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Abstract: Primary and secondary phosphines are investigated as chain-transfer agents for organolan-
thanide-mediated olefin polymerization. Ethylene polymerizations were carried out with [Cp′2LnH]2 and Cp′2-
LnCH(SiMe3)2 (Cp′ ) η5-Me5C5; Ln ) La, Sm, Y, Lu) precatalysts in the presence of dicyclohexyl-, diisobutyl-,
diethyl-, diphenyl-, cyclohexyl-, and phenylphosphine. In the presence of secondary phosphines, high
polymerization activities (up to 107 g of polymer/(mol of Ln‚atm ethylene‚h)) and narrow product polymer
polydispersities are observed. For lanthanocene-mediated ethylene polymerizations, the phosphine chain-
transfer efficiency correlates with the rate of Ln-CH(SiMe3)2 protonolysis by the same phosphines and
follows the trend H2PPh . H2PCy > HPPh2 > HPEt2 ≈ HPiBu2 > HPCy2. Under the conditions investigated,
dicyclohexylphosphine is not an efficient chain-transfer agent for Cp′2LaPCy2- and Cp′2YPCy2-mediated
ethylene polymerizations. Diisobutylphosphine and diethylphosphine are efficient chain-transfer agents for
Cp′2La-mediated polymerizations; however, phosphine chain transfer does not appear to be competitive
with other chain-transfer pathways in Cp′2Y-mediated polymerizations involving diisobutylphosphine.
Regardless of the lanthanide metal, diphenylphosphine is an efficient chain-transfer agent for ethylene
polymerization. Polymerizations conducted in the presence of primary phosphines produce only low-
molecular-weight products. Thus, Cp′2Y-mediated ethylene polymerizations conducted in the presence of
phenylphosphine and cyclohexylphosphine produce low-molecular-weight phenylphosphine- and cyclo-
hexylphosphine-capped oligomers, respectively. For Cp′2YPPh2-mediated ethylene polymerizations, a linear
relationship is observed between Mn and [diphenylphosphine]-1, consistent with a phosphine protonolytic
chain-transfer mechanism.

Introduction

Organolanthanide complexes1 are among the most active
known catalysts for single-site Ziegler-Natta-type R-olefin
polymerization.2 Thus, [Cp′2LnH]2

3 (Cp′ ) η5-Me5C5) and [Me2-
SiCp′′2LnH]2

4 complexes (Cp′′ ) η5-Me4C5) polymerize eth-

ylene with turnover frequencies exceeding 1800 s-1 at 1.0 atm
ethylene pressure and yield polyethylenes with high molecular
weights and narrow polydispersities. In addition, organolan-
thanide complexes effect the homopolymerization of polar
monomers5 as well as mediate the sequential block copolym-
erization of nonpolar and polar monomers.6 For example,
Yasuda and co-workers used Cp′2LnR (Ln ) Sm, Yb, Lu; R)
H, Me) complexes to block copolymerize ethylene with methyl
methacrylate (MMA), ethyl methacrylate,δ-valerolactone, and

(1) For recent reviews of organolanthanide-mediated olefin polymerization
see: (a) Gromada, J.; Carpentier, J.-F.; Mortreux, A.Coord. Chem. ReV.
2004, 248, 397. (b) Hou, Z.; Wakatsuki, Y.Coord. Chem. ReV. 2002, 231,
1. (c) Ephritikhine, M.Chem. ReV. 1997, 97, 2193. (d) Watson, P. L.;
Parshall, G. W.Acc. Chem. Res.1985, 18, 51.

(2) For recent reviews of metallocene d0 polymerization catalysts see: (a)
Gibson, V. C.; Spitzmesser, S. K.Chem. ReV. 2003, 103, 283. (b) Pedeutour,
J.-N.; Radhakrishnan, K..; Cramail, H.; Deffieux, A.Macromol. Rapid
Commun.2001, 22, 1095. (c) Gladysz, J. A., Ed.Chem. ReV. 2000, 100
(special issue on “Frontiers in Metal-Catalyzed Polymerization”). (d)
AdVances in Polymerization Catalysis. Catalysts and Processes; Topics in
Catalysis 7; Marks, T. J., Stevens, J. C., Eds.; Baltzer: Red Bank, NJ,
1999. (e) Scheirs, J.; Kaminsky, W.Metallocene-Based Polyolefins:
Preparation, Properties, and Technology; Wiley: New York, 1999; Vols.
1 and 2. (f) Kaminsky, W.Metalorganic Catalysts for Synthesis and
Polymerization: Recent Results by Ziegler-Natta and Metallocene InVes-
tigations; Springer-Verlag: Berlin, 1999. (g) Britovsek, G. J. P; Gibson,
V. C.; Wass, D. F.Angew. Chem., Int. Ed. 1999, 38, 428. (h) McKnight,
A. L.; Waymouth, R. M.Chem. ReV. 1998, 98, 2587. (i) Jordan, R. F.J.
Mol. Catal.1998, 128(special issue on “Metallocene and Single Site Olefin
Catalysts”). (j) Kaminsky, W.; Arndt, M.AdV. Polym. Sci.1997, 127, 144.
(k) Bochmann, M.J. Chem. Soc., Dalton Trans.1996, 255. (l) Brintzinger,
H. H.; Fischer, D.; Mu¨lhaupt, R.; Rieger, B.; Waymouth, R. M.Angew.
Chem., Int. Ed. Engl.1995, 34, 1143. (m) Soga, K., Terano, M., Eds.
Catalyst Design for Tailor-Made Polyolefins; Elsevier: Tokyo, 1994.

(3) Jeske, G.; Lauke, H.; Mauermann, H.; Swepston, P. N.; Schumann, H.;
Marks, T. J.J. Am. Chem. Soc.1985, 107, 8091.

(4) Jeske, G.; Schock, L. E.; Swepston, P. N.; Schumann, H.; Marks, T. J.J.
Am. Chem. Soc.1985, 107, 8103.

(5) Organolanthanide-mediated homopolymerization of polar monomers: (a)
Sheng, E.; Zhou, S.; Wang, S.; Yang, G.; Wu, Y.; Feng, Y.; Mao, L.; Huang,
Z. Eur. J. Inorg. Chem.2004, 2923. (b) Zhang, L.; Shen, Z.; Yu, C.; Fan,
L. Polym. Int.2004, 53, 1013. (c) Arndt, S.; Beckerle, K; Hu¨ltzsch, K. C.;
Sinnema, P.-J.; Voth, P.; Spaniol, T. P.; Okuda, J.J. Mol. Catal.2002,
190, 205. (d) Bala, M. D.; Hunag, J.; Zhang, H.; Qian, Y.; Sun, J.; Liang,
C. J. Organomet. Chem.2002, 647, 105. (e) Gromada, J.; Fouga, C.; Chenal,
T.; Mortreux, A.; Carpentier, J.-F.Macromol. Chem. Phys.2002, 203, 550.
(f) Roesky, P. W.; Gamer, M. T.; Puchner, M.; Greiner, A.Chem.-Eur. J.
2002, 8, 5265. (g) Yasuda, H.Prog. Polym. Sci.2000, 25, 573. (h) Li, Y.;
Ward, D. G.; Reddy, S. S.; Collins, S.Macromolecules1997, 30, 1875. (i)
Li, F.; Jin, Y.; Song, C.; Lin, Y.; Pei, F.; Wang, F.; Hu, N.Appl. Organomet.
Chem.1996, 10, 761. (j) Giardello, M. A.; Yamamoto, Y.; Brard, L.; Marks,
T. J. J. Am. Chem. Soc.1995, 117, 3276. (k) Collins, S.; Ward, D. G.;
Suddaby, K. H.Macromolecules1994, 27, 7222. (l) Yasuda, H.; Tamai,
H. Prog. Polym. Sci.1993, 18, 1097. (m) Collins, S.; Ward, D. G.J. Am.
Chem. Soc.1992, 114, 5460. (n) Yasuda, H.; Yamamoto, H; Yokota, K.;
Miyake, S.; Nakamura, A.J. Am. Chem. Soc.1992, 114, 4908. (o) Farnham,
W. B.; Hertler, W. R. (E. I. du Pont de Nemours and Co.). U.S. Patent
901769 19860829, 1986.
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ε-caprolactone.6h The block copolymer of polyethylene and poly-
(MMA) represents a polymer with improved dyeability over
nonfunctionalized polyethylene. The ability of organolanthanides
to form polar and nonpolar monomer block copolymers thereby
incorporates functionality into an otherwise inert polymer such
as polyethylene and imparts improved physical polymer proper-
ties such as paintability, adhesion, and compatibility with other
materials.

Another way of incorporating functionality7-9 into polyolefins
is by employing a chain-transfer agent.10-14 However, there are
few examples of efficient chain-transfer agents for organolan-
thanide-catalyzed olefin polymerization. Previously, our group
reported that organosilanes act as efficient chain-transfer agents
for organolanthanide-catalyzed olefin polymerizations as well

as for ethylene andR-olefin copolymerizations.13 Olefin poly-
merizations conducted in the presence of primary silanes
nBuSiH3, C6H5SiH3, and C6H5CH2SiH3 produce silane-capped
polymers with narrow molecular weight distributions. Unfor-
tunately, secondary organosilanes do not act as efficient chain-
transfer agents. Teuben and co-workers subsequently took
advantage of the fact that lanthanocenes cleanly effect aryl C-H
activation and synthesized Cp′2Y(2-pyridyl) from [Cp′2YH]2 and
pyridine (eq 1). In the presence of excess pyridine and ethylene,
2-ethylpyridine was produced catalytically using Cp′2Y(2-
pyridyl) (eq 2).15 Unfortunately, only trace amounts of polymer
were detected.

More recently, Hessen and co-workers investigated a similar
transformation with thiophene and demonstrated the application
of this heterocycle as a chain-transfer agent for organolan-
thanide-mediated ethylene polymerization (eq 3).12 However,
high ethylene pressures and high reaction temperatures are
required to obtain modest polymerization activities and product
molecular weights. With ethylene polymerizations conducted
in the presence of thiophene or pyridine, the stability of the

chelating monoinsertion products, Cp′2LnCH2CH2(C4H3S) (Ln

) Y, La) and Cp′2YCH2CH2(2-C5H4N), is believed to inhibit
facile chain propagation.

As noted above, it had previously been shown that electron-
deficient or electron-neutral reagents, such as boranes,10

alanes,11 and silanes,13 can be used as chain-transfer agents for
single-site fn/d0-mediated olefin polymerizations; however, at
the outset of the present study, the application of electron-rich
reagents (e.g. groups 15, 16) as chain-transfer agents to afford
polyolefins capped with electron-rich functional groups had not
yet been efficiently realized. Organolanthanide complexes are
efficient ethylene polymerization as well as hydroamination16

and hydrophosphination17,18 catalysts; therefore, an intriguing
question arises as to whether the two types of transformations
could be coupled to utilize phosphines or amines as chain-
transfer agents for olefin polymerization. This would represent
a new, efficient way of delivering an electron-rich and chemi-
cally versatile fragment to the terminus of a polyolefin chain.

