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Abstract: The synthesis, structures, and reactivity of a series of 14-electron complexes inclu@ihagiL
(ECB4Hs) (1-3, L, = 2 PMe, MeP(CH).PMe;, or MeP(CHy)sPMey], [MesP(CHy)sPMe)].Me;Ti-
(Et,C:B4H4) (22), and related compounds are reported together with the preparation and spectroscopic
characterization of the analogous zirconium specig3lZr(Et,C,B4H4) (L2 = 2PMe or Me;P(CH)sPMe,

(24 and25). Compoundsl—3, 22, and25 are catalyst precursors for the polymerization of ethylene at 1 atm
pressure in the presence of methylaluminoxane, thus extending Zi&g¢ta chemistry for the first time to
complexes of the [RC,B4H4]%~ small carborane ligands. Although the choice of phosphine ligand has a dramatic
effect on catalyst activity, NMR data reveal alumingphosphine binding under conditions approximating

the catalytic mixtures for the PMand MeP(CH,),PMe, (dmpe) systems, whereas the state otR(EH,)s-

PMe, (dmpp) coordination is not clear. Multiple catalyst species are probably active in these reaction mixtures,
giving rise to polyethylene products of broad polydispersity; melting points¥hdMR data provide evidence

for significant chain branching. (dmpp)ME(Et,C,B4H4) produces a highly active ethylene polymerization
catalyst with much narrower molecular weight distributions than the other systems described here. The complexes
(PMe&3)Cl,Ti(Et,CoB4H4) (1), (dmpp)ChTi(Et2CoB4H4) (3), and (dmpp)MeTi(Et,CoB4H4) (22) have been
structurally characterized by X-ray crystallography.

Introduction which is significant in that most of the diverse and important
reactions mediated by metallocene complexes are highly sensi-

itsin t i wal dwich and half dwich I tive to the nature of the ligand8 When complexed to transition
units In transition metal sanawich and hall-sanawich COMpIEXES a4 centers, organoboron groups such as borataérands

have attracted Increasing attention in recent yédrsSuch . borollides® and carborane ligands such asBgH:,>~ (dicar-

systems often exhibit substantially different steric and electronic S N7 o _ : {a4a.d.8.9
D ; . . bollide),” [R2C:B4H4?7] (R = alkyl, aryl, SiMey),1242.d89nd

properties in comparison to their cyclopentadienyl analogues

Boron-containing ligands that can replagecyclopentadienyl

' their substituted derivatives, often lead to higher stability and

(1) Organotransition-Metal Metallacarboranes. 55. (a) Part 54: Stockman, altered reactivity compared to their metallocene counterparts,
K. E.; Boring, E.; Sabat, M.; Finn, M. G.; Grimes, R. Rrganometallics in some cases generating quite unusual or even unique chem-
200Q 19, 2200. (b) Part 53: Parker, K. G.; Russell, J. M.; Sabat, M.; Grimes, istry
R. N. Collect. Czech. Chem. Commui299 64, 819. ) . .

(2) Current address: Rohm and Haas Corp., Houston, TX 77058. Several groups, including those of Jordan, Ashe, Bazan, and

(3) Current address: Department of Chemistry, The Scripps ResearchBercaw®~’ have reported the synthesis and olefin polymeriza-

'”S(IZ)“EZ') gisr’?]gsN.RTol\rlrg%eFr)Ti]neSQRgégéanglféf?b?zgiZ)ért WAl tion activity of catalysts that contain heterocyclic or dicarbollide

Organomet. Cheml993 35, 187. (c) Siebert, WAngew. Chem., Int. Ed. Iigands_in p|a_Ce O_f the cyclopentadienyl group. In our laboratory,

Engl. 1985 24, 943. (d) Saxena, A. K.; Hosmane, N.Ghem. Re. 1993 recent investigatiortd®9of Ta(V) and Nb(V) complexes of the

93, 1081. (e) Hosmane, N. S. idvances in Boron ChemistnSiebert, i 2— - i

W., Ed.; Royal Society of Chemistry: Cambridge, U.K., 1997;-3357. ﬁma” fcarborgne II.gand§ZBZB4I;I4 (F\i[ Fta Mel’) Otr StIM%) h

(f) Grimes, R. N.Applied Organomet. Chem996 10, 209, ave focused on insertions of unsaturated substrates such as
(5) (a) Bazan, G. C.; Rodriguez, G.; Ashe, A. J., lll; Al-Ahmad, S.; alkenes, alkynes, and nitriles, revealing a rich and versatile

Miiller, C.J. Am. Chem. S0d.996 118 2291-2292. (b) Ashe, A. J.; Al- chemistry in which the carborane ligand functions as a spectator,

Ahmad, S.; Kampf, J. WPhosphorus, Sulfur Silicon Relat. Eled997, : . : : Qi :
125 295303, (c) Rogers, J. S.: Bazan, G. C.: Sperry, CJKAm. Chem. as a direct participant in reactions, or béﬂﬁlven thg intense
S0c.1997 119, 9305-9306. (d) Bazan, G. C.; Rodriguez, G.; Ashe, A. J.; interest over five decades in the catalysis of olefin polymeri-
Al-Ahmad, S.; Kampf, J. WOrganometallics1997 16, 2492-2494. (e) zation by soluble bent metallocen€sye have been exploring
Ashe, A. J.. Al-Ahmad, S.; Fang, X. G.; Kampf, J. Wrganometallics 5 possible role for small carborane metal complexes in this area
1998 17, 3883-3888. (f) Lee, R. A.; Lachicotte, R. J.; Bazan, G. L. . .
Am. Chem. S0d.998 120, 6037-6046. (g) Barnhart, R. W.; Bazan, G. C. that would eXplOIt the inherent advantages afforded by these
J. Am. Chem. S0d.998 120, 1082-1083.
(6) (@) Quan, R. W.; Bazan, G. C.; Kiely, A. F.; Schaefer, W. P.; Bercaw, (8) (a) Stockman, K. E.; Houseknecht, K. L.; Boring, E. A.; Sabat, M.;
J. E.J. Am. Chem. S04994 116, 4489-4490. (b) Bazan, G. C.; Donnelly, Finn, M. G.; Grimes, R. NOrganometallics1995 14, 3014-3029. (b)
S. J.; Rodriguez, GJ. Am. Chem. S0d.995 117, 2671-2672. Boring, E.; Sabat, M.; Finn, M. G.; Grimes, R. Rrganometallics1997,
(7) (@) Crowther, D. J.; Baenziger, N. C.; Jordan, RJFAmM. Chem. 16, 3993-4000. (c) Boring, E. A.; Sabat, M.; Finn, M. G.; Grimes, R. N.
S0c.1991 113 1455-1457. (b) Crowther, D. J.; Borkowski, S. L.; Swenson, Organometallics1998 17, 3865-3874.

D.; Meyer, T. Y.; Jordan, R. FOrganometallicsl993 12, 2897-2903. (c) (9) Grimes, R. NJ. Organomet. Chen1999 581, 1-12.

