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Single Insertion of a-Olefins into the Cationic Complex 
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The zwitterionic complex [ Z ~ ( C H Z P ~ ) ~ ~ ( ? ~ - P ~ C H Z ) B ( C ~ F ~ ) ~ } ]  (1) reacts smoothly at  25 OC 
with propene and higher &-olefins, such as 4-methyl- 1-pentene, 1-vinylcyclohexane, and 
allylbenzene, affording the single-insertion adducts [Z~(CHZP~)Z(CHZCHRCHZP~)I+[B(CHZ- 
Ph)(C6F&]- (R = Me, 2; R = CHZCHMez, 4; R = C6Hl1, 5; R = CHzPh, 6). Isolation and 
characterization of 2, 4, and 6 by NMR analysis reveal that the Zr cation is stabilized toward 
either further monomer insertion or @-hydrogen elimination by back-biting qn-coordination of 
the 6-Ph ring and by +coordination of the two benzyl ligands. An analogous, less stable adduct 
deriving from single insertion of ethene (R = H, 3) has been detected at  low temperatures by 
NMR. Thermolysis of 2 a t  50 "C, as well as addition of Lewis bases such as tetrahydrofuran, 
results in decomposition via 8-hydrogen elimination with formation of CH2=CMeCHzPh. At  
50 "C, 2 reacts with an excess of propene affording a mixture of atactic and isotactic polypropylene, 
probably after @-hydrogen elimination has occurred. In contrast, reaction of 2 with ethene 
proceeds already a t  25 "C, affording polyethylene, possibly through further insertion in 2. 
Compounds 2-6 are the first examples of adducts deriving from the insertion of olefins into the 
M-C bond of a group 4 metal complex which is an active Ziegler-Natta catalyst. 

Introduction 

The rapid development of homogeneous Ziegler-Natta 
catalysts based on group 4 metallocenes and methylalu- 
moxane,' while opening new and interesting opportunities 
for industrial applications,2 has allowed considerable 
advances in the understanding of the olefin polymerization 
mechanism. A major achievement in this respect has been 
the rationalization of the relationships between the local 
symmetry of the metallocene precatalyst and the stere- 
ochemistry of the resulting poly(a-olefins),3 providing a 
powerful tool for "tailoring" the polymer structure almost 
at  will. On the other hand, the synthesis of cationic group 
4 alkylmetallocenes,4 and, more recently, of analogous 
mono-Cp and Cp-free derivatives: functioning as "single- 

* Abstract published in Advance ACS Abstracts, December 1,1993. 
(1) For recent reviews of metallocene-based olefin polymerization 

catalysts, see: (a) Kaminsky, W., Sinn, H., Eds. Transition Metals and 
Organometallics as Catalysts for Olefin Polymerization; Springer: New 
York, 1988. (b) Zambelli, A.; Pellecchia, C.; Oliva, L. Makromol. Chem., 
Macromol. Symp. 1991,48/49,297-316. 

(2) See e.g.: Proceedings of the Worldwide Metallocene Conference 
(Metcon 93); Catalyst Consultante: Houston, TX, 1993. 

(3) (a) Ewen, J. A. J. Am. Chem. SOC. 1984, 106, 6355-6364. (b) 
Kaminsky, W.; Klllper, K.; Brintzinger, H. H.; Wild, F. R. W. P. Angew. 
Chem., Int. Ed. Engl. 1985, 24, 507-508. (c) Longo, P.; Grassi, A.; 
Pellecchia, C.; Zambelli, A. Macromolecules 1987,20, 1015-1018. (d) 
Pino, P.; Cioni, P.; Wei, J. J. Am. Chem. SOC. 1987,109,6189-6191. (e) 
Ewen, J. A.; Jones, R. L.; Razavi, A.; Ferrara, J. D. J. Am. Chem. SOC. 
1988,110,62554256. (0 Mallin, D. T.; Rausch, M. D.; Lin, Y. G.; Dong, 
S.; Chien, J. C. W. J. Am. Chem. SOC. 1990,112,2030-2031. (g) R611, W.; 
Brintzinger, H. H.; Rieger, B.; Zolk, R. Angew. Chem., Int. Ed. Engl. 
1990,29,279-280. (h) Ewen, J. A.; Elder, M. J.; Jones, R. L.; Haspeslagh, 
L.;Atwood,T.L.;Bott,S.G.;Robinson,K.Makromol. Chem.,Macromol. 
Symp. 1991,48/49,253-295. 