(6) Organolanthanide-mediated copolymerization of polar and nonpolar mono-
mers: (a) Yasuda, H.; Desurmont, G.Polym. Int. 2004, 53, 1017. (b)
Bonnet, F.; Barbier-Baudry, D.; Dormon, A.; Visseaux, M.Polym. Int.2002,
51, 986. (c) Yasuda, H.J. Organomet. Chem.2002, 647, 128. (d) Gromada,
J.; Mortreux, A.; Chenal T.; Ziller, J. W.; Leising, F.; Carpentier, J.-F.
Chem. Eur. J.2002, 8, 3773. (e) Desurmont, G.; Tanaka, M.; Li, Y.; Yasuda,
H.; Tokimitsu, T.; Tone, S.; Yanagase, A.J. Polym. Sci., Part A: Polym.
Chem.2000, 38, 4095. (f) Desurmont, G.; Tokimitsu, T.; Yasuda, H.
Macromolecules2000, 33, 7679. Desurmont, G.; Li, Y; Yasuda, H.; Maruo,
T.; Kanehisa, N.; Kai, Y.Organometallics2000, 19, 1811. (g) Boffa, L.
S.; Novak, B. M.Macromolecules1997, 30, 3494. (h) Yasuda, H.; Ihara,
E. Macromol. Chem. Phys.1995, 196, 2417. (i) Yasuda, H.; Furo, M.;
Yamamoto, H.; Nakamura, A.; Miyake, S.; Kibino, N.Macromolecules
1992, 25, 5115.

(7) Postpolymerization modification: (a) Sheng, Q.; Sto¨ver, H. D. H. Mac-
romolecules1997, 30, 6451. (b) Chung, T. C.; Lu, H. L.; Li, C. L.
Macromolecules1994, 27, 7533. (c) Shiono, T.; Kurosawa, H.; Ishida, O.;
Soga, K.Macromolecules1993, 26, 2085.

(8) Olefin copolymerization with functionalized monomers by d0 polymerization
catalysts: (a) Jensen, T. R.; Yoon, S. C.; Dash, A. K.; Luo L.; Marks, T.
J.J. Am. Chem. Soc.2004, 125, 14482. (b) Dong, J. Y.; Manias, E.; Chung,
T. C. Macromolecules2002, 35, 3439. (c) Imuta, J.-I.; Kashiwa, N.; Toda,
Y. J. Am. Chem. Soc.2002, 124, 1176. (d) Byun, D.-J.; Choi, K.-Y.; Kim,
S. Y. Macromol. Chem. Phys.2001, 202, 992. (e) Chung, T. C.; Xu, G.
Macromolecules2000, 33, 5803. (f) Stehling, U. M.; Stein, K. M.; Fisher,
D.; Waymouth, R. M.Macromolecules1999, 32, 14. (g) Hakala, K.;
Löfgren, B.; Helaja, T.Eur. Polym. J.1998, 34, 1093. (h) Behr, A. In
Industrial Application of Homogeneous Catalysts; Mortreux, A., Petit, F.,
Eds.; D. Reidel Publishing Co.: Dordrecht, 1998; pp 156-167. (i)
Schneider, M. J.; Scha¨fer, R.; Mülhaupt, R.Polymer1997, 38, 2455. (j)
DiRenzo, G. M.; White, P. S.; Brookhart, M.J. Am. Chem. Soc.1996,
118, 6225. (k) Aaltonen, P.; Fink, G.; Lo¨fgren, B.; Seppa¨lä, J.Macromol-
ecules1996, 29, 5255. (l) Wilén, C. -E.; Näsman, J. H.Macromolecules
1994, 27, 4051. (m) Kesti, M. R.; Coates, G. W.; Waymouth, R. M.J. Am.
Chem. Soc.1992, 114, 9679. (n) Klabunde, U.; Ittel, S. D.J. Mol. Catal.
1987, 41, 123.

(9) Graft polymerization: (a) Dong, J. Y.; Hong, H.; Chung, T. C.; Wang, H.
C.; Datta, S.Macromolecules2003, 36, 6000. (b) Passaglia, E.; Coiai, S.;
Aglietto, M.; Ruggeri, G.; Ruberta`, M.; Ciardelli, F.Macromol. Symp.2003,
198, 147. (c) Dolatkhani, M.; Cramail, H.; Deffieux, A.; Santos, J. M.;
Ribeiro, M. R.; Bordado, J. M.Macromol. Chem. Phys.2003, 204, 1889.
(d) Bowden, N. B.; Dankova, Wiyatno, W.; Hawker, C. J.; Waymouth, R.
M. Macromolecules2002, 35, 9246. Ciolino, A. E.; Failla, M. D.; Valle´s,
E. M. J. Polym. Sci., Part A: Polym. Chem.2002, 40, 3950. (e) Uozumi,
T.; Tian, G.; Ahn, C.-H.; Jin. J.; Tsubaki, S.; Sano, T.; Soga, K.J. Polym.
Sci., Part A: Polym. Chem.2000, 38, 1844.

(10) Borane chain transfer: (a) Chung, T. C.; Xu, G.; Lu, Y.; Hu, Y.
Macromolecules2001, 34, 8040. (b) Xu, G.; Chung, T. C.J. Am. Chem.
Soc.1999, 121, 6763. (c) Xu, G.; Chung, T. C.Macromolecules1999, 32,
8689. (d) Lu, B.; Chung, T. C.Macromolecules1998, 31, 5943.

(11) Aluminum chain transfer: (a) Go¨tz, C.; Rau, A.; Luft, G.Macromol. Mater.
Eng.2002, 287, 16. (b) Kukral, J.; Lehmus, P.; Klinga, M.; Leskela¨, M.;
Rieger, B.Eur. J. Inorg. Chem.2002, 1349. (c) Han, C. J.; Lee, M. S.;
Byun, D. -J.; Kim, S. Y.Macromolecules2002, 35, 8923. (d) Liu, J.;
Støvneng, J. A.; Rytter, E.J. Polym. Sci., Part A: Polym. Chem.2001,
39, 3566. (e) Po’, R.; Cardi, N.; Abis, L.Polymer1998, 39, 959. (f) Kang,
K. K.; Shiono, T.; Ikeda, T.Macromolecules1997, 30, 0, 1231. (g) Mogstad,
A. -L.; Waymouth, R. M.Macromolecules1992, 25, 2282. (h) Resconi,
L.; Piemontesi, F. Franciscono, G.; Abis, L.; Fiorani, T.J. Am. Chem. Soc.
1992, 114, 1025.

(12) Thiophene C-H chain transfer: Ringelberg, S. N.; Meetsma, A.; Hessen,
B.; Teuben, J. H.J. Am. Chem. Soc.1999, 121, 6082.

(13) Silane chain transfer: (a) Koo, K.; Marks, T. J.J. Am. Chem. Soc.1999,
121, 1, 8791. (b) Koo, K.; Fu, P.-F.; Marks, T. J.Macromolecules1999,
32, 981. (c) Fu, P.-F.; Marks, T. J.J. Am. Chem. Soc.1995, 117, 10747.

(14) Various chain-transfer agents: (a) Gaynor, S. G.Macromolecules2003,
36, 4692. (b) Dong, J. Y.; Chung, T. C.Macromolecules2002, 35, 1622.
(c) Chung, T. C.; Wang, Z. M.; Hong, H.; Chung, T. C.Macromolecules
2002, 35, 9352. (d) Chung, T. C.; Dong, J. Y.J. Am. Chem. Soc.2001,
123, 4872. (e) Byun, D.-J.; Kim, S. Y.Macromolecules2000, 33, 1921.

(15) Deelman, B.-J.; Stevels, W. M.; Teuben, J. H.; Lakin, M. T.; Spek, A. L.
Organometallics1994, 13, 3881.
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For electron-deficient or electron-neutral chain-transfer agents
such as boranes10 and silanes,13 the heteroatom is chain-
transferred to the polymer chain at the end of a hydride-based
catalytic propagation sequence, with the chain-terminating
C-heteroatom bond-forming step (Scheme 1, step iii) proposed
to occur via four-centeredσ-bond metathesis transition stateI .

In contrast to organolanthanide-catalyzed formation of silyl-
capped polyolefins, analogy drawn from hydrophosphination17

and hydroamination16,19mechanistic observations argues that a
cycle to incorporate electron-rich fragments would require
C-heteroatom bond formation at the initiation of the chain-

forming step (Scheme 2, step iii), with the Brønsted acidic E-H
(E ) P, N) subsequently effecting protonolytic chain transfer
(transition stateII ). Therefore, a reasonable catalytic cycle for
lanthanide-mediated synthesis of phosphine-capped polyethyl-
enes (and, by implication, of amine-capped polyethylenes;
Scheme 2) would require the following sequence of transforma-
tions: (i) insertion of CdC unsaturation into a lanthanide-
phosphido bond, (ii) subsequent insertions of ethylene into the
resulting Ln-C bond, and (iii) protonolytic cleavage of the
propagating polyolefin chain by incoming phosphine substrate
to close the cycle and regenerate the lanthanide-phosphido
species.

In a preliminary investigation, it was shown that organolan-
thanide-mediated ethylene polymerizations in the presence of
a single phosphine chain-transfer agent, diphenylphosphine,
yielded diphenylphosphine-capped polyethylenes, demonstrating
that this is in fact a viable process, although neither the scope,
kinetics, nor mechanism was defined.20 In the present contribu-
tion, we extend the study to include a wider range of organo-
lanthanide catalysts as well as a variety of secondary and
primary phosphines in order to more fully investigate the scope
of this organolanthanide-mediated synthesis of phosphine-
capped polyethylenes. In addition, we present a full discussion
of the scope, kinetics, and mechanism of such carbon-
phosphorus bond-forming processes, focusing on the effect of
phosphine substitution and lanthanide ion identity on the course
and efficiency of the chain-transfer process.

Experimental Section

Materials and Methods.All manipulations of air-sensitive materials
were carried out with rigorous exclusion of oxygen and moisture in
flame- or oven-dried Schlenk-type glassware on a dual-manifold

(16) Recent publications involving organolanthanide-catalyzed hydroamination
of aminoalkenes: (a) Hong, S.; Marks, T. J.Acc. Chem. Res.2004, 37,
673. (b) Ryu, J.-S.; Marks, T. J.; McDonald, F. E.J. Org. Chem.2004, 69,
1038. (c) Hong, S.; Kawaoka, A. M.; Marks, T. J.J. Am. Chem. Soc.2003,
125, 15878. (d) Hong, S.; Tian, S.; Metz, M. V.; Marks, T. J.J. Am. Chem.
Soc.2003, 125, 14768. (e) Ryu, J.-S.; Li, G. Y.; Marks, T. J.J. Am. Chem.
Soc.2003, 125, 12584. (f) Kim, Y. K.; Livinghouse, T.; Horino, Y.J. Am.
Chem. Soc.2003, 125, 9560. (g) Gribkov, D. V.; Hu¨ltzsch, K. C.; Hampel,
F. Chem.-Eur. J. 2003, 9, 4796.

(17) Organolanthanide-catalyzed hydrophosphination: (a) Kawaoka, A. M.;
Douglass, M. R.; Marks, T. J.Organometallics2003, 22, 4630. (b) Takaki,
K.; Koshoji, G.; Komeyama, K.; Takeda, M.; Shishido, T.; Kitani, A.;
Takehira, K.J. Org. Chem.2003, 68, 6554. (c) Douglass, M. R.; Ogasawara,
M.; Hong, S.; Metz, M. V.; Marks, T. J.Organometallics2002, 21, 283.
(d) Douglass, M. R.; Stern, C. L.; Marks, T. J.J. Am. Chem. Soc.2001,
123, 10221. (e) Takaki, K.; Takeda, M.; Koshoji, G.; Shishido, T.; Takehira,
K. Tetrahedron Lett.2001, 42, 6357. (f) Douglass, M. R.; Marks, T. J.J.
Am. Chem. Soc.2000, 122, 1824.

