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Abstract: The formation of adducts of tris(pentafluorophenyl)borane with strongly coordinating anions such
as CN™ and [M(CN)]%~ (M = Ni, Pd) is a synthetically facile route to the bulky, very weakly coordinating
anions [CN B(CeFs)3} 2]~ and [M{ CNB(CsFs)3} 4]>~ which are isolated as stable NHMRiT™ and CPR" salts.

The crystal structures of [CEIRCN{B(CsFs)3} 2] (1), [CPH][CIB(CéFs)3] (2), NHMeoPhL[Ni{ CNB(CsFs)s} 4]«
2Me;CO (4b-2Me,CO), [CPh]2[Ni{ CNB(CsFs)s} 4] 2CH;Cl, (4c:2CH,Cly), and [CPh][Pd CNB(CsFs)a} 4]+
2CH,Cl; (5¢:2CH,Cl,) are reported. The CN stretching frequencied iand5 are shifted by~110 cnt? to

higher wavenumbers compared to the parent tetracyano complexes in aqueous solution, althougktthe M
and C-N distances show no significant change on gRg)s coordination. Zirconocene dimethyl complexes
LoZrMe; [L, = Cp,, SBI = rac-Me,Si(Ind),] react with1, 4c or 5c in benzene solution at 2T to give the

salts of binuclear methyl-bridged cations, JlrtMe),(u-Me)][CN{ B(CsFs)3} 2] and [(LoZrMe)y(u-Me)][M{ CNB-
(CeFs)s}4]. The reactivity of these species in solution was studied in comparison with the k{¢®BI}-

ZrMe} o(u-Me)][B(CeFs)4]. While the latter reacts with excess [GHB(CeFs)4] in benzene to give the
mononuclear ion pair [(SBI)ZrMe--B(CsFs)47] in a pseudo-first-order reactiok,= 3 x 107* s71, [(Lo-
ZrMe),(u-Me)][CN{ B(CsFs)3} 2] reacts to give a mixture of ZZrMe(u-Me)B(CsFs); and LZrMe(u-NC)B-
(CsFs)3. Recrystallization of [CipZr(u-Me)AlMe ] [CN{ B(CsFs)3} 2] affords Cp'2ZrMe(u-NC)B(CsFs)3 6, the

X-ray structure of which is reported. The stability of j@rMe),(u-Me)]*X~ decreases in the order %
[B(CgFs)a] > [M{CNB(CsFs)s}a] > [CN{B(CsFs)s}2] and increases strongly with the steric bulk of £

Cp. < SBI. Activation of (SBI)ZrMe by 1 in the presence of AlBu gives extremely active ethene
polymerization catalysts. Polymerization studies at71lbar monomer pressure suggest that these, and by
implication most other highly active ethene polymerization catalysts, are strongly mass-transport limited. By
contrast, monitoring propene polymerization activities with the systems (SBI)ZtM¢Bu'; and CGCTiMe/
T/AIBU3 at 20°C as a function of catalyst concentration demonstrates that in these cases mass-transport limitation
is absent up to [metallkr 2 x 1075 mol L~1. Propene polymerization activities decrease in the order
[CN{B(C6F5)3}2]_ > [B(CGF5)4]_ > [M{CNB(C6F5)3}4]2_ > [MeB(Cst)g]_, with differences in activation
barriers relative to [CRB(CeFs)s} 2]~ of AAG* = 1.1 (B(GsFs)s7), 4.1 (N{{ CNB(CsFs)3}427) and 10.712.8

kJ mol! (MeB(CsFs)3™). The data suggest that even in the case of very bulky anions with delocalized negative
charge the displacement of the anion by the monomer must be involved in the rate-limiting step.

