. 

The value of the equilibrium quotient for the reaction of (C6HSCH,)JZr 
with 4-picoline in 1,4-dioxane is 118 ccmpared with a value of 63 in chloro- 
benzene. The smal!er value in chlorobenzene undoubtedly results from the 
fact that solvation of tetrabenzylzirconium and/or the base occur to a 
larger estent in the aromatic solvent than in 1,Uiosane. If reactions S and 
9 compete with reaction 1, then Q, the apparent equilibrium quotient which 
we calculate, is related to Q,, the actual equilibrium quotient for reaction 1, 

Q2 
(C6HjCH2)AZr i- S 2 (CJ-ljCHr,)-IZr - S (S) 

Qs 
S+B= S-B (9) 

according to eq. 10 [25]. In this equation [S] is the concentration of the 

Q, 

Q = (1 + Qz [Sl) (1 + Q3iSl) 

solvent. As Q? and Qx increase, Q decreases. Since association of substituted 
pyridines with aromatic solvents has been reported [26-281 it is likely that 
QJ IS larger in chlorobenzene than m 1,4-diosane. It is not clear which solvent 
will give a larger value of Q2. However, it should be noted that no shift in the 
methylene resonance of (C,HjCH,),Hf in chlorobenzene occurs when when 1,4- 
diovane is added 1 lo]. 

The value of the equilibrium quotient obtained with pyridine in chloro- 
benzene decreases as the concentration of (C,HjCH2)-1Zr increases. Trending 
in previous equilibrium quotient studies has been attributed to solvation ef- 
iects [29, 301, diadduct fcrmation [31, 32j or changes in activity coefficients 
[33]. Self-association of tl,e acid or base could also produce trending. Since 

our studies were carried out on dilute solutions, the solvent concentration 
should not change appreciably as the concentration of tetrabenzylzirconium 
is varied. Therefore, it is unlikely that solvation is responsible for the varia- 
tion in Q. Furthermore, no trending in Q was observed as the concentration 
of pyridine was varied while holding the concentration of (Ci,HjCHz).:Zr 
constant. Such a variation would be expected if diadduct formation were 
occurring to a significant estent. Therefore, the most likely sources of the 
observed trending are the neglect of activity coefficients and partial seif- 
association of the base and/or the organometallic species. Intermolecular 
interactions between pyridine bases have been reported [26, 27, 34-361. 
Also a small amount of a dimeric species such as [(CbHjCH,ZrH] 2 or 
[(C,H,CH&H,) (C,HjCHz)2ZrH] z which could he formed from the 
photochemical decomposition of (C6HjCHJ)-1Zr [3,4, 371 may be present. 
\Vhile the concentrations of these associated species may not be sufficient 
to account for the entire change in Q with concentration, their presence 
could be a contributing factor. Results on the system (C6HjCH2)JZr14- 
picoline aiso show a decrease in Q as the concentration of (C6HjCHz)JZr 
Increases. 
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Data in Table 2 indicate that equdlbrium quotients with respect to a 
given base are higher by a factor of 34-39 when tetrabenzylhafnium is the 
acid than when tetrabenzylzirconium is the acid. The QHi/Qn ratio is 
essentially the same when the base is 3,5-lutidine as when the base is pyridine. 
Previous results indicate that the enthalpy of adduct formation is large; 
for HfC& than for ZrC4 when tetrahydrothiophene or C13P0 is the base 
[38, 391 while the enthalpies of adduct formations are similar for the 
two acids when the base is tetrahydrofuran [ 38 j. ZrCIJ has been found to 
be the stronger acid toward certain esters [40]. It is likely therefore, that 
QHf/QZr for reactions of (C6HjCH,)JM with bases will also vary as the class 
of base changes. Since the eyuilibrium quotient for the reaction of 
(C6HjCH2)-lh.l with THF is considerably smaller (QHf = 18) than that for 
the reaction with pyridine bases, no value of Qkji/Qa could be obtained with 
THF’ as the base. However, QHf/QZr for reaction 11 is only 1.5 [41, 421. 

MCI, - OPCI, + OPCI, : MCI, - 2 (OPCI,) (11) 

From these results it is clear that values of QHI/QZr will have to be obtained 
with bases having a variety of donor atoms before values of the eyulhbrium 
quotient ratio for the reaction with olefins can be estimated. 

Values of Q increase as the pK, of the base increases. Previously it 
has been shown that enthalpies of adduct formation of ZrCL with substituted 
pyrldines are dependent upon the ph’, of the base also [ -231. Ballard [ 11 has 
suggested that a plot of the equilibrium quotient for reaction 1 versus the 
baswlty of a variety of ligands B could be estrapolated to determine Q for 
the reaction with olefins. While in principle such a procedure could be used to 
obtain an estimate of the stability quotients for olefin adducts, in practice a 
number of problems are encountered. First, if trending occurs, as was ob- 
served in the present study, uncertainty arises concerning bvhich value of Q 
should be used for each base. Second, it is not obvious that a single curve 
will be obtained when a plot of log Q versus ph’, is constructed from data 
obtamed with bases having different donor atoms [+I]. If the curve depends 
on the nature of the donor atom, no estrapolation for olefin donors can be 
carried out. Finally, differing steric effects among bases may cause a break- 
down in the relationship between log Q and pli, [45]. 

The results of our study indicate that further investigations of the 
effects of solvent, concentration and nature of the base on equilibrium 
quotients are needed before one can attempt to relate the results to 
catalytic behavior of these organometallic compounds. 

Acknowledgements 

Acknowledgements is made to the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, for partial support 
of this research. 