(4) (e) Jordan, R. F.; Bajgur, C. S.; Willett, €2.; Scott, B. J. Am. Chem. 
SOC. 1986,108,7410-7411. (b) Bochmann, W.; Wileon, L. M. J. Chem. 
SOC., Chem. Commun. 1986,1610-1611. (c) Taube, R.; Krukowka, L. J. 
Organomet. Chem. 1988,347, C4Cll. (d) Hlatky, G. G.; Turner, H. W.; 
Eckman, R. R. J. Am. Chem. SOC. 1989,111, 2728-2729. (e) Yang, X.; 
Stern, C. L.; Marks, T. J. J. Am. Chem. SOC. 1991,113,3623-3625. (0 
For a review, see: Jordan, R. F. Adu. Organomet. Chem. 1991,32,325- 
387. 
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component" olefin polymerization catalysts, has provided 
substantial evidence concerning the ionic nature of the 
true catalytic species.6 

However, in spite of the availability of relatively simple, 
catalytically active molecular complexes, attempts to 
observe directly the individual polymerization steps, e.g., 
by NMR monitoring of the reaction, were unsuccessful, 
owing to catalyst instability and/or high polymerization 
rates.7 In particular, direct observation of primary reaction 
products deriving from the insertion of an olefin into a 
M-C bond has never been reported for group 4 metal 
complexes that function as Ziegler-Natta catalysts. To 
date, the models available for this reaction are the adducts 
derived from the single insertion of internal alkynes in 
complexes such as [CpzMMe]+ (M = Ti or Zr).6bJas8 
However, single olefin insertions have been observed in 
catalytically inactive Cp,Zr(benzyne) and [Cp2Zr(v2-N,C- 
pyridyl)] + complexes,98pb as well as in lanthanide (C5Me5)- 
MMe complexes (M = Lu, Y, Sc), which also promote 
ethylene po lymer i~a t ion .~~~~  Although the classical cis 
ligand migratory insertion mechanism, originally proposed 
by Cossee and Arlman,lo is currently widely accepted, 

(5) (a) Pellecchia, C.; Proto, A.; Longo, P.; Zambelli, A. Makromol. 
Chem., Rapid Commun. 1991,12,663-667. (b) Pellecchia, C.; Proto, A.; 
Longo, P.; Zambelli, A. Makromol: Chem., Rapid Commun. 1992, 13, 
277-281. (c) Gillis, D. J.; Tudoret, M. J.; Baird, M. C. J. Am. Chem. SOC. 
1993,115, 2543-2545. 

(6) (a) Dyachovskii, F. S.; Shilova, A. K.; Shilov, A. E. J. Polym. Sci. 
Part C 1967,16,2333-2339. (b) Eisch, J. J.;Piotroweki,A. M.;Brownatein, 
S. K.; Gabe, E. J.; Lee, F. L. J. Am. Chem. SOC. 1985,107,7219-7221. (c) 
Gassmann, P. G.; Cailstrom, M. R. J. Am. Chem. SOC. 1987,109,7876- 
7876. (d) Zambelli, A,; Longo, P.; Grassi, A. Macromolecules 1989,22, 
2186-2189. (e) Marks,T. J.Acc. Chem.Res. 1992,25,57-65andreferences 
therein. 

(7) (a) Jordan, R. F.; LaPointe, R. E.; Bradley, P. K.; Baenziger, N. 
Organometallics 1989,8, 2892-2903. (b) Bochmann, M.; Jaggar, A. J.; 
Nicholls, J. C. Angew. Chem.,Int.Ed. Engl. 1990,29,780-782. (c) Eshuis, 
J. J. W.; Tan, Y. Y.; Teuben, J. H. J. Mol. Catal. 1990,62, 277-287. 

(8) Horton, A. D.; Orpen, A. G. Organometallics 1991,10,3910-3918. 
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propene single-insertion adduct [Zr(CH2Phh(CH&H- 
MeCH2Ph)l+[B(CH2Ph)(CsF&I- (2). The lH NMR 
spectrum of 2 is particularly informative, revealing several 
unusual structural features. The subspectrum of the 
ZrCHzCHMeCHzPh moiety strongly suggests a back- 
biting coordination of the Ph ring to Zr:14 two downfield 
doublets are observed for the o-Ph protons at  6 7.59 and 
7.60; four different resonances are observed for the 
a-methylene protons (6 -0.72, Ha; 0.13, Hb) and the 
y-methylene protons (6 1.85, Hd; 2.89, He); moreover, a 
long distance coupling constant between Hb and He 
= 2.1 Hz) suggests a stereorigid W-conformationls of the 
four bonds between Hb and He. Inspection of the models 
reveals that such a conformation is reasonably required 
when the Ph group is coordinated to Zr (see Figure 1). 
Actually, two W-conformations are conceivable, one in 
which the methyl group is in the equatorial position with 

m 
[Zr(CH2CHRCH2Ph)(CH2Ph)dt [B(CH2Ph)(C6F5)3]' 

alternative chain growth mechanisms, involving metal- 
lacyclic or carbenoid intermediates, have been pr0posed.l' 