Introduction leads to a dramatic increase in activity and is the basis of the
) . use of ionic systems [IMR]T[R'B(Arg)s]~ as highly effective
The _profo_ur_ld effect_of counteranions on the reactivity and gafin polymerization catalysfs.In particular, Marks has
catalytic activity of cationic early transition-metal complexes  yemonstrated that suitable elaboration of the perfluoroaryl borate
is well-established. * For example, while BRiT has atendency o nteranion can result in significant enhancements in stability
to form z-complexes and tight ion paifghe weak coordinating  anq activity of ionic metallocene catalygHowever, in view
ability of its perfluoro analogue [B(s)a~ and its congeners ¢ the fact that the preparation of such anions is costly and

involves not insignificant synthetic effort, we have become
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interested in methods of generating new bulky anions in a more
straightforward manner. One such method is the facile adduct

formation between commercially available BFg)s® and strongly
coordinating anion&’ With this aim in mind we have recently
reported the synthesis of [CRICN{B(CsFs)s}2] (1) and
[CPhg]2[Ni{ CNB(CsFs)3} 4] (4¢) and their use as activators for

zirconocene-based ethene polymerization catalysts in a prelimi-

nary communicatioA! In contrast to borates of the type
[R'B(Arp)s]~ and [B(Arr)4] ~, which contain one negative charge
per boron atom, the charge in the oligoborafesnd 4 is
delocalized and reduced to 0.5/B (structéke Both for steric
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and electronic reasons it seemed reasonable to expect that aigure 1. Structure of the [CHIB(CeFs)s}2] ~ anion inl, showing the

counterions for cationic early transition-metal catalysts such
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atomic numbering scheme. Ellipsoids are drawn at 40% probability
level.

anions would show reduced ion pairing and hence increased
catalytic activity. Preliminary results with (SBI)ZrMg& mix-
tures (SBI= rac-Me,Si(Ind),) indicated that this expectation
was justified!aWe report here the evaluation of oligoborates
as activators in high-activity ethene and propene polymerization
catalysts.

Results

Anion Synthesis.Stirring a suspension of KCN with 2 equiv
of B(CsFs)3°Et,0 in diethyl ether at room temperature for 12 h
leads to the slow dissolution of the solid to give a clear solution.
Replacing the ether solvent with dichloromethane and adding
1 equiv of chlorotriphenylmethane gives an orange-yellow
solution from which [CPE[CN{B(CsFs)s} 2] (1) is isolated in
45% yield (Scheme 1). Crystallireis not affected by storing
in air at ambient conditions for extended periods of time.
Crystals suitable for X-ray diffraction were grown from dichlo-
romethane/light petroleum mixtures. The structure is shown in
Figure 1, and selected bond lengths and angles are given in
Table 1. The CN-bridged geometry is further confirmed by the
observation of twd!B NMR signals at) —11.94 and—21.68
and thevcy stretching frequency at 2305 ci Structurally
related cyanoborates are known, viz. [CN@#t and [CN-



Anion Effects in Olefin Polymerization

Table 1. Selected Bond Distances [A] and Angles [deg]

[CPH][CN{B(CsFs)3} 2] 1

B(1)-N(1) 1.593(2)
C(2)-N(1) 1.144(2)
B(1)—C(121) 1.1646(2)
C(2)-N(1)-B(1) 173.55(14)

N(1)-B(1)-C(111) 108.41(11)
N(1)-B(1)—C(131) 104.75(11)

B(2)-C(2) 1.583(2)
B(1)-C(111) 1.1636(2)
B(1)C(131) 1.1644(2)
N(1)}C(2)-B(2) 174.50(14)
N(BB(1)—C(121) 103.71(11)

C(11BB(1)-C(121) 111.02(11)

[CPR[CIB(CéFs)s] 2

B—Cl 1.928(2)

B—C(21) 1.649(3)
C(11)-B—Cl 105.10(14)
C(31)-B—Cl 103.31(14)
C(11)-B—C(31) 115.5(2)

B-C(11) 1.646(3)
B-C(31) 1.648(3)
C(21)B—Cl 111.69(14)
C(11B—C(21) 107.7(2)
C(25B—C(31) 113.2(2)

[HNMe,Phb[Ni{ CNB(CsFs)3} 4] -2MeCO 4b

Ni—C(1) 1.851(2) Ni-C(2) 1.856(2)
C(1)-N(1) 1.143(3) N(1)-B(1) 1.582(3)
C(2)-N(2) 1.143(3) N(2)-B(2) 1.578(3)
B(1)-C(111) 1.636(3) B(1)C(121) 1.639(3)
C(1)-Ni—C(1)* 180.0 C(1)-Ni—C(2)* 89.44(9)
C(1)-Ni—C(2) 90.56(9) N(L)-C(1)—-Ni 178.3(2)
N(2)—C(2)-Ni 174.8(2) C(1}-N(1)-B(1) 177.5(2)
C(2)-N(2)-B(2) 178.2(2) N(1)-B(1)-C(111) 105.9(2)