(18) Transition metal-catalyzed hydrophosphination: (a) Kazankova, M. A.;
Shulyupin, M. O.; Beletskaya, I. P.Synlett.2003, 14, 2155. (b) Je´rôme,
F.; Monnier, F.; Lawicka, H.; De´rien, S.; Dixneuf, P. H.Chem. Commun.
2003, 696. (c) Shulyupin, M. O.; Kazankova, M. A.; Beletskaya, I. P.Org.
Lett. 2002, 4, 761. (d) Kazankova, M. A.; Efimova, I. V.; Kochetkov, A.
N.; Afanas’ev, V. V.; Beletskaya, I. P.Russ. J. Org. Chem. (Engl. Transl.)
2002, 38, 1465. (e) Kazankova, M. A.; Shulyupin, M. O.; Borisenko, A.
A.; Beletskaya, I. P.Russ. J. Org. Chem. (Engl. Transl.)2002, 38, 1479.
(f) Malisch, W.; Klüpfel, B.; Schumacher. D.; Nieger, M.J. Organomet.
Chem.2002, 661, 95. (g) Wicht, D. K.; Glueck, D. S. Hydrophosphination
and Related Reactions. InCatalytic Heterofunctionalization: from Hy-
droamination to Hydrozirconation; Togni, A., Grützmacher, H., Eds.;
Wiley-VCH: New York, 2001; pp143-170. (h) Kazankova, M. A.;
Efimova, I. V.; Kochetkov, A. N.; Afanas’ev, V. V.; Beletskaya, I. P.;
Dixneuf, P. H.Synlett.2001, 4, 497. (i) Kovacik, I.; Wicht, D. K.; Grewal,
N. S.; Glueck, D. S.; Incarvito, C. D.; Guzei, I. A.; Rheingold, A. L.
Organometallics2000, 19, 950. (j) Wicht, D. K.; Kourkine, I. V.; Kovacik,
I.; Glueck, D. S.; Concolino, T. E.; Yap, G. P. A.; Incarvito, C. D.;
Rheingold, A. L.Organometallics1999, 18, 5381. (k) Costa, E.; Pringle,
P. G.; Worboys, K.Chem. Commun.1998, 49. (l) Wicht, D. K.; Kourkine,
I. V.; Lew, B. M.; Nthenge, J. M.; Glueck, D. S.J. Am. Chem. Soc.1997,
119, 5039.

(19) Gagne´, M. R.; Stern, C. L.; Marks, T. J.J. Am. Chem. Soc.1992, 114,
275. (20) Kawaoka, A. M.; Marks, T. J.J. Am. Chem. Soc.2004, 126, 12764.

Scheme 1. Proposed Catalytic Cycle for
Organolanthanide-Catalyzed Synthesis of Functional-Group
Terminated Polyethylenes Using Electron-Deficient or
Electron-neutral Chain-Transfer Agents

Scheme 2. Proposed Catalytic Cycle for
Organolanthanide-Catalyzed Synthesis of Phosphine-Terminated
Polyethylenes

Organolanthanide-Mediated Olefin Polymerization A R T I C L E S
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Schlenk line, or interfaced to a high-vacuum line (10-6 Torr), or in a
nitrogen-filled Vacuum Atmospheres or MBraun glovebox with a high-
capacity recirculator (<1 ppm of O2). Argon and ethylene (Matheson,
prepurified) were purified by passage through a MnO oxygen-removal
column and a Davison 4-Å molecular sieve column. Hydrogen was
purified by passage through a Q-5 oxygen-removal column heated to
75 °C and a Davison 4-Å molecular sieve column. Hydrocarbon
solvents (pentane and toluene) were dried using an activated alumina
column and Q-5 columns according to the method described by
Grubbs,21 and were additionally vacuum-transferred from Na/K alloy
immediately before vacuum line manipulations. Benzene-d6, toluene-
d8, chloroform-d, and 1,1,2,2-tetrachloroethane-d2 were purchased from
Cambridge Isotope Laboratories. Deuterated solvents used for NMR
reactions were stored in vacuo over Na/K alloy in vacuum-tight storage
flasks and were vacuum-transferred immediately prior to use. All
organic starting materials were purchased from Aldrich Chemical Co.
or Strem Chemicals, Inc. and were used without further purification
unless otherwise stated. All of the phosphines were obtained com-
mercially (Strem Chemicals, Inc.), distilled from CaH2, distilled from
Na/K, and stored in a vacuum-tight storage flask over activated Davison
4-Å molecular sieves. The organolanthanide precatalysts Cp′2LnCH-
(SiMe3)2 (Cp′ ) η5-Me5C5) and Cp′2LnH (Ln ) La, Sm, Y, Lu) were
synthesized according to published procedures.3

Physical and Analytical Measurements. NMR spectra were
recorded on either a Varian Gemini 300 (FT, 300 MHz,1H; 75 MHz,
13C), Unity- or Mercury-400 (FT, 400 MHz,1H; 100 MHz, 13C), or
Inova-500 (FT, 500 MHz,1H; 125 MHz, 13C) instrument. Chemical
shifts (δ) for 1H and13C are referenced to internal solvent resonances
and reported relative to SiMe4. Chemical shifts for31P are reported
relative to an external 85% H3PO4 standard at room temperature. For
polymer NMR characterization, 50-100 mg samples were dissolved
in 0.5-0.7 mL of C2D2Cl4 (Cambridge Laboratories) in a 5 mm NMR
tube by heating the solution in a 125°C oil bath.

MALDI-TOF MS spectra were collected on a PE Biosystems
Voyager System 6050 time-of-flight mass spectrometer using a nitrogen
laser for MALDI (λ ) 337 nm). The measurements were performed in
the reflector mode. Dithranol was used as the matrix with a polymer
concentration of∼10 mg/mL and a polymer:matrix ratio of∼1:1 by
mass. GC-MS analyses were performed on a HP 6890 instrument
equipped with a Zebron ZB-5 dimethylpolysiloxane column (30 m×
250 µm × 0.25 µm) attached to a HP 6890 mass-selective detector.

Polymer melting temperatures were measured by DSC (DSC 2920,
TA Instruments, Inc.) from the second scan with a heating rate of 20
°C/min. GPC analyses of polymer samples were performed on a Waters
Alliance GPCV 2000 (three columns, Waters Styragel HT 6E, HT 4,
HT 2; operation temperature, 140°C; mobile phase, 1,2,4-trichloroben-
zene; flow rate, 1 mL/min) and reported relative to six polyethylene
standards (Mw ) 800, 1214, 2306, 13600, 32100, 119600) purchased
from Polymer Laboratories Inc. Elemental analyses were performed
by the Micro-Mass Facility at the University of California, Berkeley.

Synthesis of Bis(pentamethylcyclopentadienyl)(diphenylphosphido)-
yttrium Cp ′2YPPh2 (1). First, the hydride precatalyst [Cp′2YH]2 was
generated in situ by stirring 250 mg (482µmol) of Cp′2YCH(SiMe3)2

in ∼2 mL of toluene under 1.0 atm of H2 for 2 h. Under an Ar flush,
85 µL (488 µmol) of diphenylphosphine was added via syringe. The
resulting orange-red solution was stirred for 2 h atroom temperature,
and then all volatiles were removed in vacuo. Pentane was next
condensed onto the residue, briefly stirred, and then all the volatiles
were again removed in vacuo. Finally,∼3 mL of pentane was added,
and the solution was cooled to-30 °C. Red-orange crystals were
collected by decantation to obtain 160 mg (305µmol) of 1 (63% yield).
1H NMR (500 MHz, C6D6): δ 7.48 (t,J ) 7.0 Hz, 4H), 7.05 (t,J )
7.0 Hz, 4H), 6.90 (t,J ) 7.0 Hz, 2H), 1.85 (s, 30H).13C NMR (126

MHz, C6D6): δ 130.8 (d,J ) 4.9 Hz), 127.0, 126.8, 124.2, 11.4 (d,J
) 4.3 Hz); 31P NMR (162 MHz, C6D6): δ -15.2 (d,J ) 79 Hz).
Anal. Calcd: C, 70.58; H, 7.40. Found: C, 70.68; H, 7.63.

Synthesis of 1-Eicosyldiphenylphosphine Oxide (2).22 In a 100
mL Schlenk flask, 12 mL of 0.5 M KPPh2 in THF (6.0 mmol) was
added dropwise to 2.1 g (5.8 mmol) of 1-bromoeicosane in 40 mL of
dry THF. The orange-red KPPh2 solution turned colorless upon addition
to the 1-bromoeicosane solution. The reaction mixture was stirred at
room temperature overnight. Next, the solvent was removed in vacuo
and 70 mL of pentane was added. Excess KPPh2 was neutralized with
deoxygenated H2O. The colorless upper layer was then cannula-
transferred away from the aqueous layer and dried over MgSO4. The
clear, colorless solution was cannula-filtered away from the MgSO4,
and the pentane was removed in vacuo. The resulting white powder
was washed with 60 mL of deoxygenated MeOH and dried on a high-
vacuum line at room temperature overnight. Next, a portion of the
1-eicosyldiphenylphosphine product (130 mg) was suspended in MeOH
(5 mL), 30% H2O2 (0.2 mL) was added, and the reaction mixture was
stirred at room temperature for 2 h. The reaction mixture was then
extracted with pentane and dried over MgSO4. The colorless solution
was filtered and solvent was removed in vacuo to yield a white powder
(110 mg).1H NMR (500 MHz, C2D2Cl4): δ 7.72 (t, 4H), 7.52-7.46
(m, 6H), 2.21 (m, 2H), 1.56 (m, 2H), 1.36 (m, 2H), 1.35-1.05 (br s,
32H), 0.87 (t, 3H).13C NMR (126 MHz, C2D2Cl4): δ 135.3, 134.3,
133.2 (d,J ) 1.8 Hz), 132.3 (d,J ) 9.2 Hz), 130.2 (d,J ) 11.9 Hz),
33.6, 32.6 (d,J ) 14.7 Hz), 31.7, 31.4, 31.3, 31.1, 31.0, 30.8, 24.4,
23.1 (d,J ) 3.7 Hz), 15.9.31P NMR (162 MHz, C2D2Cl4): δ 32.1.

Catalytic Diphenylphosphine Oxide-Capped Polyethylene Syn-
thesis Mediated by Isolated Cp′2YPPh2. Representative Experiment.
In the glovebox, a three-necked Morton flask, which had been dried
overnight on a high-vacuum line (10-6 Torr), equipped with a large
stir bar and thermocouple (Omega type K stainless steel sheathed
thermocouple), was charged with dry toluene (50 mL). The flask was
then attached to a high-vacuum line, and ethylene (1.0 atm) was
introduced. Diphenylphosphine (0.80 mL) was added via syringe to
the reaction flask. In the glovebox, a solution of Cp′2YPPh2 (1.0 mg)
in 1 mL of dry toluene was taken up in a 5-mL gastight syringe. The
catalyst solution was then injected into the reactor with rapid stirring.
A temperature rise was observed during the polymerization; therefore,
the reaction was cooled by adding either ice or dry ice to a water bath.
After 30 s, methanol (5 mL) was injected to quench the reaction. Excess
methanol (∼400 mL) was used to precipitate the polymer. The polymer
(0.41 g) was then collected by filtration, washed with methanol (100
mL) and chloroform (100 mL), and dried in vacuo overnight. Next,
30% H2O2 (0.25 mL) was added to the diphenylphosphine-capped
polyethylene (100 mg) suspended in 1.0 mL each of H2O and methanol.
The suspension was stirred for 4 h atroom temperature, and the product
was collected by filtration, washed with methanol and acetone, and
dried in vacuo overnight.