Following our recent synthesis and structural charac- 
terizationl2 of the zwitterionic non-metallocene complex 
[ Z ~ ( C H ~ P ~ ) ~ ~ ( ~ ~ B - P ~ C H ~ ) B ( C ~ F S ) ~ ~ I ~ ,  which promotes the 
polymerization of ethylene and propene under rather mild 
conditions (50 O C ,  5 atm of monomer pressure),6bJ2 we 
have found that compound 1 is particularly suited for 
mechanistic investigation of some of the key steps in olefin 
polymerization, Le., olefin insertion and &hydrogen 
elimination. In this paper we report the results of an NMR 
study of the reaction of 1 with ethene, propene, and higher 
a-olefins, revealing the selective formation, under proper 
conditions, of single-insertion adducts, which, in many 
cases, have been isolated and characterized. The structure 
and the reactivity of these adducts provide a direct insight 
into the polymerization mechanism. 

Part of this work has been the subject of a preliminary 
communication.13 

Results and Discussion 

Reaction of [ Z ~ ( C H ~ P ~ ) ~ ( ( Q - P ~ C H ~ ) B ( C ~ F ~ ) S ~ ]  (1) 
with Propene: Isolation of [Zr(CH2Ph)2(CH2CH- 
MeCH2Ph)]+[B(CH$'h)(CsFa)J1- (2). Monitoring by lH 
NMR the reaction of 1 with propene in 1,1,2,2-CzDzC4 
(25 OC, [C&]/[1] = 5-10) shows cleanly the formation 
of a single product, whose concentration approaches 100% 
of the Zr present after 30-40 min. The formation of 
secondary products and the precipitation of some polypro- 
pylene are observed only after a longer period of time. 
The product formed initially could be isolated as a red oil 
by precipitation with pentane. Redissolution in tetra- 
chloroethane followed by the addition of toluene gave a 
red-orange solid, which was identified by 'H, 13C, and 2D 
COSY NMR analysis (see Table 1 and Figure 1) as the 

(9) (a) Buchwald, S. L.; Wateon, B. T.; Lum, R. T.; Nugent, W. A. J. 
Am. Chem. SOC. 1987,109,7137-7141. (b) Jordan, R. F.; Taylor, D. F. 
J.  Am. Chem. SOC. 1989,111,778-779. (c) Wataon, P. L. J.  Am. Chem. 
SOC. 1982,104,337-339. (d) Burger, B. J.; Thompson, M. E.; Cotter, W. 
D.; Bercaw, J. E. J. Am. Chem. SOC. 1990,112,1566-1577. 

(10) (a) Cossee, P. J. Catol. 1964,3,80-88. (b) Arlman, E. J., Coeeee, 
P. J. Catol. 1964,3,9!4-104. 

(11) (a) Ivin, K. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; 
Mahtab, R. J. Chem. SOC., C h m .  Commun. 1978,604-606. (b) McKinney, 
R. J. J.  Chem. SOC., Chem. Commun. 1980,491-492. (c) Brookhart, M.; 
Green, M. L. H. J. Orgonomet. Chem. 1983,250,395-408. 

(12) (a) Pellecchia, C.; Graesi, A.; Immini, A. J. Am. Chem. SOC. 1993, 
115,1160-1162. (b) Pellecchia,C.;Graesi,A.;ZambeUi,A. J. Mol. Catal. 
1993,82,57-65. 

(13)Pellecchia, C.; Graeei, A.; Zambelli, A. J.  Chem. Soc., Chem. 
Commun. 1993,947-949. 

respect to the ZrCHzCHMeCHzPh ring, the other in which 
it is in the axial position. The observed coupling constants 
( J H ~ H ,  = 12.4 Hz; JH,+ = 2.1 Hz; J~H., = 11.7 Hz; JF 
= 6.3 Hz) are compatible with the former conformation. 
Analysis of the models reveals that the latter conformation 
leads to strong steric interactions between the methyl group 
and one of the benzyl ligands. 

The two Zr-bound benzyl ligands are nonequivalent, as 
indicated by the four distinct lH resonances and the two 
distinct 13C resonances observed for the methylene groups, 
as well as by distinct resonances for the two Ph groups; 
an q2-coordination model6 is suggested by the two high- 
field resonances found at 6 5.98 and 6.02 for the o-Ph 
protons, and by the large JCH coupling constants (140 Hz) 
observed for the methylenes in the lH coupled 13C NMR 
spectrum. The anion is not coordinated to Zr, as suggested 
by the resonances of the BCH2Ph aromatic protons, which 
are those expected for the 'free" anion,12 and supported 
by the observed poor solubility of 2 in toluene compared 
to the high solubility of the zwitterionic 1. 