[CPhe]2[Ni{ CNB(CsFs)3} 4] - 2CH,Cl, 4C

Ni—C(1) 1.855(2) Ni-C(2) 1.862(2)

C(1)-N(1) 1.145(2) N(1)-B(1) 1.574(2)

C(2)-N(2) 1.146(2) N(2)-B(2) 1.574(2)
B(1)-C(111) 1.635(3) B(1)C(121) 1.642(3)
C(1)-Ni—C(1)* 180.0 C(1)-Ni—C(2)* 92.85(7)
C(1)-Ni—C(2) 87.15(7) N(1)-C(1)—Ni 176.5(2)
N(2)—C(2)-Ni 175.2(2) C(1)N(1)-B(1) 174.8(2)
C(2)-N(2)-B(2) 175.6(2) N(1)-B(1)-C(111) 103.65(14)

[CPhe]o[Pd{ CNB(CeFs)3} 4] - 2CH,Cl> 5¢

Pd—C(1) 1.989(2) Pd-C(2) 1.995(2)
C(1)-N(1) 1.126(3) N(1)-B(1) 1.577(3)
C(2)-N(2) 1.126(3) N(2)-B(2) 1.571(3)
B(1)—C(111) 1.639(3) B(1)}C(121) 1.645(3)
C(1)-Pd-C(1)* 180.0(2) C(1)-Pd—C(2)* 87.05(8)
C(1)-Pd-C(2) 92.95(8) N(1)-C(1)—Pd 176.6(2)
N(2)—C(2)-Pd 174.7(2) C(EN(1)-B(1) 175.3(2)
C(2)-N(2)-B(2) 175.5(2) N(1}-B(1)-C(111) 106.4(2)

Cp'2Zr(Me)NCB(CsFs)s:C/Hg 6

Zr—C(14) 2.254(3) ZeN(1) 2.259(2)
N(1)—C(16) 1.149(3) C(16}B(1) 1.614(4)
B(1)-C(111) 1.639(4) ZrC(1) 2.508(3)
Zr—C(2) 2.511(3) Zr-C(3) 2.530(2)
Zr—C(4) 2.496(3) Z+-C(5) 2.486(3)
B(1)—C(111) 1.639(4) C(BSi(1) 1.878(3)

C(14)-Zr—N(1) 102.60(10)
N(1)—-C(16)-B(1) 174.1(3)
C(16)-B(1)—C(121) 102.6(2)

ZrN(1)—C(16) 175.1(2)
C(16YB(1)—~C(111) 111.2(2)
C(16YB(1)—C(131) 105.0(2)

(BPhs)2]~; they are characterized by closely similagy
frequencies (2305 and 2255 chrespectively}213The latter
was found to be prone to dissociation into BRhd [PRBCN]".
In the case of the much stronger Lewis acid Bf§); such a
dissociation process appears to be disfavéted.

Oxo anions represent a weaker type of donors and form less
stable complexes. Stirring a mixture of KNOPhCCI, and
B(CsFs)3°EtO in dichloromethane in a procedure analogous to

(12) Wade, R. C.; Sullivan, E. A.; Berscheid, J. R.; Purcell, Kinerg.
Chem.197Q 9, 2146.

(13) Giandomenico, C. M.; Dewan, J. C.; Lippard, SJJAm. Chem.
Soc.1991 103 1407.

(14) For a discussion of Lewis acid strengths of boranes see: Luo, L.;
Marks, T. J.Top. Catal.1999 7, 97.
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that used forl fails to give the nitrate adduct but generates
[CPh[CIB(C6Fs)s] (2) in good vyield. The same product is
obtained in the absence of KNOThe structure of2 was
confirmed by X-ray crystallography; the anion is identical to
that obtained by Erker et al. from the reaction of {ACMe-
Cp)ZrCl, and B(GFs)s (Ar = p-tolyl).’® By contrast, the
reaction of [PANMgH][HSO4] with B(CeFs)3-Et;O in dichlo-
romethane affords [PhNME][HSOs{ OB(CsFs)a}] (3).16