Crowther, D. J.; Jordan, R. Makromol. Chem., Macromol. Symp993 (10) The literature relating to this statement is well summarized in the
66, 121-126. (d) Bazan, G. C.; Schaefer, W. P.; Bercaw, JOEjano- following: Rodriguez, G.; Bazan, G. G. Am. Chem. S0&997 119, 343~
metallics1993 12, 2126-2130. 352.
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CI/ \\P- CI/ éP' Figure 1. ORTEP plot of (PMg).Cl;Ti(Et,C.BsH4), 1. Thermal
| | | ! ellipsoids are shown at the 30% probability level. Important bond
2 3 distances (A) and angles (deg): TCI1, 2.328(2); T+-Cl2, 2.407(5);

Ti—P1, 2.591(2); T+P2, 2.604(2); CI+Ti—Cl2, 124.17(6); P£Ti—
_ _ P2, 136.87(6); CI+ Ti—P1, 78.88(5); P Ti—CI2, 81.96(5); CI2Ti—
compounds. Here we repdtithe synthesis and chemistry of  pp, 80.83(5); P2Ti—Cl1, 78.77(5).

novel 14-electron phosphinotitanium and phosphinozirconium
closccarboranes and the catalytic activity of selected species
toward ethylene polymerization in the presence of methylalu-
minoxane (MAO) activator.

Results and Discussion

Synthesis ofclosc Titanacarboranes.As shown in Scheme
1, the reaction of the [BE,B4H;]2~ dianion with TiCk(PMe3),*3
in toluene affordsl as a red solid in 46% yield, characterized
by H, 13C, 11B, and 3P NMR spectroscopy and elemental
analysis. X-ray analysis of crystals obtained from pentane/
toluene revealed the expected square pyramidal structure with
a trans disposition of phosphine ligands (Figure 1). Thedli
and Ti—P distances are unexceptional when compared to those
of relevant structure¥'

It appears from the NMR spectra that only one isomer of
complex 1 is formed in solution; on the basis of steric
considerations and analysis of th& NMR P—CHjz; resonances

igure 2. ORTEP plot of (dmpp)GTi(Et.C:BsH4), 3. Thermal
(see below), we assume that the compound adopts the traln{Ilipsoids are shown at the 30% probability level. Important bond

cqnfiguration. The phosphine_ligar_\dsbare labile, exchanging  jistances (A) and angles (deg): -TTI1, 2.319(2); Ti-CI2, 2.346(2);
with an excess of PMed within minutes at room temperature  1i_p1, 2.606(2); TiP2, 2.591(2); Cl+ Ti—CI2, 91.57(6): P+ Ti—

(11) (a) Ziegler CatalystsFink, G., Muhaupt, R., Brintzinger, H. H., P2,77.25(5); CI¥Ti=P1,77.67(6), PETI~CI2, 135.48(6); CI2-Ti—

Eds.; Springer-Verlag: Berlin, 1995. (b) Britovsek, G. J. P.; Gibson, V. P2, 78.70(5); P2Ti—ClI1, 131.71(7).
C.; Wass, D. FAngew. Chem., Int. EA.999 38, 428-447. (c) Brintzinger,

H. H.; Fischer, D.; Mlhaupt, R.; Rieger, B.; Waymouth, R. Mingew. .
Chem., Int. Ed. Engl1995 p34’ 114}%170' ) Si%n, H.: Kaminsk%/, W as monitored byH and3!P NMR. They can also be exchanged

Adv. Organomet. Chenl98Q 18, 99—149. (e) Grubbs, R. H.; Coates, G.  for 1,2-bis(dimethylphosphino)ethane (dmpe), formigand
W. Acc. Chem. Resl996 29, 85-93. (f) Bochmann, MJ. Chem. Soc., 1,3-bis(dimethylphosphino)propane (dmpp), genera8ngy

Dalton Trans.1996 255-270. (g) Chen, Y. X.; Marks, T. Organome- : ; ; ;
tallics 1997, 16, 3649-3657. (h) Kaminsky, WMacromol. Chem. Phys. gentle heating in the presence of a slight excess of chelating

1996 197, 3907-3945. ligand in toluene. Washing with pentane afforded piend3
(12) Part of these results were disclosed at the BUSA-V-MEX Conference in nearly quantitative yields (Scheme 1). Crystals3oivere
on Boron Chemistry, Guanajuato, Mexico, May 1996, Abstract 7. obtained from pentane/toluene, which provided the X-ray

(13) This complex, apparently not previously reported, was prepared by - . . .
a modification of a literature method (Chatt, J.; Hayter, T.JGChem. structure shown in Figure 2, with the dmpp ligand adopting a

Soc. Londori963 1343-1346) as described in the Experimental Section. Cis coordination geometry in the square pyramidal structure.

(14) (a) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, K. Furthermore, compound is far more stable in the solid state
Chem. Soc., Chem. Comma882 802-803. (b) Wild, F. R. W. P.; Zsolnai,

L: Huttner, G.; Brintzinger, H. HJ. Organomet. Chem982 232, 233 (showing very.little deco.mposition when exposed to air for two
247. (c) Bajgur, C. S.; Tikkanen, W. R.; Petersen, dnbrg. Chem1985 weeks) than eithet or 2 (instant decomposition upon exposure
24, 2539-2549. (d) Engelhardt, L. M.; Papasergio, R. |.; Raston, C. L.; to air).

thZyAthqrgiﬂi?het&"'%ﬂ-g,ﬁ?'ﬂ’ ng_égré;er\)oﬁniztagllléﬁ;lgga?”Igé??. The NMR spectra o and3 each show two distinct PMe
C48-C52. (f) Hughes, D. L.; Leigh, G. J.; Walker, D. G. Organomet. resonances (syn and anti to the carborane ligand) andBne

Chem1988 355, 113-119. NMR signal, as expected. F@ a large displacement-31.7
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A Scheme 2
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Figure 3. *H NMR resonances of the P-GHyjroup of EtC,B4Hs— /?\
Ti—phosphine complexes: (a) (P TiI(Et.CoB4H,), (b) (dmpe)G- \3&\3/
Ti(Et,CoB4Ha), and (c) (dmpp)GITi(Et,CoB4H.). |
ppm) in the resonant frequency of tfi® NMR signal relative C,\‘|-/Tl\z:\/|e3
to that of 1 is observed, consistent with the expected 35 ppm MesP 1
downfield “chelation shift” of a five-membered-ring diphos- .
phine!® However, the3!P resonance o8 is shifted slightly B = BH ‘ 2KOBu
downfield relative to that ofL (+2.6 ppm), instead of the
expected small upfield shift(3 ppm) characteristic of six- B
membered-ring chelating diphosphifésExamination of the /|'3\
IH NMR resonances of the-RFCH3 groups of compounds, 2, B °\B
and3 (Figure 3) affords insight into the phosphine coordination |
around the metal center. The line shape of the proton resonance MesCO™s T i\PM
is strongly influenced by the value 88(P,P) coupling in the Me3CO 6 3

systemt® and the magnitude &9(P,P) coupling can be related

to the angle between equivalent phosphorus nuclei, supplying cpart 1
information about the coordination environment of the metal.
When the phosphorus atoms are trans,2lE,P) coupling is
large and the PCH3 resonance appears as a distorted triplet
(Figure 3a); however, in a cis configuration ##P,P) coupling thP/\/PPhz PhoP” ""pph, Etz"‘/\/r)Et2
is negligible and the resonance appears as a doublet (Figure 7 8 9

3b). When the angle is between°%®nd 180, the shape of the

Donors that fail to displace PMe; from 1

P—CHjs resonance is between those of a doublet and a distorted nMe

triplet (Figure 3c). Consequently, the phosphorus nuclel of P(OMe); B Me  En~ o NER

can be assigned the trans geome®yhe cis geometry, and \/\P 2

the cis configuration with a bite angle greater thai.90 10 Me 1" d 12
Phosphorus and Chloride Substitution. The ligand- Me"

exchange chemistry dfwith other mono- and bidentate donors
is summarized in Scheme 2 (showing successful substitution

reactions) and Chart 1 (listing ligands unsuccessfully employed). Donors that cause decomposition of 1

Steric factors are clearly important, since the strong donedsl ICI)
fail to displace PMg!” in contrast to dmpe and dmpp. Me,P” > PMe I f ~_-PEt2
Interestingly, replacement of the PMigands onl by 13, which ? ? MezPMPMeZ E'2|F|>

cannot span the normal angle of two adjacent ligands, caused 13 14 n=1 17
immediate decomposition of the complex. This suggests that 15 n=2

blocking access to the metal center is important in stabilizing 16 n=3

the phosphino-titanacarborane system.