Variable temperature 'H NMR analysis performed in 
CD2C12 between -90 and +20 "C shows few changes in the 
subspectrum of the ZrCHzCHMeCHzPh moiety, while an 
upfield shift and a consistent broadening of the o-Ph proton 
resonances of the Zr-bound benzyl ligands are observed 
on decreasing temperature. The latter findings can be 
explained by a reduced fluxionality of the benzyl ligands 
at low temperature, possibly due to an increase in 
qn-interaction (for instance, from 1 2  to $), and by a fast 
suprafacial migration of Zr between the two now non- 
equivalent edges of the Ph rings. A similar temperature- 
dependent fluxional process was observed by Marks et al. 
for (C5Me5)Th(CH2Ph)3.1h 

Reaction of 1 with cis-1-propene-dl under similar 
conditions affords [Zr(CH2Ph)&HDCHMeCH2Ph)]+- 
[B(CH2Ph)(CsF&l- (2-dl). The presence of a broad 
resonance at 6 0.11 for Zr-CHD-. and the absence of the 
resonance due to Ha, found at 6 -0.72 in the spectrum of 
2 (Le., deuterium occupies the position of Ha; see Figure 

(14) For arene coordination in Zr cationic complexes, see: (a) Boch- 
mann, M.; Karger, G.; Jaggar, A. J. J. Chem. SOC., Chem. Commun. 1990, 
1038-1039. (b) Horton, A. D.; Frijns, J. H. G. Angew. Chem., Znt. Ed. 
Engl. 1991,30, 1152-1154. (c) Reference 12a. (d) Reference 5c. 

(15) See e.g.: Barfeld, M.; Chakrabarti, B. Chem. Rev. 1969,69,757- 
778. 

(16) For +benzyl Coordination in do metal complexes, see: (a) Mintz, 
E. A.; Moloy, K. G.; Marb, T. J. J.  Am. Chem. SOC. 1982,1(kl,4692-4696. 
(b) Labsky, S. L.; McMullen, A. K.; Niccolai, G. P.; RothweU, I. P. 
Organometallics 1985,4,902-908 and references therein. (c) Jordan, R. 
F.; LaPointe, R. E.; Bajgur, C. S.; Echols, S. F.; Willett, R. J. Am. Chem. 
SOC. I987,109,4111-4113. 
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Table 1. '€I and IC NMR Data' 
compdb IH NMR assgntc I3C NMR assgnt 

ZrCH2CHMeCHzPh 
[Zr(CHzPh)z(CHzCHMeCHzPh)]+ (2) -0.72 (t, ZJ 5 3J = 12.4, 1H) 

[CzDzC41,298 K 0.13(dt,zJ= 12.4,3J= 
*J(H&) = 2.1, 1H) 

0.8 1 (d, J = 6.2,3H) 
1.68, 1.80 (2d, J = 10.2.2H) 
1.85 (t, zJ = 'J = 11.7, 1H) 
2.00 (m, 1H) 
2.25,2.33 (2d, J = 10.2,2H) 
2.89 (ddd, V = 11.7,3J = 

6.3,4J(H&) = 2.1,lH) 
5.98,6.02 (2d, J - 7.3,4H) 
7.17 (br t, 1H) 
7.20 (br m, 2H) 
7.32,7.36 (2t, J = 7.3,4H) 
7.457.50 (2t, J = 7.3,2H) 
7.59,7.60 (2d, J = 5.5,2H) 
-0.42 (br t, J = 6.1,2H) 
2.25 (br t, J = 6.1,ZH) 
2.48 (br t, J = 6.1,ZH) 
7.71,7.75 (2d, J = 7.3,2H) 
1.76,2.32 (2d, J = 11.0,4H) 
5.97 (d, J = 7.3,4H) 

[ Z~(CHZP~)Z(CHZCHZCHZP~)]+ (3Id 
[CDzClz], 253 K 

[Z~(CHZP~)$CHZCH(CHZCHM~Z)CH~P~)~+ (4) -0.74 (t, zJ = 3 J  = 12.4, 1H) 
0.28 (dt, ?J = 12.4.3J = [C2DzC41,298 K 

[Zr(CHzPh)z(CHzCH(C6Hl dCHzPh)l+ (SId 
[ C Z D ~ C ~ ~ ] ,  298 K 

*J(H&) - 2.1, 1H) 
0.82,0.84 (2d, J = 5.2,6H) 
1.06 (m, 1H) 
1.62, 1.85 (2d, J = 10.2,ZH) 
1.94 (m, 1H) 
2.02,2.26 (2d, J = 11.0, 2H) 

2.28,2.33 (2d, J = 10.2,2H) 
6.02,6.09 (2d, J = 7.3,4H) 
7.07 (br t, 1H) 
7.17 (br m, 2H) 
7.48 (2t, J = 7.3,4H) 
7.51 (2t, J = 7.3,ZH) 
7.58,7.60 (2d, J = 7.7, 2H) 
-0.80 (t, V 5 3J = 12.4, 1H) 
0.28 (dt, IJ - 12.4, ' J  = 