References 

1 See J Boor. Jr.. J. Polvm. Sci. 9-l. 9 (1971) 16. and references therern. 
2 D.G.H. Baird and P. Van Liendcn. hlakromol. Chem.. 15-l (1972) 177. 

3 D.G.H. Balfzrd. J.\‘. Dawkins. J.M. Key and P. Van Lienden. hlafuomol. Chem.. 165 (1973) 173. 
i D.G.H. Bafhud. Advan. Calaf.. 23 (1973) 263. 

5 D.R. Armstrong. P.G. Perkins and J.J.P. Stewart. J. Cbem. Sot. DalIon. (1972) 1972. 

6 U. Zucchuu. U. Gia~in~. E. Aljizzati and R. D’Angelo. Chem. Commun.. (1969) 11?-1. 
7 U. Gunnm~. I!. Zucchiru and E Albtrzati. J. Polym. SCI. B. 8 (1970) 405. 
8 I.Sh. Gurmao. O.K. Sbaraev. E.I. Ti.n~.ekiova and B.A. Dolgoplosk. lrv. i\kad. Nauk. SSSR Ser. 

Khan.. (19il) 661. 
9 C.J. Attndge. R. Jackson. SJ. ;\laddock and D.T. Thompson. J. Chem. Sot. Chem. Comm.. 

(1972) 132. 
10 JJ. Fel:eo and W-P. .Anderson. i. Organometaf. Chem.. 36 (1972) 87. 

11 J.J. Fellen and W.P. Anderson. Inorg. Chem.. 12 (1973) 2334. 

12 J. Solodar and J.P. Perrowh. Inorg. Chem.. 10 (1971 I XXI,. 
13 D.W. Marquardt. J. Sot. Ind. Anpl. &lath.. 11 (1963) .f.31. 
14 WC. Hamtllon. Sfatfstfcs u-t Ph)sfcal Scfence. Ronald Press. New York. (1964) p. 133. 

15 T.O. Maw and R.S. Drago. Inorg. Chem.. 11 (1972) 1661. 
16 R.S. Drago. G.C. Vogel and T.E. Needham. J. Amer. Cbem. Sot.. 93 (1971) 6014. 
17 H. Stone. Dtscussron on Paper by E.hLL. Beafe. J Roy. Slaltst. Sot. Ser. B. 22 (1960) -!I (see 

pp. E+85). 
18 Ii. Conrow. G.D. Johnson md R E. Boaen. J. Amer. Chem. Sot.. 86 (196-Z) 1025. 

19 D.A. Deranleac, J. Amer. Chem. Soc.,91 (1969) 4044. 

20 R.M. Gudry and R.S. Drago. J. Amer. Cbem. Sot.. 95 (1973) 6645. 
21 G_K. Davlcs. A.R. J-and B.T. Kelbouro. Chem. Commun.. (1971) 1512. 
22 I.W. B&. G. AUegra. R. Scordsmagha and G. Chtocolrr. J. Amer. Chem. Sot.. 93 (19il) 3783. 
23 M.R. Colder. X1.F. Lappert and R. Pearce. J. Chem. Sot. Daltoo. (1973) 445. 
2-f PJ. Davidson, M.F. Lappert and R. Pearce, J. Organometal. Cbem.. 57 (1973) 269. 
25 M. Tarrues. J. Phys. Cbem.. 65 (1961) 651. 

26 J.N. MureU and V.M.S. Gil. Trans. Faraday Sot.. 61 (1965) 502. 
27 H.H. Perftampusaod U. Krueger. 2. Phys. Chem. (Fraokfurr). 55 (1967) 202. 
28 P.R. Garretl. JM. Poffuck and K.W. hlorcom. J. Chem. Thermodyn.. 3 (1971) 135. 
29 S. Carter. J-N. hlurreu and EJ. Rosch. J. Chem. Sot.. (1965) 2048. 
30 S. Carter. J. Chem. SIX.. (1968 1 401. 
31 S.D. Rossand M.M. Labes. J. Amer. Chem. Sot.. 79 (1957) 76. 
32 D.A. Dcranleau. J. Amer. Cbem. Soc..91 (1969) 4056. 
33 M-W. Hxxoa and D.G. Rose. J. .\mer. Chem. Sot.. 94 (1972) 2601. 
3-l L. Saccom. P. Paolettt and 51. (~rampolini. J. Amer. Cbcm. Sot.. 82 (1969) 3828. 
35 J.V. Hatton and R.E. Rnzbards. Mol. Phys.. 5 (1962) 153. 
36 K.W. hlorcxo and D.N. ‘Prayers. Trans. Faraday Sot.. 62 (1966) 2063. 
37 U. Zucchun. E. Alblrzatr and U. Giaonuu. J. Organometal. Cbem.. 26 (1931) 357. 
38 F.hl. Cbung and A.D. Westlxtd. Can. J. Chem.. 47 (1969) 195. 
39 E.E. Krzhuhanovskaya and A-C’. Suvarov. Zh. Neorg. Kbun.. 16 (1971) 3380. 
40 W.S. Hummers. S.Y. Tyree. Jr. and S. Yolles. J. Amer. Chem. So:.. 74 (1952) 139. 
41 E.M. Larsen and L.J. W rtlenberg. J. Amer. Chem. Sot.. 77 (1945) 5850. 
42 1.A. Sbeka and B.A. Voitovrch. Zh. Neorg. Khun.. 2 (1957) 126. 
-!3 T.B. Konunora and M.F. Frunze. Zb. Neorg. Khfm.. 18 (1973) 1800. 
4-f R.J. Brueblman and F.H. L’erhoek. J. Amer. Cbem. Sot.. 70 (19-lS) 1401. 
45 L. Cattahm. h1. Nicohm and A. Orio. Inorg. Chem.. 5 (1966) 1674. 