The tetracyanometalates [M(CJ)~ are characterized by very
high formation constants in aqueous solutiom31¥6r M = Ni
and 102 — 10°17 given for M = Pd1’ These anions therefore
promised to produce very stable adducts with . Stirring
a mixture of K[Ni(CN)4] with B(CgFs)3*Et,O in dichloro-
methane did indeed give the expected produgfNIK CNB-
(CeFs)s}4] (4a), as a white solid. Cation exchange with [NH-
Me,Ph]ClI afforded the corresponding dimethylanilinium it
while the CPR" salt 4c was made directly from RECI, K-
[Ni(CN)4] and B(GFs)sEt,O. Crystals of4b-2Me,CO were
grown from dichloromethane containing small amounts of
acetone. The palladium compoundgPd CNB(CsFs)s} 4] 5a,

(A = K) and 5¢c (A = CPhy) were obtained by analogous
procedures as crystalline solids.

Coordination of B(GFs)3 to [M(CN)4]2~ significantly raises
the C—N stretching frequencies. The nickel compleXdeshow
infrared absorptions at2236 cnt?, essentially independent of
the cation, compared to 2123.5 chior K;Ni(CN)4 in aqueous
solution!8 The corresponding frequency for the Pd comBex
is observed at 2243 cm, ~110 cnt?! higher than that in K
[PA(CN)] (2135.8 cnt?l).

The structures ofb-2Me,CO, 4¢:2CH,Cl,, and5¢:2CH,Cl,
were determined by X-ray diffraction. In all cases the anions
are square-planar; the anion 5¢ is shown in Figure 2. The
M—C and C-N distances of the B(§Fs)s adducts are remark-
ably similar to those found in the solid-state structures gf K
Ni(CN); and RBNi(CN)4H,0;1220 for example, the average
Ni—C distance imc (1.856(2) A) is essentially identical to that
in KoNi(CN)4 (1.87(3) A). The G-N bond distances in #i-
(CN); and RBNi(CN)4-H20 are almost identical to those 4,
4c, and 5¢, (as far as is possible to judge in view of the
comparatively large standard deviations in the parent cyano
complexes). A comparison of bond distances in cyano com-
plexes is given in Table 2.

Reactivity Studies. The solution chemistry of the new
activatorsl and 4 in reaction with various metallocenes was
studied by NMR spectroscopy.

Some time ago we showed that the reaction of [{Ph
[B(CeFs)4] with LoZrMe, (L, = Cp, or SBI; SBI = rac-Me,-
Si(Ind)) in dichloromethane at-60 °C formed the methyl-

(15) Bosch, B. E.; Erker, G.; Fhiich, R.; Meyer, O.Organometallics
1997 16, 5449.

(16) Adducts of B(GFs)3 with neutral (a-d) and anionic (e-h) oxo and
nitrido complexes have recently been described: (a) Galsworthy, J. R.;
Green, M. L. H.; Miler, M.; Prout, K.J. Chem. Soc., Dalton Tran£997,
1309. (b) Galsworthy, J. R.; Green, J. C.; Green, M. L. H}lItuM. J.
Chem. Soc., Dalton Tran&998 15. (c) Doerrer, L. H.; Galsworthy, J. R.;
Green, M. L. H.; Leech, M. AJ. Chem. Soc., Dalton Tran$998 2483.
(d) Doerrer, L. H.; Galsworthy, J. R.; Green, M. L. H.; Leech, M. A.ilMdy
M. J. Chem. Soc., Dalton Tran$998 3191. (e) Doerrer, L. H.; Graham,
A.J.; Green, M. L. HJ. Chem. Soc., Dalton Tran998 3941. (f) Barrado,
G.; Doerrer, L. H.; Green, M. L. H.; Leech, M. A. Chem. Soc., Dalton
Trans.1999 1061. (g) Abram, U.; Kohl, F. J.; fele, K.; Herrmann, W.
A.; Voigt, A.; Kirmse, R.Z. Anorg. Allg. Chem1998 624, 934. (h) Abram,
U. Z. Anorg. Allg. Chem1999 625, 839. See also Scott, R. N.; Shriver, D.
F.; Lehman, D. DInorg. Chim. Actal97Q 4, 73.

(17) Beck, M. T.Pure Appl. Chem1987 59, 1703.

(18) Kubas, G. J.; Jones, L. khorg. Chem.1974 13, 2816.

(19) Vanneberg, N. GActa Chem. Scand.964 18, 2385.