6.01,6.11 (2d, J = 7.3,4H) 
7.62,7.63 (2d, J = 7.7, 2H) 

0.20 (dt, 'J = 12.4,3J = 
*J(H&) = 2.1, 1H) 

1.68,1.78 (2d, J = 10.2,ZH) 
2 . 0 0 k Z J = 3 J =  11.0. 1HI 

' J ( H a 3  2.1, 1H) 

- l .02( t , ' J f3J=  12.4, 1H) 

Ha 79.7 
Hb 50.7 

42.3 
CH3 26.8 
Hi,Hit or Hl,Hr 130.3 
Hd 129.2 
Hf 125.1 
Hi,Hy or H1,HY 154.8 
H. 67.8,69.0 

Hm,Hml 130.3, 130.6 
Hb 131.8, 132.7 
H,J% 129.3 
Hn& 127.7, 128.2 
&I& 
Hr& 
ZrCHzCHzCHzPh 
ZrCHzCHzCHzPh 
ZrCHzCHzCHzPh 

(JCH 140) 

o-ZrCHzCHzCHzPh 

.~ 
2.04 (m, 1H) 
2.16,2.67 (2 br d, 2J = 11.0,2H) CH(CH2Ph) 
2.20,2.46 (2d, J = 10.2,ZH) Hi,Hi# or H I , B  

7.17 (br t, 1H) Hh 

2.90(brd,ZJ= 11.0, 1H) H. 

7.20 (br m, 2H) Hl& 
7.32,7.36 (2t, J = 7.3,4H) Hn& 
7.45,7.50 (2t, J = 7.3, 2H) HO& 
7.62,7.64 (2d, J 5.5,  2H) Hf,Hp 

5-98? 6.02 (2d, J 7.3,4H) Hm,Hmt 

78.5 
53.6 
40.8 
130.5 
129.5 
125.1 
155.1 
68.3,68.5 

130.3. 130.8 
131.8; 132.7 
129.6 
51.1 
25.7 
22.8,22.3 

72.9 
56.9 
40.5 
153.9 
46.8 
139.4 
67.0,70.8 

a-cHz 
CH 
Y-CH2 
CH3 
o-Ph 
m-Ph 
P P h  
@so- Ph 
ZrCHzPh 

o-ZrCHzPh 
m-ZrCHzPh 
pZrCHzPh 
ipsu-ZrCHZPh 

ZrCHzCHRCHzPh 
a-CHz 
CH 
Y-CHZ 
o-Ph 
m-Ph 
PPh 
ipso-Ph 
ZrCHzPh 

ZrCHzCHRCHzPh 

a-CHz 
CH 
r-mz 
ipso-Ph 
CH(CH2Ph) 
ipso-CH(CHSh) 
ZrCHzPh 

(I AU chemical shifts are in ppm and J values in Hz. For all the compounds, the anion is [B(CHzPh)(C&)3-. Selected NMR data (CzDzC4,298 
K): 'H 6 2.86 (br 8,  2H, CHz), 6.7-6.9 (m, 5H, C a s ) ;  I3C 6 32.0 ( 0 4 3 ,  127.3 (m-Ph), 128.4 (o-Ph), 148.4 (ipso-Ph), 135.6, 136.5, 147.9 (JCF = 
186, CsFs). e See Figure 1 for indexing. dNot isolated. 

11, indicates a cis addition to the double bond of propene 
and confirms the selective formation of only one of the 

-70 "C. This finding, as well as the normal values found 
for the JCH coupling constants, and the absence of low 

CHMeCH2Ph ring. 
Variable temperature 1H NMR experiments show no 

significant temperature-dependent iaotoDic Derturbation" 

obse-rved in some-cationic and zwitterionic zirconocene 
hydrocarbyl complexes.'dg18 

when the spectra of 2 &d 2-dl are-compared. The 
difff"X between the chemical shifts of ZrCHfibCH"' 
and ZrCDHCH- is 0.05 ppm at 20 OC and -0.04 ppm at 

(17) (a) Brookhart, M.; Green, M. L. H.; Wong, L. h g .  Znorg. Chem. 
1 9 8 8 , ~ ,  1-124. (b) Crab*, R. H.; Hmilton, D. 0. Adu. Organomet. 
Chem. 1988,28,299-838. 
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two new doublets appear at  6 1.60 and 1.90 and one doublet 
at  6 6.28, attributable to the methylene and the o-Ph 
resonances, respectively, of two benzyl ligands. On this 
basis, we suggest that this second species is the propagating 
complex [Zr(qfl-CH2Ph)2(CH2CHz),...l+ . After a longer 
time, resonances due to the above mentioned decompo- 
sition productlg also appear in the spectrum. 