Attempted substitution using the bidentate oxidlds 18 led /\/LI,(OEt)Z
to decomposition, perhaps because they displace boths PMe (Eto)z'r|
ligands but are not able to protect the metal center from further o)
reactions such as aggregation via bridging chlorides or carborane
cage fusiorf2?Monodentate phosphine oxide complexXesnd

PCh PN
PC|3 Clzp/\/ { Me2)3

18 19 20 21

5 are accessible via treatment bfvith an excess of the new

(15) (a) Garrou, PChem. Re. 1981, 81, 229-266. donor, but only one PMdigand is replaced. These complexes
(16) (a) Crabtree, R. H. InThe Organometallic Chemistry of the  are also labile; for example, both the phosphine and phosphine

Transition Metals 2nd ed.; Wiley: New York, 1994; pp 237240. (b) ; : :
Green, M. L. H. InComprehensi Inorganic ChemistryBailar, J., et al., oxide ligands ob are easily washed off the metal by use of an

Eds.; Pergamon Press; Oxford, 1973; Chapter 48, p 355. (c) Jenkins, J.€xcess of PMgdo. The chloride ligands ol may be cleanly
M.; Shaw, B. L.J. Chem. Soc. A966 1407-1409. (d) Deeming, A. J.;  displaced bytert-butoxide to give6 accompanied by loss of
Shaw, B. L.J. Chem. Soc. A968 1887-1889. (e) Collman, J. P.; Sears, PMes. Nitrogen donors are not effective: pyridine and a
C. T.Inorg. Chem.1968 7, 27—32. . Lo . .

(17) A small amount of Ti complex decomposition is occasionally hindered diamine (TMEDAL2) did not exchange with PMe
observed in the presence of these ligands. and substitution with 2;2bipyridine gave a mixture of products.
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Table 1. Polymerization Catalysis in the Presencelef3 (0.1
mM) and 1 atm of Ethylene

Supporting Information). Similarly, the spectrum of a mixture
of 2 and MAO exhibits a single dominant peak coincident with

Ti  [MAO) temp mp° that of a mixture of dmpe and MAO in the absence of Ti
entry source [Ti]® (°C) activit’s (°C) PDF Mw complex. However, mixtures &and MAO show two dominant
1 1 2500 25 18.8£0.8 130.% 55.5h 2.8x 10" broad signals (shifted significantly downfield) and one sharper
2 2 2500 25 785:0.6 1283 7.6 85x 10" peak, all clearly distinct from the two peaks exhibited by a
2 g iggg gg ?ig gg'g ig'g g'g x 10 mixture of dmpp and excess MAO alone. All of the spectra of
. . 2x 10° . .
5 2 500 25 11315 1261 100 1.% 1P precatalystd—3 with MAO are the same in the presence and
6 2 250 25 90+ 16 127.1 124 1.5 10P in the absence of 1 atm ethylene and for Al:Ti ratios of 60 and
7 3 2500 25 202605 121.8 11" 3.3x 10% 200. It seems likely that phosphine is removed from titanium

by excess MAO forl and2 but may remain coordinated to Ti
in the catalyst derived fror. It should be noted that a single
3P NMR resonance appears far+ MAO, as opposed to

multiple resonan rived frorh an nd th h
= Mw/M,, measured by gel permeation chromatogragthen an ultiple resonances derived from and 3, and that the

error value appears, it represents the standard deviation for three Orpol_yethy_len_e p_roduced frond has the narrowest molecular
more independent runs, and the reported number is the averageWeight distribution among the three systems when tested under

f Strongly bimodal MW distribution is observed; the PDI value takes identical conditions (Table 1). This suggests that the broad

a[MAO]/Ti = molar ratio of Al to Ti; MAO used as a 10% stock
solution in toluene® Activity = kilograms of polyethylene per mole
of precatalyst per houf.Melting point as measured by modulated
differential scanning calorimetry (DSC)PDI = polydispersity index

both peaks into accourt Weakly bimodal MW distribution is observed
(shoulder on main peak).Average of two runs.

Olefin Polymerization Catalysis. Complexesl—3 function

as precatalysts for ethylene polymerization in the presence of

excess MAO. Thus, when MAO in ethylene-saturated toluene

is treated with the precatalyst, an instantaneous color change,

from orange to golden brown occurs. Polymerization activities
for reactions conducted under 1 atm of ethylene with rapid
stirring are reported in Table 1, along with some properties of
the polyethylene products. The catalyst derived fidm 4—5
times more active than that obtained frdmand 3 is about
twice as active ag.'® Polyethylene molecular weight distribu-
tions are generally broad, with the PMeontaining catalyst
providing PDI (polydispersity index) values greater than 50.
Both polydispersity and catalyst activity vary in a reproducible
and nonlinear fashion fa2 as a function of the MAO/Ti ratio
(Table 1, entries 26). Bimodal molecular weight distributions
are observed with and2, in the latter case only at intermediate
concentrations of MAO. The polyethylene produced wgh
shows a molecular weight distribution that suggests bimodal
behavior as well. The melting points of polyethylene produced
from 1 and 2 (126—-130 °C) are somewhat below the range
characteristic of linear, high-molecular-weight material. Com-
pound3 provides polymer with a substantially lower melting
point (121.6°C), suggesting the presence of branched chains,
which was confirmed by3C NMR analysis (see below.
Complexe<t and5 catalyze ethylene polymerization with twice
the activity of 1 under identical conditions, whilé is about
half as active ag. Complexesl—3, as well as the Ti dimethyl
complex22 and the zirconium comple5 reported below, are
very poor catalysts for the polymerization of propylene in the
presence of MAO.

Several experiments were performed to probe the role of
phosphine in the catalytic species. Compleke8 were mixed
with an excess of MAO and monitored B{P NMR spectros-
copy. Tolueneds solutions ofl and excess MAO show three

polydispersities observed result in part from the presence of
multiple catalytic species frorh and3. Certainly, the activity

of the catalyst is strongly affected by the choice of phosphine
ligands.

We have also observed that some Ti(lll) centers are formed
when 2 is treated with excess MAO. Thus, a 60:1 mixture of
MAQO:2, examined in frozen toluene solution, shows an EPR
triplet arising from Ti(lll) coupled to two phosphorus ligands
(see Supporting Information), with an integrated intensity
corresponding to approximately 8% of the titanium used
(determined by comparison to a calibration curve prepared with
known amounts of TiG). The presence of trimethylaluminum
in MAO probably accounts for this reduction to Ti(lll), perhaps
also contributing to the broad polydispersities observed.

Synthesis of and Polymerization Catalysis by Ti-Alkyl and
Zr closoCarboranes. The observation of loss of phosphine,
Ti(lll) generation, and probable participation of multiple
catalytic centers led us to pursue alkyltitanium compounds that
could be activated without MAO. A wide variety of reagents
and conditions were employed in an effort to alkylate the Ti
Cl groups ofl and 2, resulting in rapid decomposition in all
cases. However3 is smoothly converted to the dimethyl
complex22 on treatment with MeLi, as shown in ecf4.