(20) Dupont, L.Acta Crystallogr.197Q B26, 964.
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Table 2. Comparison of Bond Distances in Metalyano Complexes [A]
complex M-C1 M—-C2 C1-N1 C2-N2 N1-B1 N2—-B2
K2[Ni(CN)4] 1.90(3) 1.84(3) 1.15(5) 1.11(5)
4b 1.851(2) 1.856(2) 1.43(3) 1.143(2) 1.582(3) 1.582(3)
4c 1.855(2) 1.862(2) 1.145(2) 1.146(2) 1.574(2) 1.574(2)
Rb;[Pd(CN)]-H.0O 1.967(20) 2.038(23) 1.164(26) 1.093(28)
5¢c 1.989(2) 1.995(2) 1.126(3) 1.126(3) 1.577(3) 1.571(3)
Scheme 2
2 LyZiMey + 1 ———= [Lz%r-Me-IZrLZYD [(CEF5)3B-CN‘B(CGF5)3]G
Me Me
L, = Cpy, rac-Me,Si(ind), \
Me Me
LyZr Lzl
Me—B(CqFs)s NC—B(CeFs)s

Figure 2. Structure of the [PECNB(CsFs)s} 412~ anion in5c, showing

not possible to obtain a clean spectrum without decomposition
products. The formation of the zwitterionic B{f)s adduct,
CpZrMe(u-Me)B(CsFs)s, and one other species, presumably
Cp2ZrMe(u-N=C)B(CsFs)3, could be detected.

The dimethylsilyl-bridged complex forms a more stable
binuclear complex. Decomposition df(EBI)ZrMe} x(u-Me)]-

the atomic numbering scheme. Ellipsoids are drawn at 40% probability [CN{ B(C¢Fs)3} 2] occurs within hours; complete decomposition

level.

bridged binuclear cations [(ZrMe)x(u-Me)]*, even in the
presence of excess trityl sdkConversion to the mononuclear
species [kZrMe]" occurred only on warming but was ac-
companied by rapid decomposition in the chlorinated solvent.
For comparison with the behavior of activatdrsand 4, the
reactions of bZrMe, with [CPhy][B(CeFs)4] were reinvestigated

in benzeneds at room temperature.

Treatment of [CP¥[B(CeFs)4] with an excess of pZrMe,
generates the binuclear zirconocene cationgZffle),(u-Me)] -
[B(CeFs)a]~ in benzene solution at 298 K. The zirconocene
concentration was kept low (0.8 [Zr] o < 2.5 mmol L) to

prevent the formation of higher aggregates and the precipitation

of a sample could be detected after 24 h at 298 K in benzene
solution. Two main products are detected: the ¢}z adduct,
(SBI)ZrMe(u-Me)B(CsFs)3, and one other species, assigned to
(SBIl)ZrMe(u-N=C)B(CsFs)3. Mononuclear catiorranion pairs
of the type [LoZrMe--+(CgFs)sBCNB(CsFs)3~] are not observed.
The reactions of GZrMe; and (SBIl)ZrMe with the nickel
complex4c again give initially the corresponding binuclear
u-Me cations as the only observable metallocene products.
Because of the poor solubility dicin benzene, measurements
were initially carried out in CBCl,. The primary product,
[{ (SBI)ZrMe} 5(u-Me)]2[Ni{ CNB(CsFs)3} 4], proved surprisingly
stable in the chlorinated solvent at room temperature, although
some decomposition was apparent aftel5 min.
For reactions withlcin CgDg the addition of up to 20 vol %

of ionic species as oils. Even in samples with a reactant ratio 1 2_gifluorobenzene was required to achieve adequate solubility.

of 1:1 only the binuclear cations are observed as the initial
products. The slow formation of mononuclear cationic zir-
conocene complexes JZrMet-+-B(CqFs)47] is seen after a few
minutes. In the case of,l= SBI the kinetics of this transforma-
tion were determined. The reaction §{$BI)ZrMe} o(u-Me)]-
[B(CeFs)4] with excess [CPH][B(CesFs)4] proceeds cleanly to
give the ion pair {(SBIl)ZrMe)*---B(CsFs)4~] and follows
pseudo-first-order kinetick = 3 x 107* s1 (298 K). The