Reaction of 1 with Higher a-Olefins. The reactivity 
of 1 with several higher a-olefins has been investigated by 
NMR under conditions analogous to those described above 
for propene. 4-Methyl-1-pentene reacts slowly at  25 "C 
(10-12 h), but rapidly at  50 "C (15-20 min), to give [Zr- 
(CH2Ph)2(CH2CH(CH2CHMe2)CH2Ph)l + [B(CH2Ph)- 
(C$s)J- (4). Compound 4 was isolated similarly to 2 as 
a red-orange solid and characterized by NMR analysis 
(see Table 11, revealing a structure analogous to that of 
2. Particularly diagnostic are the resonances of the 
a-methylene protons of the ZrCHzCHRCH2Ph moiety 
observed at  6 -0.74 and +0.28 and those of the corre- 
sponding o-Ph protons a t  6 7.58 and 7.60. 

More hindered a-olefins also react with 1. The bulky 
1-vinylcyclohexane inserts slowly (20 h at  25 OC, -60% 
yield), affording the corresponding adduct [Zr(CHzPh)z- 

not isolated due to concurrent partial decomposition of 1, 
but it was clearly identified in situ by lH NMR, showing 
the characteristic pattern of resonances diagnostic of a 
structure analogous to that of 2 (see Table 1). 

In order to obtain further evidence on the structure of 
the single-transition adducts, 1 was allowed to react with 
allylbenzene, t o  yield [Zr(CH2Ph)2(CH2CH(CH2- 
Ph)z)l+[B(CH2Ph)(CsF5)93- (6), which was isolated as a 
red oil (see Table 1 for NMR data). In 6, the methine 
carbon would not be c h i d  and so the adjacent methylene 
protons would be homotopic in the absence of the back- 
biting Ph coordination. The presence of two different 
resonances a t  6 -1.02 and +0.20 for the a-methylene 
protons confirms Ph coordination to Zr. Since in 6 two 
competitive back-biting Ph  coordinations are conceivable, 
we allowed 1 to react withallylbenzene that was deuterated 
on the Ph ring, obtaining [Zr(CH2Ph)2(CH2CH((CH2Ph)- 
(CHzCBDs))) l+[B(CH2Ph) (CeFd31- (6-dd. BY comparing 
the lH NMR spectra of 6 and 6-d5, and in particular the 
intensities of the low-field resonances of the o-Ph protons 
of the Ph ring coordinated to Zr, it turns out that in 6 - 4  
there is roughly equal probability for CsH5 and CsDs 
coordination. This finding is compatible, eg., with a 
fluxional process interconverting the two Ph coordinations. 

Internal olefins do not react with 1. Similar experiments 
performed with 2-butene did not result in any reaction at  
25 "C and produced only decomposition products at  higher 
temperatures. 

Reactivity of 2: Implications for the Polymeriza- 
tion Mechanism. The unusual high stability of 2 toward 
either further monomer insertion or &hydrogen elimi- 
nation probably is due to the coordinative saturation of 
Zr. Assuming +coordination for the two benzyl ligands 
and $-coordination for the back-biting Ph  ring, the formal 
electron count for Zr is 16. Of course, different arene 
coordination modes (e.g., q3)14b cannot be ruled out, 
although an $-coordination seems resonable on the basis 
of the analogous Ph coordination found in the crystal 
structure of l a20  

(20) A similar propene singleinsertion adduct deriving from [(Cs- 
Mes)Zr(CH2Ph)~l+haebeenrecentlyobtainedandcharacterized by X-ray 
diffraction analyeis, confirming $-coordination of the dangling Ph ring: 
unpublished results from our laboratory. 

~CH2CH(CsH11)CH2PhJl+[B(CH2Ph)(CsF6)31- (5). 5 ww 

e 
2 d  

n 
m P 

0 
-a 

- -7 n 

n. 
Figure 1. Ball-and-stick model for the cation [Zr(CHzPh)z- 
(CH&HMeCH2Ph)]+ (2). The structure, proposed on the 
basis of the NMR data, has been generated by using standard 
bond distances and angles hr a tetrahedrally coordinated Zr, 
imposing a W-conformation of the four bonds between Hb 
and He and arbitrary torsion angles. Similar structures are 
proposed for the cations of 3-6 (substitute the Me group with 
-H for 3, -CHZCHMez for 4, -CeH11 for 5, and -CH2Ph for 
6). 