B B
B75%¢B B77%TCB
2.2 MelLi (1)
'|l'i N 78“(J:Iutenze4 C '||'i N
ey P 78°Cto24° Me™"y N P
CI/ §P|A Me/ \\PIA
3 I I
B=BH 22

X-ray crystallographic analysis (Figure 4) reveals tRat
adopts the monomeric cis-chelating form in the solid state. The
Ti—CHjs signal in thelH NMR spectrum is a simple triplet at
0.66 ppm with a singléJp  coupling constant of 5.4 Hz. The

signals, all of which match those observed for an analogous 14 NMR resonance of the -PCH; groups is very similar to

mixture of PMe with MAO alone (spectra are provided in the

(18) For comparison, ethylene polymerizations withZil, and Cp-
TiCl, were found to proceed approximately 50 and 14 times faster,
respectively, than those with under identical conditions. Comparable rates
for zirconocene dichloride are reported in the following: Yang, X.; Stern,
C. L.; Marks, T. JJ. Am. Chem. Sod.991 113 3623-3625.

(19) For related cases involving bis(indenyl)zirconium complexes, see:
(a) 1zzo, L.; Caporaso, L.; Senatore, G.; Oliva,Macromoleculesl999
32, 6913-6916. (b) Li, W.; Youling, Y.; Linxian, F.; Youxiang, W.; Pan,
J.; Ge, Congxin; Ji, BEur. Polym. J200Q 36, 851—855. (c) Kolodka, E.;
Wang, W.-J.; Charpentier, P. A.; Zhu, S.; Hamielec, APBlymer200Q
41, 3985-3991.

that of compound®, suggesting that the solution-phase structures
of 22 and3 are the same.

(20) Two forms of compleX2 are accessible, which are distinguished
by a small difference in théH NMR chemical shifts of their PMe
resonances. One form appears to be the kinetic alkylation product, as it
undergoes spontaneous conversion to the more stable form within hours at
room temperature in solution or the solid state. Storage in frozen benzene
solution preserves the less stable isomer; occasionally, the preparation of
22 affords only the thermodynamically stable form without the metastable
isomer being observed. Only the stable form has been employed as a
polymerization catalyst.
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Table 2. Polymerization Catalysis in the Presence of Ti or Zr
Precatalyst (0.1 mM) and 1 atm of Ethylene

M [MAQO)/ temp mp~¢
entry source [M] (°C) activit’® (°C) PDFe  M,°

1 22 25006 25 1480+190 124.6 2.58 2.& 10
2 22 50 25 1890+ 150 124.3 2.29 5.k 10
3 22 10¢ 25 1080+50 126.8 2.34 1% 10°
4 25 2500 25 104+2 1343 23.¥ 43x10°

a[MAO]/Ti = molar ratio of Al to Ti; MAO used as a 10% stock
solution in toluene® Activity = kilograms polyethylene per mole of
precatalyst per houf.Melting point as measured by modulated DSC.
4 PDI = polydispersity index= M./M,, measured by gel permeation
chromatographyt Average of two simultaneous rufdMAQ}/Zr =
molar ratio of Al to Zr; MAO used as a solid.Strongly bimodal MW
distribution is observed; the PDI value takes both peaks into account.

Scheme 3

Figure 4. ORTEP plot of (dmpp)MgTi(Et.C.B4H4), 22. Thermal /?\
ellipsoids are shown at the 30% probability level. Important bond ) 87 B%B
distances (A) and angles (deg): T¢11, 2.182(5); T+C12, 2.155- Z1Cl4(PMes), Lia[Et2C2B4H4] |
(5); Ti—P1, 2.589(1); T+P2, 2.593(1); C13Ti—C12, 89.7(2); P+ toluene, RT Zr
Ti—P2, 77.81(4); C13Ti—P1, 78.9(1); P+ Ti—C12, 132.6(1); C12 N
Ti—P2, 77.8(1); P2Ti—C11, 133.8(1). MesP cl

B=8BH 24

To allow investigation of the catalytic properties 2%, the

13C-enriched analogu@2-3C, was prepared with3CHsLi. 2 :Jug:;pp

The 3C-labeled analogue shows the expected latdgn RT
coupling constant (120 Hz) and a small valué®fc (11.0 Hz),

observed in thé*C NMR spectrum; théP NMR signal is a

broadened singlet. The interaction 22-13C, with [PhsC]-

[B(CeFs)4]%2 was followed by'H and13C NMR spectroscopy, /?\
but unfortunately the spectra were very complex and inconclu- B7B\B
sive. NMR confirmed the formation of R8-13CHj, indicating I

that abstraction of the Me group fro&2-13C, had occurred; LZE N
however, the exact nature of the resulting titanium species could cry §P P

not be elucidated®24 cl l
Treatment of22 with [PhsC][B(CsFs)4] in the presence of |
ethylene failed to produce polyethylene. However, strong 25
activity was observed whe@2 was combined with smaller  \jth such precautions, the activity values obtained (summarized
amounts of MAO than are used to activate3. When MAO in Table 2) displayed more scatter than observed for the other
in ethylene'saturated toluene was treated with a toluene Solutioncata|ysts due to the short reaction time and unavoidable small
of 22, an instantaneous color change from yellow to golden jnconsistencies in polymerization initiation. Significantly greater

brown occurred, and rapid polymerization commenced. The gactivity is observed foR2 than for3, and the former system is

reactions were quenched after 5 min to obtain measurementsactive in the presence of 100 equiv of MAO, whereas the latter

of catalyst activity, minimizing mass transport problems caused requires a minimum of 250 equiv of MAO. As wit) catalyst

by the rapid formation of a thick suspension of polymer. Even gactivity appears to reach a maximum value at 500 equiv of
(21) Reynolds, K. A.; O'Hagen, D.; Gani, D.; Robinson, JJAChem. MAO, although fewer increments were tested. Most importantly,

Soc., Perkin Trans. 1988 3195-3207. the polydispersities are substantially lower w2® suggesting
(22) Chien, J. C. W.; Tsai, W.-M.; Rausch, M. D. Am. Chem. Soc.  the cleaner formation of a dominant catalytic species. The

1991, 113 8570-8571. . ; o
(23) Treatment 022-13C, with [PhsC][B(CeFs)4] resulted in the formation melting points of the polymers produced are low (3226°C),

of PhsC-13CHs (confirmed by independent synthesis) and a single broad again suggesting chain branching, which was confirmetf®y
13C-enriched peak approximately 10 ppm downfield from the'*OH; NMR spectroscopy.

resonance of the starting material, presumably arising from the titanacar- ; ; ;
borane methyl cation in the salt tentatively formulated as{{fB4Ha)Ti- As shown in Scheme 3, the zirconium congeners ahd3

(dmpp)CH*[B(CeFs)a7], 23. The3!P NMR spectrum o023 shows broad (24 and 25, respectively) are acce_ssible.. However is )
peaks near, but not coincident with, those observe@fér MAO. There thermally unstable and decomposes in solution or in vacuo with
is no evidence that dmpp dissociates from the met&3nexcept for its loss of PMg, and addition of dmpe fails to give an isolable

evident lack of3C—31P coupling; however, the broad nature of these peaks _. . | @ C lex25. obtained by i diat
and the smalPJp ¢ coupling constant observed f@2-13C; renders this zirconium analogue o£. Lomplexzo, obtained by immediate

observation inconclusive. trapping of24 with dmpp, is a thermally stable, air-sensitive,
(24) Three other well-known activating agents of alkylmetal precursors  off-white crystalline solid, again demonstrating the stabilizing

to Ziegler—Natta catalysts failed to give discrete products by NMR and 31
induced no polymerization activity: [H(OBSJ[(3,5-(CFe):CeHs)aB] effects of dmpp. ThéH and3'P NMR spectra of4 and25 are