Mixture of 4c with excess kZrMe; in C¢Dg/CgH4F2 gave [(Ly-
ZrMe)(u-Me)]"o[Ni{ CNB(CsFs)3} 42, as expected (L= Cp,
SBI), together with unreacted,ZrMe,. These binuclear com-
plexes are more stable than their [(B(CsFs)3} 2] ~ analogues;
a sample of [(CgzZrMe),(u-Me)]o[Ni{ CNB(CsFs)s}4] decom-
posed completely only after 60 min, while a sample{¢SBI)-
ZrMe} o(u-Me)]2[Ni{ CNB(CsFs)3} 4] showed minor signs of
decomposition only after 30 min. In both cases the )z

mononuclear complex is stable in benzene under these condi-zgqycts, LZrMe(u-Me)B(CeFs)s, were detected as the only

tions. A comparable slow reaction was observed for the Cp
ZrMe; system, which forms a far less stable binuclear cation.
The reaction of kZrMe; with 1 in CgDg proceeds in a similar
manner, forming [(kZrMe)y(u-Me)][CN{B(CsFs)s}2] as the
initial product at 25°C (Scheme 2). The binuclear ion pair
formed from the CgZrMe, system, [(CpZrMe)y(u-Me)*:-
(CsFs5)3BCNB(CsFs)3 7], proved to be relatively unstable at room

decomposition products; there was no evidence for CN-bridged
decomposition products, such asZitMe(u-NC)Ni{ CNB-
(CoFs)a} 3.

A similar sequence of events is observed in the presence of
AlMe 3 which is known to form comparatively stable heterobi-
nuclear cations [GiZr(u-Me)AlMe;] *.21 For example, a mix-
ture of Cp'2ZrMey, 1, and AlMe; in a 1:1:1.5-ratio forms the

temperature. The spectrum shows complete decomposition ofyaterobinuclear complex [CpZr(u-Me),AlMe ] [CN{B(Ce-

a benzene solution with [Zg] = 2 mmol/L after 5 min. It was

(21) (a) Bochmann, M.; Lancaster, S.Ahgew. Chem., Int. Ed. Engl.
1994 33, 1634. (b) Bochmann, M.; Lancaster, SJ.JOrganomet. Chem.
1995 497, 55. (c) For related MeB(§Fs)s~ complexes, see: Haselwander,
T.; Beck, S.; Brintzinger, H. H. IiZiegler CatalystsFink, G., Muhaupt,

R., Brintzinger, H. H., Eds.; Springer, Berlin, 1995; p 181. Beck, S.; Prosenc,
M. H.; Brintzinger, H. H.J. Mol. Catal. A: Chem199§ 128 41.

Fs)s}2]~ (Cp' = 1,3-GHs3(SiMes),). The NMR spectrum in
CsDe at room temperature is broad, but the product is unequivo-
cally characterized in CiZI, at —50 °C.

This reaction was repeated on a preparative scale in toluene.
Treatment of a mixture of CpZrMe, and excess AlMgwith
1 gave an oily precipitate of [ChZr(u-Me),AlMe;][NC-
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Figure 3. Molecular structure of CppZrMe(u-NC)B(CsFs)3 6, showing
the atomic numbering scheme. Ellipsoids are drawn at 40% probability
level.

Scheme 3
@
AlMe: v Me\
Cp"pZrMe, + 1 3 Ccpzil CAMe, [(CSF5)3B—CN—B(CGF5)3
Me
Cp" = 1,3-CsHy(SiMey),
Me
.5
Cp' ZZr\
NS,
C\
6 B(CoFs)s

{B(C¢Fs)3} 2] (Scheme 3). After this mixture was stirred at room
temperature for 30 min, the precipitate dissolved to afford a
clear solution from which pale-yellow crystals were isolated.
The product was identified as the cyanoborate compleX,Cp
ZrMe(u-NC)B(CsFs)3 6. The structure ob-toluene was con-
firmed by X-ray crystallography (Figure 3).

The Zr—CHz and Zr—N bond lengths o6 are essentially
identical, 2.254(3) and 2.259(2) A, respectively, and closely
comparable to the terminal ZICHs; distance in CpjZrMe(u-
Me)B(CsFs)z (2.260(4) A)22 The C-N distance of 1.149(3) A
is almost identical to the corresponding valuelinwhile the
B—C distance ir6 is slightly longer, 1.614(4) A compared to
1.583(2) A. The C(14)Zr—N(1) angle of 102.60(10)is
marginally wider than the MeZr—Me angle in the related
complex C@ZrMe(u-Me)B(CsFs)s (97.1(2)).