Reaction of 1 with Ethene: I n  Si tu  Formation of 

Monitoring by 1H NMR the reaction of 1 with ethene in 
CzDzC4 at  25 "C shows the rapid consumption of the olefin 
(5-10 min) and the corresponding formation of polyeth- 
ylene, while new intense resonances due to at  least two 
different species appear immediately in addition to those 
of 1. Attempts to isolate the primary reaction product 
operating similarly to the case of 2 resulted invariably in 
formation of a decomposition product.lg However, mon- 
itoring by 'H NMR the reaction in CD2Cl2 between -70 
and -20 OC allowed us to observe the selective formation 
of the single insertion adduct [Zr(CH2Ph)&HzCH2- 
CHZP~)I+[B(CH~P~)(C$~)~]- (3). Two downfield dou- 
blets at  6 7.71 and 7.75, attributable to the o-Ph protons 
of the ZrCH2CH2CH2Ph moiety, are diagnostic of a back- 
biting Ph coordination, as found for 2. Two triplets found 
at  6 -0.42 and +2.48 for the a- and the 7-methylene protons, 
respectively, suggest that in this case no energy barrier 
exists for the interconversion between different ring 
conformations, due to the absence of the methyl substit- 
uent on the /?-carbon. The two Zr-bound benzyl ligands 
are equivalent and coordinated in an +-fashion (only two 
doublets are observed for the diastereotopic CH2Ph 
protons a t  6 1.76 and 2.32 and one high-field resonance at  
8 5.92 for the o-Ph protons). As in the case of 2, a dynamic 
process possibly involving an increase of the amount of 
q"-benzyl coordination is observed when the temperature 
is lowered. 

At  0 "C, a second species, characterized by two aliphatic 
resonances at  6 0.11 and 1.57 (attributable to a ZrCH2- 
C H y  moiety), develops during 15-20 min, reaching a 
concentration comparable to that of 3. Correspondingly, 

[zr(CH2Ph)a(CH2CH2CHzPh)l+[B(CHQh)(CsFa)sl- (3). 

(18) (a) Jordan, R. F.; Bradley, P. K.; Baenziger, N. C.; LaPointe, R. 
E. J.  Am. Chem. SOC. 1990,112, 1289-1291. 

(19) The same decomposition product is formed slowly, together with 
toluene and bibenzyl, when solutions of 1 in CzDzC4 are aged aeveral 
hours, suggesting the formation of benzyl radicals and C1 abstraction 
from the solvent an a poseible decomposition mechanism. Selected 1H 
NMR resonmcea (C,D&L, 26 OC): d 2.02,2.26 (2d, AB system, V - 10.0 
Hz, 4H, CHnPh), 6.52 (d, 4H, o-Ph),  7.1-7.4 (m, 6H, m,p-Ph) .  
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The lower activity in olefin polymerization of cationic 
Zr benzyl complexeswith respect to the methyl analogues, 
at  least at  low temperatures, has been recently pointed 
out by Bochmann et a1.,2l who explained this finding in 
terms of the higher activation energy for the first insertion 
of the olefin into the Zr+-benzyl bond. On the other 
hand, the results reported above, as well as similar results 
obtained for analogous mono-Cp benzyl complexes20 (for 
which the first insertion of propene occurs quantitatively 
almost instantaneously), suggest that the formation of 
stable single-insertion intermediates could be an alter- 
native explanation. 

When warming a solution of 2 in CzDzC4 to 50 OC, rapid 
decomposition occurs via B-hydrogen elimination, as 
indicated by the appearance of resonances for CH2= 
CMeCH2Ph in the lH NMR spectrum.22 Other major 
decomposition products are toluene, bibenzyl, an uni- 
dentified insoluble Zr compound, and M ~ z C H C H ~ P ~ . ~ ~  
The last product could possibly originate from a reaction 
of 2 with an intermediate Zr hydride deriving from 
&hydrogen elimination. 

Decomposition via &hydrogen elimination with for- 
mation of C H d M e C H 2 P h  is observed also on adding 
tetrahydrofuran (THF) to a solution of 2 in C2DzC4 a t  25 
"C. This behavior is quite peculiar, since other cationic 
group 4 hydrocarbyl complexes are stabilized by the 
coordination of Lewis In this case, the formation 
of an unstable THF adduct of 2 containing +bonded 
hydrocarbyls could account for the observed rapid &hy- 
drogen elimination due to the absence of ?r-bonding 
stabilization. 

Warming 2 to 50 OC in the presence of an excess of 
propene leads to formation of some polypropylene, to- 
gether with the same decomposition products observed in 
the thermolysis of 2. 13C NMR analysis indicates that the 
polymer obtained is a mixture of atactic and isotactic 
polypropylene, as reported previously," and does not show 
any detectable end group, due to the high molecular weight. 
These findings suggest that, a t  least in these conditions, 
polymerization of propene initiates mostly after B-hy- 
drogen elimination has occurred. On the other hand, 
injection of ethene into a solution of 2 in CzDzC4 a t  25 "C 
results in rapid monomer consumption and formation of 
polyethylene. Further investigation is in progress in order 
to clarify if under more severe conditions propene poly- 
insertion can occur in 2, as well as in order to explain the 
origin of both the atactic and the isotactic (with an 
"enantiomorphic sites" type microstructure6b) polymer 
fractions.23 

Conclusions 
The reaction of the cationic complex [Zr(CHzPh)3]+ with 

ethene, propene, and higher a-olefins affords cleanly the 
single-insertion adducts [Zr(CH2Ph)2(CH2CHRCHzPh)l +. 
The insertion of a-olefins is regiospecific and proceeds 
through cis addition to the double bond, providing a model 
for the insertion mechanism in Ziegler-Natta polymeri- 
zation. The single-insertion adducts, which in many cases 
have been isolated and characterized, are stabilieed toward 

Pellecchia et al. 