Polymerization of Ethylene in the Presence of Diphenylphos-
phine. Representative Experiment.In the glovebox, a Teflon-valved
storage tube, which had been dried overnight on the high-vacuum line
(10-6 Torr) and equipped with a stir bar, was charged with Cp′2YCH-
(SiMe3)2 (2.1 mg, 4.0µmol) and dry toluene (1.16 mL). The storage
flask was then attached to the vacuum line, and hydrogen (1.0 atm)
was introduced. The precatalyst was stirred under hydrogen (1.0 atm)
for 2 h at 20°C and then stirred for an additional 2 h as aclosed
system. Next, diphenylphosphine (0.84 mL, 4.8 mmol) was added under
an argon flush and the mixture stirred at 20°C for 2 h. Next, the orange
catalyst solution was cooled to-78 °C, and high vacuum was applied
to remove trace amounts of hydrogen. In the glovebox, a three-necked
Morton flask, which had been dried overnight on a high-vacuum line,
equipped with a large stir bar and thermocouple, was charged with dry
toluene (50 mL). The flask was next attached to a high-vacuum line,

(21) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. J.Organometallics1996, 15, 1518. (22) Davies, J. A.; Mierzwiak, J. G.; Syed, R.J. Coord. Chem.1988, 17, 25.
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and ethylene (1.0 atm) was introduced with rapid stirring. The catalyst
and phosphine solution were then injected into the reactor with rapid
stirring. A temperature rise was observed during the polymerization;
therefore, the reaction was cooled by adding either ice or dry ice to a
surrounding water bath. After 30 s, methanol (5 mL) was injected to
quench the reaction. Excess methanol (∼400 mL) was then used to
precipitate the polymer. The polymer (0.70 g) was collected by filtration,
washed with methanol (100 mL) and chloroform (100 mL), and dried
in vacuo overnight. Then 30% H2O2 (0.25 mL) was added to the
diphenylphosphine-capped polyethylene (100 mg) suspended in 1.0 mL
each of H2O and methanol. The suspension was stirred for 4 h atroom
temperature, and the product was collected by filtration, washed with
methanol and acetone, and dried in vacuo overnight.1H NMR (500
MHz, C2D2Cl4): δ 7.79 (o-P(O)(C6H5)2), 7.47 (m,p-P(O)(C6H5)2), 2.27
(-CH2P(O)(C6H5)2), 2.0-1.0 (-CH2-), 0.97 (-CH3). 13C NMR (101
MHz, C2D2Cl4): δ 131.7; 130.7, 128.2, 31.6, 29.4, 22.3, 21.4, 13.5.
31P NMR (202 MHz, C2D2Cl4): δ 32.5.

Polymerization of Ethylene in the Presence of Diethylphosphine.
Representative Experiment.The same procedure as for the above
reaction was employed, except that Cp′2LaCH(SiMe3)2 (2.9 mg, 5.1
µmol) was used as the catalyst and diethylphosphine (0.21 mL, 1.1
mmol) was used as the chain-transfer agent.1H NMR (400 MHz, C2D2-
Cl4): δ 2.4 (-CH2P(O)Et2), 2.0-1.0 (-CH2-), 0.95 (-CH3). 31P NMR
(162 MHz, C2D2Cl4): δ 52.

Polymerization of Ethylene in the Presence of Diisobutylphos-
phine. Representative Experiment.The same procedure as for the
above reaction was employed, except that diisobutylphosphine (0.21
mL, 1.1 mmol) was used as the chain-transfer agent.1H NMR (400
MHz, C2D2Cl4): δ 2.19 (-CH2P(O)iBu2), 2.0-1.0 (-CH2-), 1.17,
0.98.31P NMR (162 MHz, C2D2Cl4): δ 47.

Polymerization of Ethylene in the Presence of Dicyclohexylphos-
phine. Representative Experiment.The same procedure as for the
above reaction was employed, except that dicyclohexylphosphine (0.13
mL, 1.1 mmol) was used as the chain-transfer agent.1H NMR (400
MHz, C2D2Cl4): δ 2.0-1.0 (-CH2-).

Polymerization of Ethylene in the Presence of Cyclohexylphos-
phine. Representative Experiment.In the glovebox, a Teflon-valved
storage tube, which had been dried overnight on the high-vacuum line
(10-6 Torr) and equipped with a stir bar, was charged with Cp′2YCH-
(SiMe3)2 (4.4 mg, 8.5µmol) and dry toluene (1.0 mL). The storage
flask was then attached to the vacuum line, and hydrogen (1.0 atm)
was introduced. The precatalyst was stirred under hydrogen (1.0 atm)
for 2 h at 20°C and then stirred for an additional 2 h as aclosed
system. Next, cyclohexylphosphine (0.115 mL, 0.87 mmol) was added
under an argon flush and the mixture stirred at room temperature for
2 h. The yellow catalyst solution was then cooled to-78 °C, and high
vacuum was applied to remove trace amounts of hydrogen. In the
glovebox, a three-necked Morton flask, which had been dried overnight
on a high-vacuum line, equipped with a large stir bar and thermocouple,
was charged with dry toluene (50 mL). The flask was next attached to
a high-vacuum line, and ethylene (1.0 atm) was introduced with rapid
stirring. The catalyst and phosphine solution were then injected into
the reactor with rapid stirring. After 30 min, methanol (10 mL) was
injected to quench the reaction. A 10 mL aliquot of the reaction mixture
was reserved for analysis. Under Schlenk line vacuum (10-3 Torr), the
volatile portion of the 10.0 mL aliquot was vacuum-transferred away
from the nonvolatile portion. The volatile solution was analyzed by
GC-MS, and the nonvolatile portion was analyzed by MALDI-TOF
MS. 1H NMR (500 MHz, C7D8): δ 6.32 (J1 ) 430, HPCy-), 1.75
[HPCyCH2(CH2CH2)nCH3], 1.58 (HPCy), 1.49 (HPCy), 1.1-1.4
(-CH2CH2-), 1.00 (HPCy), 0.92 (-CH3). 13C NMR (126 MHz,
C7D8): δ 32.8, 30.7, 30.6, 30.4, 30.3, 30.2, 27.0, 26.8, 26.6, 26.3, 25.6,
23.6, 23.0, 14.8.31P NMR (162 MHz, C7D8): δ 37.8.

Polymerization of Ethylene in the Presence of Phenylphosphine.
Representative Experiment.The same procedure as for the above

reaction was employed, except that phenylphosphine (0.085 mL, 0.86
mmol) was used as the chain-transfer agent.

Polymerization of Ethylene (without Phosphine). Representative
Experiment. In the glovebox, a Teflon-valved storage tube, which had
been dried overnight on the high-vacuum line (10-6 Torr) and equipped
with a stir bar, was charged with Cp′2LaCH(SiMe3)2 (1.4 mg, 2.5µmol)
and dry toluene (1.0 mL). The storage flask was then attached to the
vacuum line, and hydrogen (1.0 atm) was introduced. The precatalyst
was stirred under hydrogen (1.0 atm) for 2 h at 20°C and then stirred
for an additional 2 h as aclosed system. The catalyst solution was
cooled to-78 °C, and high vacuum was applied to remove trace
amounts of hydrogen. In the glovebox, a three-necked Morton flask,
which had been dried overnight on a high-vacuum line, equipped with
a large stir bar and thermocouple, was charged with dry toluene (50
mL). The flask was next attached to a high-vacuum line, and ethylene
(1.0 atm) was introduced with rapid stirring. The catalyst solution was
then injected into the reactor with rapid stirring. A rapid temperature
rise was observed during the polymerization. After 5 s, methanol (5
mL) was injected to quench the reaction. Excess methanol (∼400 mL)
was then used to precipitate the polymer. The polymer (0.38 g) was
collected by filtration, washed with methanol (100 mL) and chloroform
(100 mL), and dried in vacuo overnight.

Catalyst Activation Studies. In the glovebox, an NMR tube
equipped with a Teflon valve was loaded with Cp′2LaCH(SiMe3)2 (4.8
mg, 8.5µmol) and C6D6 (0.6 mL). On the high-vacuum line, the tube
was evacuated while frozen at-78 °C, and diphenylphosphine (0.06
mL, 3.4 µmol) and C6D6 (0.2 mL) were added via syringe under an
argon flush. The tube was evacuated and backfilled with Ar while frozen
at -78 °C, and then the tube was sealed. The frozen reaction mixture
was maintained at-78 °C until kinetic measurements were begun. The
sample tube was warmed quickly and inserted into the probe of the
spectrometer, which had been previously set to 60°C (temperature
calibrated with ethylene glycol standard).1H NMR data were collected
using one scan per interval time and a 45° pulse. Reactions were
monitored by measuring the disappearance of the Cp′2LaCH[Si(CH3)3]2

or (C5Me5)2LnCH(SiMe3)2 peak. Protonolysis rate constants,kprotonolysis,
were calculated from the least-squares-determined slope according to
eqs 4 and 5.

Results

The goal of this research was to investigate the scope and
mechanism of phosphines as electron-rich chain-transfer agents
for organolanthanide-mediated olefin polymerization. Previ-
ously, we briefly communicated the catalytic synthesis of
diphenylphosphine-capped polyethylene.20 In this contribution,
we extend the study to include other secondary phosphines and
broaden the scope to include primary phosphines. After a brief
discussion of catalyst activation, in the first section we discuss
the effectiveness of diphenyl-, dicyclohexyl-, diisobutyl-, di-
ethyl-, phenyl-, and cyclohexylphosphine to function as chain-
transfer agents. Next, the effect of phosphine and lanthanide
ion on polymerization characteristics will be addressed from a
mechanistic standpoint. Intramolecular hydrophosphination/
cyclization mechanistic phenomenology will then be used to
rationalize some of the present observations and trends. Finally,
various aspects of the catalytic cycle will be discussed, including
the effect of protonolysis and initiation rate on phosphine chain-
transfer efficiency.

Catalyst Activation. The chain termination step of the
proposed catalytic cycle (Scheme 2, step iii) involves proto-

ln [precatalyst]t ) ln [precatalyst]0 - k ′t (4)

k ′ ) kprotonolysis[phosphine] (5)
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nolysis of an Ln-C σ-bond with concomitant formation of a
lanthanide-phosphideσ-bond. This step is doubtless thermo-
dynamically favorable, as evidenced by the analogous exother-
mic reaction between Cp′2SmCH(SiMe3)2 and HPEt2 (eq 6).23

Depending on the lanthanide ionic radius, phosphine structure,
phosphine concentration, and precatalyst concentration, we find
that the complete protonolysis requires hours to days at room
temperature. It was previously observed that the rate of Ln-C
protonolysis by primary alkylphosphines increases with increas-
ing lanthanide ionic radius.17d This likely reflects a sterically
crowded protonolysis transition state (Scheme 2, transition state
II) .

To better understand the crucial chain-transfer/termination
step, we investigated the kinetics of intermolecular protonolysis
of Cp′2LaCH(SiMe3)2 with selected secondary and primary
phosphines (eq 7).