(Brookhart, M.; Grant, B.; Volpe, A. F., JOrganometallics1992 11, very similar to those ofl and3.
3920-3922), [PhMeNH]BPh, (Bochmann, M.; Jaggar, A. J.; Nicholls, J. Complex 25 is a precatalyst for the polymerization of
C. Angew. Chem., Int. Ed. Endl99Q 29, 780782), and excess B¢Es)s ethylene, when activated by MAO from which the solvent and

(Pellecchia, C.; Proto, A.; Longo, P.; Zambelli, Makromol. Chem., Rapid . o - .
Commun1992 13, 277-281. Kesti, M. R.; Waymouth, R. M. Am. Chem. volatile components (principally trimethylaluminum) have been

S0c.1992 114, 3565-3567). removed by evacuation (Table 2, entry 4). In contrast, the Ti



10578 J. Am. Chem. Soc., Vol. 122, No. 43, 2000 Dodge et al.

systems are not activated by this form of MAO, but only by dard and chemical ionization using GHboth positive- and negative-

the 10% toluene stock solution. Note that the Zr complex gives ion spectra were recorded. Strong parent ion envelopes were observed.
polyethylene with a melting point characteristic of linear, high- Elemental a}nalyses were performed by Schwarzkopf Microanalytical
density material, substantially higher than that generated by any-aPoratory in Woodside, NY. In each case, NMR spectra established
of the titanium catalysts. Whether this difference is due to the cOMPound purity and identity, supplemented3dry mass spectrometry

" o showing the expected isotopic envelope. X-ray crystallography provided
naturg of the catalyst or to the presence of Afiethe titanium unambiguous structural assignments in three cale 22). Infrared
reactions is not known.

) ) ) ) ) spectra were recorded as thin films on a Nicolet Impact-400 spectrom-
Conclusions. The dinegativenido-R;C>B4H4?~ unit can eter. Phosphines were obtained from Strem, Lancaster, and Aldrich
formally replace two cyclopentadienide ligands, thereby opening chemical companies, and used as received. A 10% MAO solution in
additional coordination sites at the metal center and facilitating toluene was purC_ha}sed from Albemarle Corp. Hydrocarbon and eth_ereal
catalyst modification via introduction of ancillary donor ligands, Ssolvents were distilled under a dry argon atmosphere from sodium/
such as phosphine in the present case. In the context of earhpenzophenone ketyl. Halogenated solvents were degassed and distilled
transition metal ZieglerNatta catalysis, in which highly oM P:Os. The carborane BL.B.Hs was prepared on a multigram
electrophilic metal centers are requifédsuch coordinative scale by the reaction ofdBlyg and 3-hexyne in diethyl ether solution,
unsaturation helps to compensate for the relatively strong in a modificatiori® of the literature methoé? Unless otherwise noted,

. . all manipulations were performed under a dry nitrogen atmosphere,
electron-donating properties of the carborane framework. |haintained by standard glovebox and Schlenk techniques.

Another attractive feature of metal complexes of thido- TiCl 4(PMes).. In a modification of the method of Chatt and Hayter,
[Et2C2oB4H4]?~ ligand is the tailorability of the ¢B4 cage via a solution of TiC} (4.44 g, 0.023 mol) in 250 mL of dry pentane was
substitution at the boron and/or carbon atdafs?-26a task not cooled to—78 °C and treated with PMe(1 M solution in toluene,
easily accomplished on aromatic hydrocarbon ligands bound 51.5 mL, 0.051 mol) in dropwise fashion with stirring. The resulting
to metals. This work demonstrates the first examples of early red suspension was stirrec #h while warming to room temperature.
transition metal ZieglerNatta catalysis promoted by the The solid was collected by vacuum filtration in a glovebox, washed
presence of phosphine ligandisindeed, catalytic activity is 'ihoroughly with dry pentane,;:\nd dried in vacut?. Yield: 7.44 g (93%).
enhanced by 2 orders of magnitude in the dmpp-dimethyl ' NMR (CeDs, 0): 1.04 (s).*P NMR (G, 9): —7.59 (s).

(PMe3).Cl,Ti(Et2C,B4H4) (1). A solution of E4C,B4Hg (0.50 g, 3.80
complex22 vs the parent systeth Furthermore, these catalysts mmol) in 75 mL of dry ether was cooled to°C and treated with 1.7

produce high-molecular-weight polyethylene of substantially  tert-putyllithium in pentane (4.48 mL, 7.60 mmol) in dropwise
lower melting point than is normal for metallocene systems. fashion with stirring. The cooling bath was removed and the yellow
The stabilities and catalytic activities of the titanium and solution allowed to stir for 1 h. The solvent was then removed in vacuo
zirconium systems described here are dramatically affected byand the resulting solid redissolved in dry toluene. The toluene solution
the nature of the phosphine, with dmpp proving to be far more was added to a solution of TigPMes), (1.56 g, 4.56 mmol) in 300
effective than either dmpe or trimethylphosphine. It therefore mL of dry toluene using a dropping funnel, causing a color change to
seems likely that dmpp remains coordinated to the group 4 metaldark brown. The reaction was allowed to stir for 4 h, followed by

during catalysis. New systems, including “constrained-geom- removal of the toluene in vacuo. The residue was then stirred in 75
etry” carborane-phosphine cataiysts are being developed and mL of dry pentane for 1.5 h. The mixture was filtered through Celite
ill be d ibed in d ’ in a glovebox and concentrated-a#0 °C to givel (0.704 g, 46%) as
will be described in due course. a red, crystalline solidH NMR (CgDe, 0): 1.15 (t, 18H,J = 4.2 Hz,
PCH3), 1.27 (t, 6H,J = 7.8 Hz, ethyl G13), 3.02 (q, 2H,J = 7.5 Hz,

Experimental Section ethyl CH,), 3.03 (g, 2H,J = 7.5 Hz, ethyl Gi). 31P NMR (G:Ds, 0):
—3.46 (3).23C NMR (C¢Ds, 8): 14.79 (t,J = 24 Hz, FCH3), 15.11
General. IH (300 MHZ), 1B (96.4 MHz),C (75.5 MHz), andP (s) (GeDs, 0) (‘ 2, FCta), (s,

thyl CHs), 25.34 (s, ethylCH,). !B NMR (CDCl;, d): 52.0 (d, 1B),
(202.4 MHz, 121.7 MHz) NMR spectra were acquired on Varian Unity/ ethyl CHy) (s yCH2) ( 5 9) ( )

29.6 (d, 2B),—3.30 (d, 1B). IR (NaCl, cml): 2972 (s), 2934 (m),
Inova 300/51, Varian Unity/Inova 500/51, and GE GN-300 instruments. 2008 ((m) 2)875 (w) (2555 )(m) 5509 m) l)J-\ﬂis [CH(Z(%IZ 1 rgm)
In all cases!*C spectra were recorded with proton decoupling; peak ' . ' . olby