On the basis of the X-ray diffraction data alone it is not
possible to decide unequivocally whether the CN moiety is
N-bound or C-bound to zirconium, although refinement with
the thermal parameters for ZN gave slightly better results.
The anion ofl shows two!B NMR resonances, a broadened
signal ato —11.94 for B-N, and a sharp resonance for-B
ato —21.68. Complex only shows a sharp signal at-19.57,
that is, the boron atom is C-bound, and there is no C/N bond
isomerization.

Polymerization Studies and Anion EffectsAs stated in the
Introduction, the nature of the counteranion and its coordinating
ability can exercise a profound effect on catalyst activity. Thus,
even weakly coordinating anions such as [MeB{£;]~ and
[B(CeFs)4]~ are involved in dissociation equilibfawith cationic

(22) Bochmann, M.; Lancaster, S. J.; Hursthouse, M. B.; Malik, K. M.
A. Organometallics1994 13, 2235.

J. Am. Chem. Soc., Vol. 123, No. 2, 2201

metallocene species and may form solvated and solvent-
separated ion paif8 As Brintzinger et al. showed recently, these
ion pairs may associate in low-polarity solvents such as benzene
or toluene to give ion quadruplets, at least in the absence of
olefin mononer* The importance of ion-pair association has
been underlined further by theoretical modeling studies which
show the displacement of the counteranion from the metal
coordination sphere by ethene as a low-energy pathway that
probably constitutes the largest contribution toward the activa-
tion barrier of the chain growth proce%s.

Although the expectation of significant anion effects on the
rate of polymerization is therefore reasonable, differences
between chemically closely related anions in high-activity
catalysts can be difficult to assess quantitatively. For example,
early studies on the activity and stereoselectivity of zirconocenes
as a function of the anions [MeB§Es)s] ~, [PhCH.B(CsFs)s]
[B(CeFs)4] ~, and [Me-MAQT had shown that the effects were
readily obscured by differences in reaction exotherms that
proved difficult to controB® In addition, it is well-known that
the activity of a given catalyst system can vary widely with
reaction conditions, in particular activator:catalyst ratio, po-
lymerization times, and catalyst concentratfdithis is perhaps
best illustrated by Mbring and Coville’s compilation of
literature data for the activity of the “standard” ethene polym-
erization catalyst GZrCl,/MAO, which cover a range of 4
orders of magnitudé® We therefore saw the need to arrive at
an experimental protocol that would allow an assessment of
anion and ligand effects in a more quantitative fashion.

Preliminary ethene polymerizations were carried out under
1 bar monomer pressure at 80 using (SBI)ZrMe in 50 mL
of toluene in the presence of 2@@nol AlBu'; as scavenger,
with a Zr:activator ratio of 1:1 and a stirring rate of 1000 rpm,
to develop a standard set of reaction conditions. With both
[CPh][B(C6Fs)4] and 1, high polymerization activities were
observed. However, in most reactions activator addition led to
the instantaneous formation of a surface polymer film which
was bound to impede monomer uptake from the gas phase, and
mass-transport limitation was therefore suspected.

This was borne out by the strorapparentdependence of
catalyst activity on [Zr]. Decreasing [Zr] for a (SBl)ZrMe
[CPhe][B(CFs)4] catalyst from 2x 10> mol L~1to 4 x 10°°
mol L~1 increased the catalyst productivity figure from 3%8
1P g PE (mol Zry* h™! bar! to 168 x 1° g PE (mol Zry!
h=1 bar! (Figure 4). However, closer inspection showed that
in all reactions almost identical amounts of polymer had been
produced, a clear case of mass-transport limitation due to rapid
monomer consumption from the solution phase. Evidently chain
propagation in these systems is significantly faster than mono-
mer diffusion into the solution, and therefoneone of these
values should be regarded as a true reflection of the actual
activity of this catalyst system

Reducing the catalyst concentration belowt x 1076 mol
L~1in an effort to overcome problems of monomer depletion
proved problematic since very highly diluted stock solutions

(23) Beck, S.; Prosenc, M. H.; Brintzinger, H. H.; Goretzki, R.; Herfert,
N.; Fink, G.J. Mol. Catal. 1996 lll 67.