Cp′2LaCH(SiMe3)2 was contacted with phenyl-, cyclohexyl-,
diphenyl-, diethyl-, diisobutyl-, and dicyclohexylphosphine
under nearly identical conditions at 60°C in C6D6, and the
ensuing protonolysis reactions were monitored as a function of
time by 1H NMR (Table 1). The protonolysis reactions occur
cleanly, and depending on the details of the phosphine substitu-
tion, La-C protonolysis by the various phosphines requires
minutes to hours at 60°C. In the present study, the dependence
of protonolysis rate on phosphine was observed to be the
following (Table 1):

If the rates of protonolysis were influencedonly by phosphine
steric properties, the rates would be expected to increase in the

following manner (based on Tolman cone angles24 and MIN-
DO/3 optimized geometries and heats of formation25):

With the exception of diphenylphosphine, the present La-C
protonolysis rates are inversely related to increasing phosphine
steric bulk; i.e., the rate of protonolysis with primary phosphines
is more rapid than that involving secondary phosphines. In
addition, dicyclohexylphosphine, the bulkiest phosphine, exhibits
the slowest protonolysis rate. However, diphenylphosphine,
which is similar in steric bulk to diisobutylphosphine and less
bulky than diethylphosphine,24,25 effects Ln-C protonolysis
more rapidly than diethyl- and diisobutylphosphine. The rate
of Ln-C protonolysis by diphenylphosphine is similar to the
rate observed with cyclohexylphosphine, which is significantly
less bulky than diphenylphosphine. Clearly, phosphine steric
as well as electronic properties affect the rate of Ln-C
protonolysis.

While formation of Cp′2Ln-phosphido species is sluggish
from the hydrocarbyl complex under typical catalytic conditions,
formation from the corresponding lanthanocene hydrides occurs
within seconds to minutes at room temperature. Therefore, the
Cp′2LnCH(SiMe3)2 precatalysts were first converted to the
corresponding hydrides, (Cp′2LnH)2, in situ using H2. Finally,
the corresponding lanthanide-phosphido complexes were gen-
erated from the lanthanide-hydride complexes upon addition
of excess phosphine and used as either isolated or in situ
generated catalysts.

Effect of Diphenylphosphine on Lanthanide-Mediated
Ethylene Polymerizations.The first phosphine investigated as
a chain-transfer agent for organolanthanide-mediated ethylene
polymerization was diphenylphosphine (Table 2). All polymer-
izations were conducted under 1.0 atm ethylene under rigorously
anaerobic/anhydrous conditions with Cp′2LnCH(SiMe3)2 and
(Cp′2LnH)2 precatalysts (Cp′ ) η5-Me5C5)3 using procedures
minimizing mass transport effects,3 with olefin concentration
held constant and the diphenylphosphine concentration main-
tained in pseudo-zero-order excess. Since polymers would be
produced via ethylene insertion into the Ln-P bond, and the
phosphine moiety is transferred to the polymer chain at the
beginning of the chain growth, Cp′2LnPPh2 complexes were first
generated prior to polymerization either in situ or as isolated
complexes. For ease of handling, all polymer samples were

(23) Nolan, S. P.; Stern, D.; Marks, T. J.J. Am. Chem. Soc.1989, 111, 7844.

(24) Tolman, C. A.Chem. ReV. 1977, 77, 313.
(25) DeSanto, J. T.; Mosbo, J. A.; Storhoff, B. N.; Bock, P. L.; Bloss, R. E.

Inorg. Chem.1980, 19, 3086.

HPCy2 < HPiBu2 ≈ HPEt2 < HPPh2 ≈ H2PCy, H2PPh

Table 1. Effect of Phosphine Substituents on Protonolysis
Reaction Time of Cp′2LaCH(SiMe3)2

entry phosphine
[phosphine]

(mM)

reaction
timea

(min)
kprotonolysis

b

(M-1 s-1) % convc

1 H2PPh 290 9 1.6 (0.1) 94
2 H2PCy 240 70 0.19 (0.01) 96
3 HPPh2 400 70 0.11 (0.01) 95
4 HPEt2 385 110 0.078 (0.009) 92
5 HPi Bu2 445 100 0.070 (0.012) 96
6 HPCy2 440 170 0.041 (0.018) 95

a NMR-scale reaction conditions: 0.8 mL of C6D6, 60 °C, organolan-
thanide concentration) 11 mM. b Assuming rate law:ν ) k[Ln]1[phos-
phine]1. c Monitored by1H NMR.

HPCy2 < HPiBu2 ≈ HPPh2 < HPEt2 < H2PCy< H2PPh
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oxidized to the corresponding phosphine oxide-capped deriva-
tives (eq 8) prior to characterization by1H, 13C, and31P NMR
(Figure S-1b).26

The 1H and 13C NMR spectra of the phosphine-terminated
polyethylenes produced by in situ generated Cp′2YPPh2 exhibit
characteristic phenyl (δ ) 7.79, 7.47), polyethylene backbone
(δ ) 2.0-1.0),-CH2P(O)Ph2 (δ ) 2.27), and-CH3 (δ ) 0.97)
chain end resonances (Figures 1a and 2a). The concentrations
of any vinyl chain end resonances are below the detection limits
in both the1H and 13C NMR spectra, suggesting that chain
transfer/termination viaâ-H elimination (to metal or monomer)
is insignificant, and consistent with the mechanistic scenario
of Scheme 2. Furthermore, the∼1:1 PPh2 and-CH3 chain end
resonance ratio implies that a phosphine moiety terminates each
polymer chain. The1H, 13C, and31P NMR spectra of the model
product 1-eicosyldiphenylphosphine oxide (2; Figures 1b and
2b) are in good agreement with the polymer spectral structural
assignments.

Regardless of the catalyst lanthanide ionic radius, vinyl
resonances are absent in the1H NMR spectra of the polymers
produced in the presence of diphenylphosphine, which suggests
thatâ-hydride elimination is not a competing chain termination
process. In addition, the resulting diphenylphosphine-capped

polyethylenes have narrow, monomodal polydispersities and a
single resonance in the31P NMR (δ ) 33 ppm), which is
consistent with a single-site process.

With polymerizations conducted in the presence of diphen-
ylphosphine, lanthanide ionic radius and polymer molecular
weight are inversely related. Ethylene polymerizations mediated
by in situ generated Cp′2LaPPh2 in the presence of diphen-
ylphosphine (∼20 mM) require relatively high catalyst concen-
trations and long reaction times (vs the other lanthanide metals)
to produce significant amounts of polymer with low molecular
weight (Mn ) 4000; Table 2, entry 5). On the other hand,
polymerizations mediated by smaller lanthanide metals, Sm, Y,
and Lu, produce diphenylphosphine-capped polyethylenes with(26) See Supporting Information for31P NMR spectrum (Figure S-1).

Table 2. Organolanthanide-Catalyzed Ethylene Polymerization in the Presence of Diphenylphosphine

entry precatalysta [precat.] (µM) [HPPh2] (mM) yield (g) activityb (×107) Ti
c (°C) Tf

d (°C) Mn
e Mw/Mn

e Tm
f (°C)

1 Cp′2LuR 79 20 0.25 0.73 18 22 37500 1.6 138
2 Cp′2YR 78 20 0.70 2.1 18 36 25500 1.9 138
3 Cp′2SmR 83 20 0.27 0.76 18 24 18900 2.1 137
4 Cp′2LaRg 85 20 17 17
5 Cp′2LaRh 100 22 0.099 0.0039 17 17 4000 2.0 131
6 Cp′2YPPh2 36 22 0.48 3.1 17 25 29500 1.8 138
7 Cp′2YPPh2 36 45 0.45 2.9 17 26 18800 2.2 137
8 Cp′2YPPh2 39 67 0.48 2.9 17 27 12500 2.3 136
9 Cp′2YPPh2 35 89 0.41 2.7 16 24 11000 2.4 135
10 Cp′2YPPh2 35 121 0.35 2.3 17 24 9400 2.3 135
11 Cp′2YPPh2 35 154 0.23 1.5 17 21 7100 2.3 135
12 Cp′2YPPh2 33 418 0.070 0.46 17 19 3100 2.0 130

a Cp’ ) η5-Me5C5, R ) CH(SiMe3)2; polymerization conditions: 50 mL of toluene, 30 s.b Units ) g/(mol of Ln‚atm ethylene‚h). c Initial temperature.
d Final temperature.e By GPC in 1,2,4-trichlorobenzene vs polyethylene standards.f By DSC. g Only trace amounts (<10 mg) of polymer are obtained.
h Polymerization time) 3 min.

Figure 1. 1H NMR spectra (500 MHz, C2D2Cl4) of (a) diphenylphosphine oxide-terminated polyethylene synthesized by in situ generated Cp′2YPPh2 and
(b) 1-eicosyldiphenylphosphine oxide.

Figure 2. 13C NMR spectrum (126 MHz, C2D2Cl4) of (a) diphenylphos-
phine oxide-terminated polyethylene synthesized by in situ generated Cp′2-
YPPh2 and (b) 1-eicosyldiphenylphosphine oxide (2).
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higher molecular weights (104) and surprisingly high activities
(107 g of polymer/(mol of Ln‚atm ethylene‚h)). In fact,
polymerization activities observed with Cp′2YPPh2 are not
greatly depressed over a∼20-fold increase in diphenylphosphine
concentration (Table 2) and may be influenced by trace
impurities in the phosphine (catalyst poisoning) at very high
phosphine concentrations. Furthermore, at constant Cp′2YPPh2

and ethylene concentrations, product polyethylene molecular
weight is inversely proportional to phosphine concentration
(Table 2, entries 6-12; Figure 3), supporting the chain-transfer
mechanism shown in Scheme 2. Additional mechanistic discus-
sion is presented below.

Diethylphosphine as a Chain-Transfer Agent for Ethylene
Polymerization. The secondary phosphines diethylphosphine,
dicyclohexylphosphine, and diisobutylphosphine were also
investigated as chain-transfer agents for ethylene polymerization
using Cp′2LnCH(SiMe3)2 lanthanocene precatalysts (Ln) La,
Y; Table 3). As noted above, with ethylene polymerizations in
the presence of diphenylphosphine, high polymerization activi-
ties are observed in the presence of all three dialkylphosphines.
In addition, it can be seen that the product polymers have narrow
polydispersities, which is consistent with a single-site mecha-
nism.

Ethylene polymerizations were carried out in the presence
of 22 mM diethylphosphine using Cp′2LnCH(SiMe3)2 (Ln )
La, Y) as precatalysts (Table 3; entries 2 and 7). In situ generated
Cp′2LaPEt2 is orange while the corresponding alkyls and
hydrides are colorless, and during the course of the polymeri-
zation the reaction solution remains orange, which suggests the
presence of La-P species. The1H NMR spectra of the
diethylphosphine oxide-terminated polyethylenes produced by
in situ generated Cp′2LaPEt2 exhibit characteristic-CH2P(O)-
Et2 (δ ) 2.4 ppm), polyethylene (δ ) 1.3 ppm) backbone, and
-CH3 (δ ) 0.95 ppm) chain end resonances (Figure S-2).27

Furthermore, the∼1:1 CH3(CH2CH2)nCH2P(O)Et2 and CH3(CH2-
CH2)nCH2P(O)Et2 chain end ratios and absence of vinyl
resonances imply that a phosphine moiety terminates each
polymer chain and thatâ-hydride chain-transfer processes are
minimal. A single31P NMR resonance (δ ) 52 ppm) and narrow
monomodal polydispersity also suggest a single-site mechanism
as in Scheme 2.