: 280, 236 (5354). Anal. Calcd for Ti B.Cl,P,: C, 36.00; H,
splitting arises from (C,P) coupling. Except where noté@, signals g)ge Found: ((: 35.)60' H 8.71. WH:B.CleP

of cage carbon nuclei were not oberved (not uncommon for skeletal [Me,P(CH,),PMe,]CI,Ti(Et ,C:B4Hz) (2). A 50-mL Schlenk flask
carbons in carboranes). Visibteltraviolet spectra were recorded on was charged in a glovebox with toluene (5 mi){(156 mg, 0.389

a Hewlett-Packard 8452A diode array spectrophotometer. The unit mmol), and dmpe (70 mg, 0.467 mmol). The flask was removed to a
resolution mass spectrum Bfwa_s obtam_ed ona Flnnegan_MA'I_' 4600 acuum line and the mixture heated at#Dfor 10 min. The toluene
spectrometer using perfluorotributylamine (FC43) as calibration stan- , - <" .o oved in vacuo and the residue washed three times with dry

. . . 0
(25) For example, we have found complexes of the type (carborane)- pentane.l The solid was dl:led to gige(140 Tg, 90%) as an orange

CpTaX (X = halide, alkyl), which are isoelectronic to the effective ~ PoWder.H NMR (CsD, 0): 0.73 (d, 2H,J = 8.4 Hz, PC3), 0.89

precatalyst C§&ZrX», to be inactive toward olefin insertion or polymerization (M, 2H, PGHz), 1.51 (t, 6H,J = 7.5 Hz, ethyl G3), 1.60 (d, 6H,J =

in the presence of MAO. ZiegleiNatta polymerization activity with group 11.4 Hz, P®3), 1.96 (m, 2H, PEl,), 2.80 (sextet, 2HJ) = 7.5 Hz,

5 Cp*(diene)MX, complexes has been reported: Mashima, K.; Fujikawa, ethyl CH,), 3.23 (sextet, 2H) = 7.5 Hz, ethyl G1,). 31P NMR (GsDs,

S.; Tanaka, Y.; Urata, H.; Oshiki, T.; Tanaka, E.; NakamuraQAgano- . 1 . —
metallics1995 14, 2633-2640. For a demonstration of the electron-donating (73)6 ai 13)(_'53) 358’\17,\7/”?(1(?653?5)3 ]Ilezc(lig)etgz}l/g?()t ‘]126:3.7(51\]'_'2

capabilities of the [@B3]2~ system, see: Curtis, M. A.; Finn, M. G.; Grimes,

R. N. J. Organomet. Chemgga 350, 469-472. PCHz), 27.34 (S, ethyCHz). 11B NMR (CDClg, (5) 33.9 (d, lB), 27.1

(26) (a) Stockman, K. E.; Garrett, D. L.; Grimes, R.Ofganometallics (d, 2B),—5.4 (d, 1B). IR (NaCl, cm?): 2964 (s), 2928 (s), 2916 (m),
1995 14, 4661-4667. (b) Curtis, M. A.; Sabat, M.; Grimes, R. horg. 2871 (w), 2852 (w), 2554 (s), 2512 (m). WWis [CH:Clz, Amax NM
Chem.1996 35, 6703-6707. (c) Curtis, M. A; Muler, T.; Beez, V,; (e)]: 416, 348, 252 (9303). Anal. Calcd for TigHs0B4ClP.: C, 36.18;
gg(t)zskow, H.; Siebert, W.; Grimes, R. Nnorg. Chem.1997, 36, 3602 H, 7.56. Found: C, 36.65:; H, 8.11.

(27) The addition of PMgto a Brintzinger-type cationic zirconium alkyl [MeZP(CHZ)3PMeZ]C|2T'(E_t ZCZB_“H“) (3). The above procedure for
system has been observed to suppress olefin polymerization catalysis everth€ preparation o2 was applied, giving (45 mg, 88%) as an orange
at 60°C: Razavi, A.; Thewalt, UJ. Organomet. Cheni993 445 111— powder.*H NMR (CgDs, 0): 0.68 (t, 6H,J = 4.2 Hz, PGH3). 0.94 (m,
114. Note that phosphine-containing alkylidene hydride complexes of 2H, PCH,), 1.32 (m, 2H, PCECH,), 1.46 (t, 6H,J = 7.5 Hz, ethyl
tantalum are active polymerization catalysts: Turner, H. W.; Schrock, R.
R.; Fellmann, J. D.; Holmes, S. J. Am. Chem. Sod.983 105 4942- (28) Stockman, K. E., Ph.D. Dissertation, University of Virginia, 1995.
4950. Turner, H. W.; Schrock, R. R. Am. Chem. S0d.982 104, 2331~ (29) Maynard, R. B.; Borodinsky, L.; Grimes, R. Morg. Synth1983
2333. 22, 211.




Et,C,B4sH4—Metal—Phosphine Complexes with Ti and Zr

CHs), 1.63 (t, 6H,J = 5.1 Hz, PG3), 1.96 (t, 2H,J = 13.5 Hz, PE1)),
2.90 (sextet, 2H) = 7.5 Hz, ethyl ¢4,), 3.23 (sextet, 2H) = 7.5 Hz,
ethyl CHy). 3P NMR (CsDs, 0): —1.01 (s).23C NMR (CsDe, ) 14.19
(t, J= 8.0 Hz, RCH3), 15.26 (s, ethyCHs), 18.59 (s, PCKCH,), 20.60
(t, J = 18.2 Hz, FZH3), 26.93 (s, ethylCHy), 28.73 (t,J = 9.5 Hz,
PCH,). IR (NaCl, cnt?): 2973 (w), 2931 (w), 2911 (w), 2561 (w),
2292 (m), 1554 (s), 1255 (s), 1218 (s), 1113 (w), 1070 (w), 1003 (s),
974 (s). UV=vis [CH.Cly, Amaxnm (€)]: 288 (2935), 343 (1832). Anal.
Calcd for TiGsHs:B4CloP2: C, 37.86; H, 7.82. Found: C, 37.61; H,
8.11. MS: parent ion envelope afz 413.
[OP(NMey)s]PMesCl,Ti(Et 2C2BsH4) (4). A solution of 1 (20 mg,
0.049 mmol) in 5 mL of pentane was treated with HMPA (9.8 mg
0.055 mmol) in dropwise fashion with stirring, causing immediate
precipitation of an orange solid. The reaction mixture was stirred for
10 min and the volume reduced to 2 mL. The remaining liquid was