(21) Bochmann, M.; Lancaeter, S. J. Organometallics lSSS,12, 633- 
640. 

(22) D w a s t i c  1H NMR reao1uu1cea (C=D&&, 298 K) for the mentioned 
decomposition producta are: CHpCMeCHSh 8 1.76 (e, 3H, CHa), 3.38 
(8, 2H, CH&'h), 4.83 (d, 2H, C H 4 ) ;  PhCHnCHnPh 6 2.93 (8, CH& 
MeKHCHSPh 80.97 (d, 6H, CH& 1.93 (m, lH, CH), 2.63 (d, 2H, CF$). 

(23)Zambelli, A.; PeUecchia, C. Proceedings of the Worldwrde 
Metallocene Conference (Metcon 93); Catalyst Consultants Houston, 
TX, 1993; pp 337-348. 

either further monomer insertion or &hydrogen elimi- 
nation by the back-biting V-coordination of the Ph  ring 
of the ZrCHzCHRCHzPh moiety and by q2-coordination 
of the two benzyl ligands. However, B-hydrogen elimi- 
nation occurs rapidly at  higher temperatures. At 50 OC, 
polymerization of propene proceeds, possibly by a Zr 
hydride deriving from &hydrogen elimination in the single- 
insertion adduct, yielding a mixture of isotactic and atactic 
polymer. 

The selective occurrence of olefin insertion and B-hy- 
drogen elimination a t  different temperatures suggests that 
this system could be particularly suited for kinetic studies 
aimed at  addressing the steric and the electronic factors 
involved in both processes for different o1efins.w Other 
future developments include extension of this study to 
different unsaturated substrates, such as diolefins and 
alkynes, as well as to analogous mono-Cp and bis-Cp benzyl 
derivatives. 

Experimental Section 
General Procedures. All procdures were carried out under 

nitrogen by using standard Schlenk or glovebox techniques. 
Solvents were treated as follows: sulfur-free toluene,& n-heptane, 
and THF were refluxed for 48 h over sodium-benzophenone and 
distilled before use; 1,1,2,2-tetrachloroethane was distilled from 
CaH2. Deuterated solvents were filtered through activated basic 
alumina before use. Polymerization grade ethylene and propene 
(SON) were used without purification, while other olefins were 
fiitered through activated basic alumina. Zr(CHpPh)c, B(C86)8, 
cis-CHMHMe, and CHdHC&C&6 were syntheaized 
according to published procedures.*" NMR spectra were 
recorded on a Bruker AM 250 spectrometer operating at 250 
MHz for lH and at 62.89 MHz for lac. The chemical shifts are 
reported va tetramethylsilane and were determined by reference 
to residual 1H and '*C solvent peaks. 
NMR Tube Reactions. To solutions of 11* (20-50 pmol) 

prepared in situ in 1,1,2,2-C2DzC4 (0.5-0.8 mL) were added 5-10 
equiv of the olefin, and the reaction was monitored by 1H NMR 
at the chosen temperature (see above). In many cases, the 
precipitation of polymer in the NMR tube was observed after a 
certain period of time. 

Isolation and Characterization of the Singlalnsertion 
Adducts. Single-insertion adduct 2 was prepared by allowing 
1 (0.5 mmol) toreact with 10 equiv of propene in tetrachloroethane 
(3 mL) at 25 O C  for 1 h; addition of pentane resulted in the 
precipitation of a red oil, which was dissolved in 1 mL of 
tetrachloroethane, added to toluene, and kept overnight at -15 
O C :  the resulting waxy precipitate was washed with pentane and 
dried under vacuum, affording a red-orange solid (290 mg, 55 % 
yield). 4 was obtained similarly as a red-orange d i d  from reaction 
of 1 and Cmethyl-1-pentene at 50 O C  for 30 min (yield 70%). 6 
and 6 4  were obtained by allowing 1 to react with allylbenzene 
or allylbenzene-ds in tetrachloroethane at 25 O C  for 18 h; 
precipitation with pentane gave red oils (40% yield). All the 
compounds were characterized by 'H, lac, and homonuclear and 
heteronuclear COSY NMRanalysie. The NMR dataarereportad 
in Table 1. Elemental analyses were not performed since all the 
compounds were obtained as oils or solids whichtenaciouslyretain 
variable amounts of solvents. 
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(24) Zucchini, U.; Albizznti, E.; Giannini,U. J. Organomet. Chem. 1971, 
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