The 1H NMR spectrum of polymer produced by in situ
generated Cp′2YPEt2 also exhibits a characteristic CH3(CH2-
CH2)nCH2P(O)Et2 signal atδ ) 2.4 ppm; however, due to the
higher molecular weight of the Cp′2Y-derived polymer, the
-CH3 terminus cannot be readily distinguished from the
polymer backbone, and the ratio of-CH3 termini to -CH2P-
(O)Et2 termini cannot be accurately assayed. A single31P NMR
-CH2P(O)Et2 resonance atδ ) 52 ppm and narrow monomodal
polydispersity suggest a single-site mechanism. The molecular
weight of the polymer produced by the Cp′2YPEt2-mediated
polymerization (Table 3, entry 7) is not significantly less than
the polyethyleneMn produced by [Cp′2YH]2 in the absence of
phosphine (Table 4, entry 3). While it cannot be determined
whether 100% of the polyethylene chains are capped by a
phosphine moiety, the lack of detectable vinyl resonances in
the 1H NMR spectra argues thatâ-hydride elimination is not a
significant termination/chain-transfer pathway, and that Scheme
2 is the predominant pathway.

Diisobutylphosphine as a Chain-Transfer Agent for Eth-
ylene Polymerization.Ethylene polymerizations were carried

(27) See Supporting Information for1H NMR spectrum (Figure S-2).

Table 3. Organolanthanide-Catalyzed Ethylene Polymerization in the Presence of Various Secondary Phosphines

entry precatalysta phosphine [precat.] (µM) [phos.] (mM) time (s) yield (g) activityb Ti
c (°C) Tf

d (°C) Mn
e Mw/Mn

e

1 Cp′2LaR HPPh2 100 22 1800 0.099 3.9× 104 17 17 4000 2.0
2 Cp′2LaR HPEt2 100 22 30 0.22 5.1× 106 18 23 14800 2.6
3 Cp′2LaR HPi Bu2 100 22 30 0.90 2.1× 107 17 36 15300 2.6
4 Cp′2LaR HPCy2 98 20 30 0.66 1.6× 107 17 32 44400 1.6
5 Cp′2LaR HPCy2 97 155 30 0.50 1.2× 107 19 36 47500 1.5
6 Cp′2YR HPPh2 98 22 30 0.70 1.7× 107 17 31 24400 2.0
7 Cp′2YR HPEt2 94 22 30 0.71 1.8× 107 17 28 30200 2.0
8 Cp′2YR HPi Bu2 98 22 30 0.88 2.1× 107 17 36 25500 2.3
9 Cp′2YR HPCy2 98 22 30 0.99 2.4× 107 18 36 26700 2.2

a Cp’ ) η5-Me5C5, R ) CH(SiMe3)2; polymerization conditions: 50 mL of toluene.b Units ) g/(mol of Ln‚atm ethylene‚h). c Initial temperature.d Final
temperature.e By GPC in 1,2,4-trichlorobenzene vs polyethylene standards.

Table 4. Organolanthanide-Catalyzed Ethylene Polymerization in the Absence of Phosphine

entry precatalysta [cat.] (µM) time (s) yield (g) activityc Ti
d (°C) Tf

e (°C) Mn
f Mw/Mn

f

1 Cp′ 2LaRb 48 5 0.38 1.1× 108 18 29 52300 1.4
2 Cp′ 2SmRb 44 5 0.29 9.4× 107 17 25 57000 1.3
3 Cp′ 2YH 65 15 0.97 7.8× 107 16 29 31000 1.9

a Cp’ ) η5-Me5C5, R ) CH(SiMe3)2; polymerization conditions: 50 mL of toluene.b Ln-H species generated in situ.c units) g/(mol of Ln‚atm ethylene‚h).
d Initial temperature.e Final temperature.f By GPC in 1,2,4-trichlorobenzene vs polyethylene standards.

Figure 3. Relationship of diphenylphosphine-capped polyethylene number-
average molecular weight (GPC versus polyethylene) to inverse diphen-
ylphosphine concentration at fixed catalyst and ethylene concentrations.
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out in the presence of 22 mM diisobutylphosphine using Cp′2-
LnCH(SiMe3)2 (Ln ) La, Y) as precatalysts (Table 3, entries 3
and 8). In situ generated Cp′2LaPiBu2 is orange in color, and
during the course of the polymerization the reaction solution
remains yellow-orange, which implies the presence of a La-P
species. The1H NMR spectrum of the polyethylene produced
by in situ generated Cp′2LaPiBu2 exhibits characteristic
-CH2P(O)iBu2 (δ ) 2.2 ppm),-CH2P(O)[CH(CH3)2]2 (δ )
1.17 ppm), polyethylene backbone (δ ) 1.4 ppm), and-CH3

(δ ) 0.96 ppm) chain end resonances (Figure S-3).28 All other
isobutyl resonances overlap with the polyethylene backbone.
The∼1:1 -CH2P(O)iBu2 and-CH3 chain end resonance ratio
and absence of vinyl resonances suggest that a phosphine moiety
terminates each polymer chain. The narrow monomodal poly-
dispersity and a single31P NMR resonance (δ ) 47 ppm) also
suggest a single-site pathway.

Ethylene polymerizations were conducted with in situ gener-
ated Cp′2YPiBu2 in the presence of 22 mM diisobutylphosphine.
In situ generated Cp′2YPiBu2 is orange, and after injection of
the catalyst solution into the reaction flask, the reaction solution
becomes essentially colorless and remains so during the course
of the polymerization, suggesting that any Y-P species, which
would be orange, are not present in large quantities. The1H
NMR spectrum of the product polymer exhibits a relatively
small -CH2P(O)iBu2 resonance (δ ) 2.2 ppm); however, this
peak as well as that of the methyl terminus overlaps with the
polyethylene backbone resonance and cannot be accurately
integrated. In addition, vinyl resonances atδ ≈ 5.0 and 5.9 ppm
are present, which indicates thatâ-hydride elimination to metal
or monomer (Scheme 3, steps iv and vii) is a significant
competing chain termination process.29 The polyethylene pro-
duced by in situ generated Cp′2YPiBu2 in the presence of 22
mM diisobutylphosphine has a molecular weight (Mn ) 25 500;
Table 3, entry 8) that is not significantly less than that of the
polymer produced in the absence of phosphine (Mn ) 31 000;
Table 4, entry 3). Therefore, in ethylene polymerizations
mediated by Cp′2YPiBu2, the rate of diisobutylphosphine chain
transfer does not appear to be competitive with other chain
termination pathways.

Dicyclohexylphosphine as a Chain-Transfer Agent for
Ethylene Polymerization.Ethylene polymerizations mediated
by in situ generated Cp′2YPCy2 and Cp′2LaPCy2 in the presence
of dicyclohexylphosphine appear to be unaffected by the
presence of the dicyclohexylphosphine chain-transfer agent
(Table 3, entries 4, 5, and 9). In situ generated Cp′2LaPCy2 and
Cp′2YPCy2 solutions are distinctively colored, orange and
orange-pink, respectively; however, the reaction solutions
become and remain colorless during the course of subsequent
ethylene polymerizations. This suggests qualitatively that Ln-P
species are not present in significant quantities for either
lanthanocene complexes.

Furthermore, polymerizations mediated by Cp′2LaPCy2 in the
presence of 22 and 155 mM dicyclohexylphosphine (Table 3,
entries 4 and 5) yield polymers with indistinguishable molecular
weights (Mn ) 44 400 and 47 500, respectively), similar to that
observed in the absence of phosphine (Mn ) 52 300; Table 4,

entry 1). That a 7-fold increase in dicyclohexylphosphine
concentration does not result in a significant decrease in polymer
molecular weight also suggests that the rate of phosphine chain
transfer is not competitive with other chain termination path-
ways, doubtless reflecting the pronounced steric encumbrance
of this phosphine. Unfortunately, the polymer molecular weight
is too high to allow informative end group analysis by NMR.

The polyethylene produced by in situ generated Cp′2YPCy2

in the presence of 22 mM dicyclohexylphosphine has anMn )
26 700 (Mw/Mn ) 2.2; Table 3, entry 9), which is not
significantly less than that of the polymer produced in the
absence of phosphine (Table 4, entry 3). The1H NMR spectrum
of the polymer exhibits a relatively weak-CH2P(O)Cy2
resonance (δ ) 2.4 ppm); however, this peak as well as that of
the methyl terminus overlaps with the polyethylene backbone
resonance and cannot be accurately integrated. The presence
of significant vinyl resonances atδ ≈ 5.0 and 6.0 ppm indicates
thatâ-hydride elimination is a major chain termination process
and that phosphine chain transfer is not likely to be the dominant
termination pathway.

Primary Phosphines as Chain-Transfer Agents for Eth-
ylene Polymerization. We additionally investigated the ef-

(28) See Supporting Information for1H NMR spectrum (Figure S-3).
(29) A peak atδ47 ppm is observed in the31P NMR; therefore, it is likely that

some of the polyethylene is termined by diisobutylphosphine. However,
the presence of vinyl end groups in the1H NMR argues that phosphine
chain transfer is not the dominant termination pathway.

Scheme 3. Proposed Catalytic Cycle for
Organolanthanide-Catalyzed Ethylene Polymerization in the
Presence of Phosphine with Competing Chain Termination via
â-Hydride Transfer to Metal
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ficiency of the primary phosphines, phenylphosphine and
cyclohexylphosphine, as chain-transfer agents for organolan-
thanide-mediated ethylene polymerizations. In situ generated
Cp′2YPHCy and Cp′2YPHPh solutions are yellow and orange-
yellow, respectively, and these characteristic colors are observed
during turnover, which in the case of both phosphines suggests
the presence of Y-P species. In the presence of phenylphos-
phine and cyclohexylphosphine (17 mM), ethylene polymeriza-
tions mediated by the Cp′2YCH(SiMe3)2 precatalyst failed to
produce any methanol-insoluble high-molecular-weight polymer
(polymerization time) 30 s). Therefore, the polymerizations
were conducted over longer polymerization times (30 min) and
at higher catalyst concentrations (∼165µM) than the polymer-
izations conducted in the presence of secondary phosphines.

Ethylene polymerizations mediated by Cp′2YCH(SiMe3)2 in
the presence of cyclohexylphosphine (17 mM, polymerization
time) 30 min, 50.0 mL of toluene) result in only trace amounts
of methanol-insoluble polymer. Therefore, the polymerizations
were terminated with a measured volume of methanol (10 mL),
and a 10 mL aliquot of the reaction solution (total volume)
61 mL) was then utilized for MALDI-TOF MS and GC-MS
analysis. Since highly volatile compounds cannot be analyzed
using MALDI-TOF MS, the volatile fraction of the reserved
10 mL aliquot was vacuum-transferred (10-3 Torr) away from
the nonvolatile fraction and analyzed using GC-MS. The
residual ∼16 mg of white, waxy, nonvolatile residue was
collected and analyzed by MALDI-TOF MS. The functional
group in the present polyethylenes is the phosphine end group,
while for other polyolefins a vinyl end group is usually sufficient
for MALDI-TOF detection.30 Analysis of the nonvolatile fraction
revealed a distribution of oligomers with molecular weights
corresponding to oligoethylenes singly capped by a cyclohexy-
lphosphine (or cyclohexylphosphine oxide) moiety (Figure 4a)
on one end and a-CH3 group on the other. Peaks corresponding
to oligomers ranging from∼M2 to M20 (Mi ) molecular weight
of oligomer with a cyclohexylphosphine group on one end and
-CH3 group on the other end of the polymer chain;i ) degree
of oligomerization, number of ethylene units) were detected.
The peak spacing corresponds to the molecular weight of an
ethylene monomer unit. The oligomers were not deliberately
oxidized to the corresponding phosphine oxide-capped oligomers
prior to MALDI-TOF MS analysis. However, since the polymer
samples are worked-up and stored under air, partial oxidation
by O2 occurs, andMi + 16 peaks are present which represent
phosphine oxide-capped polyethylene (see Figure 4b). No vinyl
end group resonances are present in the1H and13C NMR spectra
of the nonvolatile fraction, which suggests that phosphine chain
transfer is the dominant termination pathway. The volatile
fraction of the polymerization mixture was analyzed by GC-
MS, and short-chain oligomers were not detected.31

Ethylene polymerizations mediated by Cp′2YCH(SiMe3)2 in
the presence of phenylphosphine (17 mM, polymerization time
) 30 min) failed to produce methanol-insoluble polymers.
Therefore, a 10.0 mL aliquot of the reaction mixture was
analyzed as described above. Only trace amounts of a nonvola-
tile residue were collected, and no oligomers were detected when

analyzed by MALDI-TOF mass spectrometry. GC-MS analysis
of the volatile fraction reveals the presence of phenylphosphine,
ethylphenylphosphine, and their oxidized counterparts (phen-
ylphosphine oxide and ethylphenylphosphine oxide, respec-
tively). The ethylphenylphosphine product suggests insertion
of a single ethylene monomer into the lanthanide-phosphorus
bond, followed by Ln-C protonolysis by incoming phenylphos-
phine (eq 9). However, since higher molecular weight oligomers
are not detected, subsequent ethylene insertion is not competitive
with protonolytic phosphine chain transfer.