removed by syringe, and the residual solid was washed three times

with dry pentane and dried in vacuo, gividgas an orange powder,
which is unstable and decomposes within hours upon stantifgMR
(CeDg, 0): 1.53 (t, 15H,J = 7.2 Hz, ethyl G143 and PCHs)3), 2.22 (d,
18H, J = 9.9 Hz, N(MH3),), 2.63 (m, 2H, ethyl Ely), 3.03 (m, 2H,
ethyl CHy). 3'P NMR (GsDe, 6): 9.85 (s,P(CHs)s), 29.06 (s)*C NMR
(CsDsg, 9): 15.14 (s, ethyCH3), 17.36 (dJ = 24.2 Hz, PCH3)3), 25.78
(s, ethylCHy), 36.83 (d,J = 4.0 Hz, NCHj3),).
[OP(OEt).MeP](PMes)Cl,Ti(Et2C.B4H4) (5). The above procedure
for the preparation of was employed using diethylmethylphosphonate.
The reaction mixture was cooled t678 °C to induce precipitation;
standard workup then providégdas an oily red solidtH NMR (CgDe,
0): 0.92 (t, 6H,J = 6.9 Hz, POCHCHj3), 1.12 (d, 3H,J = 18 Hz,
PCH5), 1.53 (d, 9H,J = 5.1 Hz, P(®13)3), 1.56 (t, 6H,J = 7.5 Hz,
ethyl CHs), 2.46 (sextet, 2HJ) = 7.2 Hz, ethyl GH,), 2.87 (sextet, 2H,
J = 7.2 Hz, ethyl Gi,), 3.84 (m, 4H, POE,). 3P NMR (GDs, 9):
11.76 (sP(CHs)3), 35.29 (d)*C NMR (GsDg, 9): 10.52 (s, OCHCHs3),
14.83 (s, ethylCHs), 15.89 (d,J = 6.9 Hz, PCH3)s), 17.32 (d,J =
26.2 Hz, BCH3), 25.55 (s, ethylCHy), 63.85 (s, @H,). Anal. Calcd
for TiC14H36B4CloPy: C, 35.30; H, 7.62. Found: C, 34.16; H, 7.71.
(OCMej3)(PMes)Ti(Et 2.C2B4H4) (6). A solution of1 (20 mg, 0.049
mmol) in 1 mL of dry benzene was treated with potassiaributoxide
(11.2 mg, 0.0998 mmol). The reaction mixture was allowed to stir for
30 min, followed by removal of solvent in vacuo to give a mixture of
7 and KCl as a yellow solidtH NMR (C¢Dg, 6): 0.97 (d, 9HJ=5.4
Hz, P(H3)3), 1.25 (s, 18H, C(E3)3), 1.49 (t, 6H,J = 4.8 Hz, ethyl
CHj3), 2.74 (septet, 2H] = 4.5 Hz, ethyl GH,), 2.97 (septet, 2H) =
4.5 Hz, ethyl G). 3P NMR (GiDe, 0): —10.41 (s).
[Mezp(CH2)3PM82]zMezTi(Et2CZB4H4) (22) A solution of 3 (46
mg, 0.111 mmol) in 12 mL of toluene was cooled+@8 °C and treated
with a 0.56 M solution of methyllithium (42%L, 0.240 mmol) in
dropwise fashion with stirring. The mixture was then allowed to come
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19.34 (s, PCECH,), 19.39 (t,J = 16.9 Hz, FCH3), 30.52 (t,J = 12.2
Hz, PCHy), 58.62 (t,J = 11.1 Hz, TCHa).

2213C, + [PhsCJ[(B(CeFs)4]. Treatment of a CBCl, solution of
2223C, (6 mg, 0.016 mmol) with [PIC][(B(CeFs)4] (18 mg, 0.0194
mmol) in a Teflon-sealed NMR tube (J. Young) provided an orange
solution which was examined by NMR within 5 min of mixing. The
resulting'™H NMR and 3C NMR spectra were complex but were
dominated by the following resonancés. NMR (CD.Cly, ¢): —0.01
(s, Ti*-*3CHsg), 0.41 (s, Ti-13CHs), 1.95 (s, (GHs)sC-3CHj3), 2.38 (s,
(CsHs)3C-13CH3). 13C NMR (CD.Cly, 8): 30.58 (s, [(GHs)sC-13CH3]),
65.58 (bs, Ti-13CHs). For purposes of assignment, an authentic sample
of (CgHs)3sC-°CH; was prepared by the method of Eisch efausing
13CHGsl, and recrystallized from ethandiH NMR (CD.Cl,, d): 1.97
(s), 2.40 (s), 7.11 (m), 7.24 (m)3C NMR (CD.Cl,, 9): 30.61 (s),
126.29 (s), 128.19 (s), 129.05 (s).

(PMeg)zclzZr(Et zczB4H4) (24) and [MezP(CHz)gPMez]CIZZr-
(Et2C2B4H4) (25). To a slurry of ZrCj (233 mg, 1.00 mmol) in 20 mL
of dry pentane was added neat PX220uL, 2.16 mmol) with stirring.
The resulting orange suspension was stirred for 1 h, followed by
removal of solvent in vacuo. In a second flask, a solution e€B4Hs
(131 mg, 1.00 mmol) in 20 mL of dry ether was treated with 1.75 M
n-butyllithium in hexanes (1.14 mL, 2.00 mmol) in a dropwise fashion
and allowed to stir for 2 h. The solvent was then removed in vacuo
and the resulting glassy solid redissolved in 20 mL of dry toluene.
The Li[Et,C,B4H4] solution was added to the partially dissolved Z¢Cl
(PMe3), in 50 mL of dry toluene using a dropping funnel over 1 h,
causing a color change to brown. The reaction was allowed to stir for
3 h. Complex24 was not isolated at this point due to thermal instability;
25was instead generated directly by addition of a 25% (w/w) solution
of 1,3-bis(dimethylphosphino)propane in hexanes (743 mg, 1.13 mmol),
followed by stirring overnight at room temperature. The reaction
mixture was filtered to afford a yellow solution, and the solvent was
evaporated. The resulting residue was extracted with two 15-mL
portions of pentane to remove undesired bis(carborane)Jd4BiH.).-
ZrL ] species, and the remaining crude product was dissolved in 5 mL
of CH,Cl, and layered with 30 mL of pentane. Over a period of several
weeks at-20°C, large off-white crystals d25formed (186 mg, 41%).
The following are data foR4. *H NMR (CDClg, 8): 1.21 (t, 6H,J =
7.4 Hz, ethyl G5, 1.44 (t, 18H,J = 3.5 Hz, PG3), 2.86 (m, 4H,
ethyl CH,). The following data are fo25. 'H NMR (CD.Cl,, 6): 1.28
(d, 6H,J = 6.3 Hz, PC3), 1.29 (t, 6H,J = 7.5 Hz, ethyl G13), 1.55
(m, 2H, PCHCH,), 1.76 (d, 6H,J = 8.7 Hz, P®3), 1.94 (m, 2H,
PCH,), 2.39 (t, 2H,J = 13.0 Hz, P®1,), 2.67 (sextet, 2H) = 7.5 Hz,
ethyl CHy), 2.84 (sextet, 2H) = 7.5 Hz, ethyl ¢1,). 3P NMR (CD»-
Cly, 0): —14.85 (s).2*C NMR (CD.Cl,, 0): 12.00 (distorted t) = 8.0
Hz, PCH3), 15.37 (s, ethyCH3), 17.78 (distorted t) = 15.0 Hz, RZH3),
18.95 (s, PCHCH,), 26.12 (s, ethyCH,), 28.71 (distorted tJ = 11.0

to room temperature over 4 h and the toluene removed in vacuo. TheHz, PCH,), 130.77 (s, br, carborar@). !B NMR (CD,Cl, 0): 29.04
crude solid was then redissolved in a small amount of toluene and (d, 1B), 25.47 (d, 2B);~10.05 (d, 1B) Anal. Calcd for ZrGH3:B4-
filtered in a glovebox to remove the lithium salts. Toluene was removed Cl,P,: C, 34.26; H, 7.08. Found: C, 33.43; H, 7.01.

in vacuo and the resulting solid dissolved in L. Pentane was added
until the solution was turbid, and the mixture was storeg 20 °C for
18 h. The solids were filtered off, and evaporation of the solvent
provided22 (19 mg, 47%) as a yellow solidH NMR (CsDg, 0): 0.66
(t, 6H,J = 5.7 Hz, T=CH3), 0.68 (t, 6H,J = 3.9 Hz, PG13), 0.87 (m,
2H, PMH,), 1.34 (t, 6H,J = 3.9 Hz, PG3), 1.44 (m, 2H, PCHCH,),
1.60 (t, 6H,J = 7.5 Hz, ethyl G43), 1.76 (t, 2H,J = 14.8 Hz, P&,),
3.02 (m, 4H, ethyl €ly). 3P NMR (GsDs, d): —9.25 (s).*C NMR
(CsDs, 0): 12.45 (t,J = 4.8 Hz, RCH3), 16.26 (s, ethyCH3), 18.94 (s,
PCHCH,), 19.29 (t,J = 16.7 Hz, ZH3), 26.27 (s, ethylCH,), 29.86
(t, J=11.1 Hz, ’EH,), 58.55 (t,J = 8.1 Hz, Ti-CHs). 2B NMR (CsDs,
0): —10.5 (d, 1B), 24.6 (d, 2B), 29.7 (d, 1B). Anal. Calcd for
TiC1sHzeB4P2: C, 48.49; H, 10.31. Found: C, 47.58; H, 10.39.
[Me2P(CH2)3PMe2]213C-Me2Ti(EtZCZB4H4) (22-13C2) The above
procedure was employed witPCHaLi, ?* giving 22-3C; in similar yield.
IH NMR (CD.Cly, 0): 1.44 (t, 3H,J = 5.7 Hz, TiCHs), 1.84 (t, 3H,J
= 5.7 Hz, TitH3), 2.62 (t, 6H,J = 7.5 Hz, ethyl ¢13), 2.65 (t, 6H,J
= 3.3 Hz, PGi3), 2.88 (t, 6HJ = 3.9 Hz, PG3,), 3.02 (m, 2H, PE&.,),
3.33 (t, 2H,J = 14.6 Hz, PC®i,), 3.52 (m, 2H, PCKCH,), 4.14 (q,
4H, J = 7.5 Hz, ethyl &1,). 3P NMR (CD,Cly, 8): —8.54 (s).23C
NMR (CD:Cl,, 8): 13.25 (t,J = 5.0 Hz, FCH3), 15.97 (s, ethyCHs),

General Polymerization Procedures. (a) For Ti ComplexesA
250-mL Schlenk flask was evacuated and refilled three times with
ethylene. The flask was then charged with the appropriate amount of
a 10% MAO solution in toluene, and sufficient toluene was added to
make a total volume of 99 mL. The desired amount of precatalyst in
1 mL of toluene was then injected into the rapidly stirred flask to initiate
the reaction under 1 atm of monomer. After a measured time interval,
the reaction was quenched by addition of 100 mL of 20% aqueous
HCI in methanol. The polyethylene was collected by vacuum filtration,
washed with methanol, and dried under vacuum at®dor 18 h.

(b) For Zr Complex 25. MAO (10% in toluene) was evaporated
(40°C, 0.1 mmHg) to give a white solid. The required amount of this
material was weighed into a Schlenk flask and dissolved in 90 mL of
toluene, and the solution was saturated with ethylene. A soluti@b of
in 10 mL of toluene was then injected with a large-bore needle directly
into the stirred MAO/ethylene solution under ethylene atmosphere to
initiate polymerization; runs were quenched after 8 min and processed
as above.

(30) Eisch, J. J.; Kovacs, C. A.; Chobe J?Org. Chem1989 54, 1275~
1284.



10580 J. Am. Chem. Soc., Vol. 122, No. 43, 2000 Dodge et al.

13C NMR Analysis of Polyethylene.3C NMR analysis of the gies using similar equipment, but for consistency only the values from
polyethylene samples was done at 128 using a GE GN-300 the Union Carbide facility are reported here.
instrument. Spectra were recorded in a 10-mm tube using a delay time  Differential Scanning Calorimetry. DSC was performed on a TA
of 1 s. The sample was prepared by dissolving 150 mg of polymer in Instruments automated differential scanning calorimeter, with the
3 mL of 1,2,4-trichlorobenzene at 14C. DMSOds (0.5 mL) was following method: (1) a 510-mg sample is heated from20 to 200
added to serve as a lock solvent. Spectra were referenced to the main®C at 10°C/min under nitrogen; (2) the sample is held at 2@for
chain CH groups of polyethylene at 30.0 ppm. The nomenclature of 1 min and then cooled at 1/min; (3) the sample is held at°C for
the peak assignments is that of Usami and Takay&Pand values 1 min and then heated again at 10/min to 200°C. The reported

for peak assignments are taken from ref 31. values are those obtained in the second heating scan, which were highly
(a) Polyethylene from 1 Using 2500 Equiv of MAO.23C NMR reproducible in subsequent scans.

((CD3)2S0,6): 30.0 (s, main chain CH. NMR Spectroscopy of Precatalystst MAO. In a nitrogen-filled
(b) Polyethylene from 2 Using 2500 Equiv of MAO.*C NMR drybox, 5 mg of each complex was dissolved in 0.5 mL of dry toluene-

((CD3)2S0, 6): 30.0 (s, main chain CH. ds and then treated with the appropriate amount of dry MAO (60 or
(c) Polyethylene from 3 Using 2500 Equiv of MAO.13C NMR 200 equiv dissolved in 0.5 mL of toluertg). P NMR spectra were

((CD3)2S0,0): 14.20 (s, 1By), 22.89 (S, 2Bngert), 27.49 (s,6Bs+), recorded immediately.

29.57 (s, 4By), 30.0 (s, main chain Chl, 30.37 (s,yBs+), 32.17 (s,

3Biongert)- Acknowledgment. Funding from the National Science

(d) Polyethylene from 22 Using 2500 Equiv of MAO13C NMR Foundation (Grant No. CHE 9322490 to R.N.G. and Grant No.
((CD3)2S0,0): 27.44 (s,8Bs+), 30.00 (s, main chain Cii 30.37 (s, CHE 9313746 to M.G.F.) and from Air Products Corp. for
7Be+). ) ) partial support of this work is acknowledged. We are grateful

Gel Permeation Chromatography. GPC was performed at Union 4 pr_ Timothy A. Herzog (Union Carbide Corp.) and Dr. Ursula
Carbide Corp. on a Waters 158Cinstrument. Conditions: mobile Tracht (Symyx Technologies, Inc.) for GPC analyses, and to

phase, 1,2,4-trichlorobenzene; temperature,"G%olumns, 1-Polymer . .
Labs PL Gel Guard (7.5 50 mm), 1-Polymer Labs PL Gel 50A (7.5 Dr. John Hefner of Air Products Corp. for valuable suggestions

x 30 mm), 3-Shodex AT-806MS (& 250 mm); injection volume, on the manuscript.
300 ul; sample preparation, 0.1% (wt/vol) in trichlorobenzene, . . . . .
solubilized at approximately 165.70°C for 60 min with gentle stirring Supporting Infolrma.tlon ?vallable. Details of X-raylcrystal
for the last 5 min. Several samples were analyzed at Symyx Technolo- Structure determinations’®® NMR spectra of1-3 in the _
presence and absence of MAO, and EPR spectra (PDF). This
(31) (a) Hansen, E. W.; Blom, R.; Bade, O. Rblymer1997, 38, 4295~

4304, (b) Usami, T.. Takayama, Stacromoleculesi984 17, 1756, (c) matgnal is available free of charge via the Internet at
De Pooter, M.; Smith, P. B.; Dohrer, K. K.; Bennett, K. F.; Meadows, M.  Nttp://pubs.acs.org.

D.; Smith, C. G.; Schouwenaars, H. P.; Geerards, RJ.AAppl. Polym.
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