(30) (a) Janiak, C.; Lange, K. C. H.; Marquadt, P.; Kru¨ger, R.-P.; Hanselmann,
R. Macromol. Chem. Phys.2002, 203, 129. (b) Wahner, U. M.; Bru¨ll, R.;
Pasch, H.; Raubenheimer, H. G.; Sanderson, R.Angew. Makromol. Chem.
1999, 270, 49.

(31) The formation of cyclic products was not observed by NMR spectroscopy
or MALDI-TOF MS.

Figure 4. (a)MALDI-TOF mass spectrum of Cp′2YCH(SiMe3)2-mediated
ethylene polymerization products in the presence of cyclohexylphosphine.
(b) Expandedm/z ) 282-422 region.

A R T I C L E S Kawaoka and Marks

6320 J. AM. CHEM. SOC. 9 VOL. 127, NO. 17, 2005



Summary of the Scope of Phosphine Chain Transfer in
Lanthanocene-Mediated Ethylene Polymerization.Cp′2-
LnPR2 (Ln ) La, Sm, Y, Lu) complexes mediate the polym-
erization of ethylene with high activity in the presence of
secondary phosphines. However, the synthesis ofphosphine-
terminatedpolyethylene is highly dependent upon both the
phosphine and lanthanide ion employed. For example, regardless
of lanthanide identity, phosphine chain transfer does not appear
to be efficient in polymerizations conducted in the presence of
sterically encumbered dicyclohexylphosphine. Cp′2LnPCy2-
mediated (Ln) La, Y) polymerizations conducted in the
presence of dicyclohexylphosphine produce high-molecular-
weight polyethylenes largely devoid of phosphine end groups.
However, diethylphosphine is found to be an efficient chain-
transfer agent for Cp′2LaPR2-mediated ethylene polymerizations.
Addition of diethylphosphine to Cp′2YPEt2-mediated polymer-
izations results in depressed polymer molecular weights;
moreover, the absence of vinyl resonances in the1H NMR
spectrum additionally suggests thatâ-hydride elimination is not
a competing termination process and that phosphine chain
transfer/termination is likely the dominant pathway. While
diisobutylphosphine is an efficient chain-transfer agent for Cp′2-
LaPR2-mediated polymerizations, the presence of vinyl reso-
nances in the1H NMR spectrum of Cp′2YPR2-produced polymer
suggests thatâ-hydride elimination is competitive with phos-
phine chain transfer/termination. In contrast, diphenylphosphine,
regardless of the lanthanocene catalyst employed, acts as an
efficient chain-transfer agent for ethylene polymerizations. Even
polymerizations mediated by Cp′2Lu-, the smallest lanthanide
ion, result in products where diphenylphosphine chain transfer
is the dominant termination pathway, with each polymer chain
terminated by a phosphine moiety. Cp′2YPHR-mediated (R)
Cy, Ph) ethylene polymerizations conducted in the presence of
cyclohexylphosphine or phenylphosphine fail to produce sig-
nificant amounts of methanol-insoluble polyethylene. Polymer-
izations conducted in the presence of phenylphosphine and
cyclohexylphosphine produce ethylphenylphosphine and methanol-
soluble cyclohexylphosphine-capped oligomers (Mn ≈ 350),
respectively.
Discussion

Catalyst Activation as a Function of Phosphine Substitu-
tion. The termination step of the proposed catalytic chain growth
cycle involves intermolecular lanthanide-carbon bond proto-
nolysis by phosphine (Scheme 2, step iii), which was further
investigated by monitoring, as a function of time, the proto-
nolysis reaction of Cp′2LaCH(SiMe3)2 with the phosphines
investigated in this paper. It is reasonable to assume that the
rate of protonolysis is first-order in both phosphine and catalyst
concentration. Since the protonolysis reactions were conducted
with the phosphine concentration held in pseudo-zero-order
excess, the protonolysis rate law can be expressed as eq 10,
wherek ′ ) kprotonolysis[phosphine] (eq 5), and the protonolysis
rate constants can be determined by plotting ln[precatalyst]
versus time.

The dependence of protonolysis ratekprotonolysison phosphine
(Table 1) is found to be the following:

Diphenylphosphine, which has approximately the same steric
bulk as diisobutylphosphine and is much bulkier than dieth-
ylphosphine, affects Ln-C protonolysis at a rate comparable
to that of cyclohexylphosphine. Thus, phosphine steric charac-
teristics alone do not account for the observed trend in
protonolysis rates.

Diphenylphosphine is no doubt more Brønsted acidic32 and
less Lewis basic27,33than diethyl, diisobutyl-, and dicyclohexyl-
phosphine. The electron-withdrawing properties of the phenyl
groups and increased Brønsted acidity of diphenylphosphine
should stabilize the four-centeredσ-bond metathesis transition
state (II ), in comparison to the dialkylphosphines. On the other
hand, diphenylphosphine is less Lewis basic than the dialkyl-
phosphines, which, a priori, would seem to favor coordination
of dialkylphosphines to the Lewis acidic lanthanide ions over
diphenylphosphine. However, since the rate of Ln-C proto-
nolysis is more rapid with diphenylphosphine than with either
diethyl or diisobutylphosphine, it appears that Brønsted acidity
plays the more significant role in the phosphine chain-transfer
transition state. The consequences for olefin polymerization
processes are discussed below.

Effect of Phosphine Steric and Electronic Properties on
Ethylene Polymerization.The present results indicate that the
effectiveness of phosphine chain transfer in lanthanocene-
mediated ethylene polymerization decreases in the order

This trend is identical to that discussed above in rates of
lanthanum-carbonσ-bond protonolysis by the same phosphines,
suggesting that the overall efficiency of phosphine capping is
largely governed by, and chain growth largely limited by, the
rate of protonolytic Ln-C cleavage (Scheme 2, step iii).

Unlike lanthanocene-mediated polymerizations conducted in
the presence of secondary phosphines, polymerizations con-
ducted under the present conditions in the presence of primary
phosphines produce only monoethylene insertion products or
phosphine-capped oligomers in the case of phenylphosphine and
cyclohexylphosphine, respectively. This is consistent with the
observation that Cp′2LnCH(SiMe3)2 protonolysis is rapid in the
presence of primary phosphines. It was previously observed in
systems involving thiophene and pyridine that the monoinsertion

products, Cp′LnCH2CH2(C4H3S) (Ln) Y, La)12 and Cp′YCH2-

CH2(2-C5H4N),15 respectively, are particularly stable toward
further ethylene insertion. Therefore, it is possible in the present
systems that the monoinsertion product, Cp′2YCH2CH2PHPh,
is less reactive toward subsequent ethylene insertion due to
intramolecular phosphine coordination to the lanthanide metal
center (e.g.,III ). DFT studies investigating the geometries and

(32) (a) Hudson, H. R. InThe Chemistry of Organophosphorus Compounds;
Hartley, F. R., Ed.; John Wiley and Sons: New York, 1990; Vol. 4, pp
473-487. (b) Issleib, K.; Ku¨mmel, R.J. Organomet. Chem.1965, 3, 84.

(33) (a) Bush, R. C.; Angelici, R. J.Inorg. Chem.1988, 27, 681. (b) Allman,
T.; Goel, R. G.Can. J. Chem.1982, 60, 716. (c) Streuli, C. A.Anal. Chem.
1960, 32, 985. (d) Henderson, W. A.; Streuli, C. A.J. Am. Chem. Soc.
1960, 82, 5791.

ν ) k ′[precatalyst]1 (10)

HPCy2 < HPiBu2 ≈ HPEt2 < HPPh2 ≈ H2PCy, H2PPh

H2PPh. H2PCy> HPPh2 > HPEt2≈ HPiBu2 > HPCy2
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stabilities of the intermediates and transition states for organo-
lanthanide-catalyzed hydroamination/cyclization of 1-aminopent-
4-ene (eq 11) find two stable conformations,IV and V, as
products following intramolecular insertion of the olefin into
the La-N bond (eq 12).34

ConformationIV , which involves coordination of the cyclic
amine to the lanthanum center, is 16.4 kcal/mol more stable
than conformationV. This provides evidence that monoinsertion
productIII may indeed be stabilized by phosphine coordination
to the electrophilic lanthanide center. Further hydroamination
calculations reveal that additionalintermolecularcoordination
of an amine (modeled as a methylamine) brings about an
additional∼17 kcal/mol stabilization in affording amine-amido
complexVI .29

DFT calculations performed on the analogous lanthanocene-
catalyzed phosphinoalkene hydrophosphination/cyclization sys-
tem yield similar findings.35 In addition, experimental intra-
molecular phosphinoalkene hydrophosphination/cyclization re-
sults suggest that the probable catalyst resting state is a mixture
of phosphine-phosphido speciesVII andVIII .17c,d

Therefore, for ethylene polymerizations involving primary
phosphines, further stabilization may be obtained via either intra-
and/or intermolecular phosphine coordination. Of course, the
additional coordination of one or more phosphines to the metal
center would likely impede ethylene coordination/activation,
thereby disfavoring enchainment and, in the case of intermo-

lecular phosphine coordination, favoring protonolytic chain
transfer. The stability of this additional phosphine coordination
is expected to be greatest for the largest Ln ions.

Unlike the lanthanocene polymerizations conducted in the
presence of primary phosphines, ethylene polymerizations
conducted in the presence of secondary phosphines result in
relatively high molecular weight polyethylenes (Tables 2 and
3). This likely reflects the increased steric bulk of the secondary
phosphines, where it is plausible that the steric repulsions in
the monoinsertion product make intramolecular (IX ) and
intermolecular (X) coordination of the phosphine to the lan-
thanide metal center less favorable than in the case of primary
phosphines.

In the aforementioned case of ethylene polymerizations
conducted in the presence of diphenylphosphine, phosphine
chain transfer is the dominant chain termination pathway,
regardless of the lanthanide ion employed (Ln) Lu, Y, Sm,
La). In comparison, diisobutyl- and diethylphosphine are
efficient chain-transfer agents for Cp′2La- but not for Cp′2Y-
mediated polymerizations, and dicyclohexylphosphine is not an
effective chain-transfer agent for either Cp′2La- or Cp′2Y-
mediated polymerizations. In addition, the polyethylenes pro-
duced in the presence of diphenylphosphine have the lowest
molecular weights in comparison to polymers produced in the
presence of the other secondary phosphines. These results
indicate that, among the secondary phosphines, diphenylphos-
phine is the most efficient chain-transfer agent for lanthanocene-
mediated ethylene polymerization. This is consistent with the
fact that the rate of Cp′2Ln-CH(SiMe3)2 protonolysis is more
rapid with diphenylphosphine than with the other secondary
phosphines (vide supra). Among the secondary phosphines
investigated, diphenylphosphine is sterically intermediate-sized;
therefore, the superior efficiency of diphenylphosphine as a
chain-transfer agent for ethylene polymerization appears to
reflect a combination of both steric and electronic factors. As
previously mentioned, it is likely that the increased HPPh2

Brønsted acidity facilitates the chain-transfer process. Since the
dialkylphosphines, diethyl- and diisobutylphosphine, are effec-
tive chain-transfer agents for Cp′2La-mediated ethylene poly-
merizations, electronic considerations alone would argue that
dicyclohexylphosphine should be an effective chain-transfer
agent as well for Cp′2La-mediated polymerizations. That dicy-
clohexylphosphine does not act as an efficient chain-transfer
agent suggests that steric encumbrance generates severe non-
bonded interactions in chain-transfer transition stateXI .

(34) Motta, A.; Lanza, G.; Fragala`, I. L.; Marks, T. J.Organometallics2004,
23, 4097.

(35) Motta, A.; Fragala`, I. L.; Marks, T. J. Manuscript in Preparation.
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Effect of Lanthanide Ionic Radius on Chain Transfer. In
the present polymerization systems, where phosphine chain
transfer is the dominant chain-transfer pathway, as is the case
with diphenylphosphine, polymerMn increases with decreasing
lanthanide ionic radius. This trend most likely reflects steric
constraints in the growth-limiting chain-transfer process (Scheme
2, step iii), involving a relatively crowded transition state (II ).
Consistent with these results is the aforementioned observation,
for lanthanide-mediated hydrophosphination, that Ln-C pro-
tonolysis is more rapid for larger metal radii.17d Furthermore,
the metal ionic radius-polymerization activity trend for diphen-
ylphosphine-capped polyethylene synthesis is similar to that
observed for intramolecular phosphinoalkene hydrophosphina-
tion/cyclization, where olefin insertion into a Ln-P bond is
turnover limiting:17d Y > Lu, Sm > La.

It is not surprising that, in cases where phosphine chain
transfer is not the dominant termination pathway (Scheme 3),
lanthanide ionic radius-product molecular weight trends parallel
those observed in the absence of phosphine (Table 4). Thus,
chain termination byâ-hydride elimination (Scheme 3, steps
iv and vii) would generate a lanthanocene-hydridesan extremely
active ethylene polymerization catalyst.3 The polyolefin pro-
duced by a Ln-H species should be essentially identical to that
produced at low phosphine concentrations. For example, dicy-
clohexylphosphine is an inefficient chain-transfer agent for either
Cp′2Y- or Cp′2La-mediated ethylene polymerizations, and
accordingly, the polyethylene produced by Cp′2LaPCy2 +
HPCy2 has a higher molecular weight than does the polymer
produced by Cp′2YPCy2 + HPCy2 (Figure 5)sthe same trend
observed in the absence of phosphines. Cp′2LaPR2-mediated
polymerizations involving diisobutyl- and diethylphosphine
produce polymers having lower molecular weights than the
polymer produced by Cp′2YPR2, which is understandable since
diisobutyl- and diethylphosphine act as efficient chain-transfer
agents in the Cp′2La-mediated systems, thereby significantly
depressing the product polyethylene molecular weight. However,
for Cp′2Y-mediated polymerizations, the rate of diisobutylphos-
phine phosphine chain transfer is not competitive with that of
other chain-transfer processes.

These results suggest that, in the case of secondary phos-
phines, the chain-transfer process involves a crowded transition
state, which is very sensitive to the steric demands of the metal
center. Thus, Cp′2La-, with a more open coordination sphere
around the catalytic center, favors phosphine chain transfer,
while the Cp′2Y- center clearly presents unfavorable steric
interactions, rendering protonolysis with secondary alkylphos-

phines inefficient vs other chain-transfer pathways. As previ-
ously noted, it is also possible that a more open coordination
sphere around the metal center more readily accommodates
intra- or intermolecular phosphine coordination, which should
favor chain transfer and disfavor ethylene insertion. Unfortu-
nately, neither Cp′2La- nor Cp′2Y- is sterically open enough
to accommodate the steric bulk of dicyclohexylphosphine in
the chain-transfer transition stateXI .

With Cp′2La-mediated polymerizations, secondary phosphine
substitution has a large effect on the resulting polymer molecular
weight (Figure 5). In comparison, for Cp′2Y-mediated poly-
merizations, product polymer molecular weights are fairly
invariant to phosphine substitution, arguing that phosphine chain
transfer is more effective in Cp′2La-mediated polymerizations
due to the more open coordination sphere.

Kinetics and Mechanism of Organolanthanide-Catalyzed
Phosphine-Capped Polyethylene Synthesis.The system Cp′2-
YPPh2 + HPPh2 produces diphenylphosphine-capped polyeth-
ylenes over a wide range of phosphine concentrations (Table
2, entries 7-12). A series of polymerizations with varying
diphenylphosphine concentrations (in pseudo-zero-order excess)
was conducted using Cp′2YPPh2 as the catalyst and with
constant catalyst and ethylene concentrations. A linear relation-
ship betweenMn and 1/[diphenylphosphine] is observed (Figure
3), consistent with diphenylphosphine acting as the dominant
chain-transfer agent (see below for additional discussion). As
discussed above, the absence of vinyl resonances in the1H NMR
and the∼1:1 PPh2:-CH3 terminus ratios also implicate phos-
phine chain transfer as the dominant chain-transfer pathway.

Under steady-state conditions, the number average degree of
polymerization,Pn, is equal to the rate of propagation,R, divided
by the sum of the rates of competing chain-transfer pathways,
∑Rt (eq 13).36 Assuming a single dominant chain-transfer
process by phosphine and rapid chain reinitiation after chain
transfer,Pn is given by eq 14, wherekp is the propagation rate
constant andkphos the phosphine chain-transfer rate constant.

Using this equation and the data shown in Figure 3, we estimate
that kp/kphos ≈ 200.37-39 For [Cp′2SmH]2-mediated ethylene
polymerizations conducted in the presence of silane chain-
transfer agent PhSiH3, a similar ratio is observed,kp/kSi ≈ 190.13

That this system is well-behaved in a single-site polymerization
context and that this analysis is appropriate are supported by
the aforementioned high observed polymerization rates, product
molecular weights, and polydispersities≈ 2.0. This model is
further supported by the fact that the phosphine chain-transfer
efficiency (Mn) and the rate of lanthanum-carbon bond pro-
tonolysis follow the same trend (see below), indicating that

(36) Kissin, Y. V.Isospecific Polymerization of Olefins; Springer-Verlag: New
York, 1985; pp 1-93.

(37) [Ethylene]) 0.19 M. For ethylene solubility data in toluene see: Wang,
B. P. Ph.D. Dissertation, University of Massachusetts, 1989.

(38) Allen, P. E. M.; Patrick, C. R.Kinetics and Mechanisms of Polymerization
Reactions; Halsted Press: New York, 1974; pp 128-149.

(39) That theMn intercept at infinite [diphenylphosphine] is nonzero appears to
reflect the imprecision of GPC-derived data for such low polyethylene
molecular weights.

Figure 5. Dependence of polyethyleneMn on phosphine chain-transfer
agent and catalyst.
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product molecular weight is predominantly governed by the
interplay of chain-transfer rate vs that of propagation.

A series of Cp′2La-mediated ethylene polymerizations was
conducted in the presence of selected secondary phosphines
(20-22 mM; Table 3, entries 1-4) with constant catalyst, olefin,
and phosphine concentrations. Interestingly, whenMn is plotted
versus 1/kprotonolysisfor Cp′2Ln-CH(SiMe3)2 cleavage, a linear
relationship is observed (Figure 6). This relationship shows that
phosphine-sensitive trends in the protonolysis rate parallel those
in chain-transfer rate (eq 20), further supporting the Scheme 2
scenario in which chain transfer is a protonolytic process.

Conclusions

This investigation demonstrates that phosphines act as ef-
ficient chain-transfer agents for Cp′2Ln-mediated ethylene
polymerizations. Moreover, the overall effectiveness of phos-
phine chain transfer in lanthanocene-mediated ethylene poly-
merizations decreases in the same order as the rate of Ln-
CH(SiMe3)2 protonolysis:

Primary phosphines are the most efficient chain-transfer agents,
as evidenced by the fact that polymerizations conducted in the
presence of cyclohexylphosphine and phenylphosphine produce
only small quantities of low-molecular-weight cyclohexylphos-
phine-capped oligomers and ethylphenylphosphine, respectively.
Organolanthanide-mediated hydrophosphination17 and hydroam-
ination16,19 mechanistic observations suggest that intra- or
intermolecular phosphine coordination stabilizes the Lewis
acidic lanthanide center, likely favoring phosphine chain transfer
and disfavoring ethylene insertion, in accord with the present

results. Among secondary phosphines, diphenylphosphine is the
most efficient chain-transfer agent as a consequence of both
phosphine steric and electronic properties. Diethyl- and diisobu-
tylphosphines are also found to be efficient chain-transfer agents
for Cp′2La-mediated polymerizations. Under the polymerization
conditions studied, dicyclohexylphosphine is an ineffective
chain-transfer agent for both Cp′2La- and Cp′2Y-mediated
ethylene polymerizations, most likely a result of steric con-
straints. The efficiency of phosphine chain transfer increases
with increasing lanthanide ionic radius, consistent with a
sterically encumbered chain-transfer transition state.

A series of Cp′2YPPh2-mediated polymerizations with varying
phosphine concentrations was conducted and revealed high
polymerization rates, high product molecular weights,Mw/Mn

≈ 2.0, negligible signatures ofâ-H elimination, 1:1 ratios of
CH3:phosphine chain termini, and a linear relationship between
Mn and [diphenylphosphine]-1sall consistent with a predomi-
nant protonolytic, phosphine chain-transfer mechanism. In
addition, a linear relationship is observed between number
average degree of polymerization and the rate of Ln-CH-
(SiMe3)2 protonolysis by the same phosphines. The ability to
modify the resulting polymer characteristics by varying the
phosphine substitution or lanthanide ion imbues the current
system with considerable flexibility. Based on the analogies
between organolanthanide-catalyzed hydrophosphination17 and
hydroamination16,19 and the flexibility of the current system,
the possibility of amine-capped polyethylenes remains promis-
ing. However, since the rates of Ln-C protonolysis are
significantly more rapid with amines than with the corresponding
phosphines (∼104 times),17d judicious choice of amine chain-
transfer agent, catalyst, and polymerization conditions will be
required.

We have shown here that lanthanocene-mediated hydrophos-
phination and ethylene polymerization can be coupled in a
catalytic cycle to produce phosphine-terminated polyethylenes
with high activities and narrow molecular weight distributions.
Therefore, the addition of phosphines to organolanthanide-
mediated ethylene polymerization systems is a versatile, efficient
way of incorporating electron-rich functional groups into an
otherwise inert polymer.
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Figure 6. Number-average molecular weight (GPC versus polyethylene)
of polyethylene produced by Cp′2LaPR2 in the presence of various
phosphines versus the rate of Cp′2LaCH(SiMe3)2 protonolysis by the
corresponding phosphine.
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