(24) Beck S.; Geyer, A.; Brintzinger, H. i€hem. Commuri999 2477.
(25) (a) Chan M. S. W.; Vanka, K.; Pye, C. C.; Ziegler,drganome-
tallics 1999 18, 4624. (b) Vanka V. Chan, M. S. W.; Pye, C. C.; Ziegler,

T. Organometallics200Q 19, 1841.

(26) Lancaster, S. J. Ph.D. Thesis, University of East Anglia, 1995.

(27) (a) Kaminsky, W.; Miri, M.; Sinn, H.; Woldt, RMacromol. Chem.
Rapid Commun1983 4, 417. (b) Janiak, C.; Versteeg, U.; Lange, K. C.
H.; Weimann, R.; Hahn, Bl. Organomet. Chen1995 501, 219. (c) Janiak,
C.; Lange, K. C. H.; Versteeg, U.; Lentz, D.; Budzelaar, P. H.QWtem.
Ber.1996 129 1517.

(28) Mohring, P. C.; Coville, N. JJ. Organomet. Chen1994 479, 1.
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Table 3. Ethene Polymerizations with Titanium and Zirconium Catalysts as a Function of Anion Stfucture

Zhou et al.

metallocene activatoP AlBu'; temp  time polymer

(umol) (umol) [umol] [°C] [s] yield [g] productivity® My, x 1073 Muw/Mn Tm[°C]
(SBI)ZrMe, (1.0)  B(GsFs)4 (1.0) 200 60 180 0.68 13.6 n.d.
(SBI)ZrMe; (0.2)  B(GiFs)4 (0.2) 200 60 30 0.28 168 195.5 2.7 135.4
(SBI)ZrMe; (1.0)  B(GsFs)s (1.0) 200 60 30 0.28 33.8 135.7
(SBI)ZrMe; (0.2)  B(GiFs)4 (0.2) 200 60 10 0.21 450 178 2.7 n.d.
(SBI)ZrMe; (1.0)  B(GiFs)s (1.0) 200 60 180 0.70 14.0 225.5 3.0 n.d.
(SBI)ZrMe; (0.5)  B(GiFs)s (0.5) 200 60 30 0.29 69.6 137.3
CGCTiBz (0.2) 1(0.2) 100 60 30 0.21 126
CGCTiBz (0.5) 1(0.5) 100 60 30 0.26 62.4
CGCTiBz (1.0) 1(1.0) 100 60 30 0.37 44.4 304 3.0 136.9
CGCTiBz (1.0) B(GFs)4 (1.0) 100 60 30 0.30 36 254 3.3 137.3
CGCTiBz (1.0) B(CsFs)s (1.0) 100 60 30 0.20 24 138.1

aConditions: 1 bar ethene pressure, 50 mL toluene, stirring rate 1000°r@(CsFs)s = [CPhe][B(CsFs)4]. ¢ In 1C° g PE/(mol Myh-bar.
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! activator; (b) increase of stirrer speed from 500 to 800 rpm; (c)
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Even in ethene polymerizations at 1 bar noticeable reaction
exotherms were observed, and for this reason comparable but
less active catalysts were sought. Earlier work on anion effects
by Marks et al. had suggested that titanium catalysts of the
) ) . “constrained geometry” type, such as #8&CsMe,)(NBU)TiR»
of zirconocene dimethyls are very prone to hydrolysis and tend (CGCTIiR,), gave ethene polymerization activities that were up
to give poorly reproducible results. Ethene polymerizations were {4 5 orders of magnitude lower than those of zirconocenes, for
therefore conducteahia 5 Lautoclave under 7 bar ethene. This example, 0.08 and 1.5 10° g PE (mol Tiy'* h™1 bar ! for
allowed the maximum concentration of active cationic zirconium [CGCTiMe][MeB(CsFs)s] and [CGCHTi][B(C6Fs)d], respec-
species to be reduced to 6:710~° mol L™*. With (SBI)ZrMey/ tively.”df We therefore decided to compare our zirconocene
1/AIBu'; (5:1:1000) at a start temperature of 8D very rapid results with the system CGCTiRctivator/AlBus.
polymerization was observed, accompanied by a temperature Ethene polymerizations with (SBI)ZrMeand CGCTiBz
increase of+40 °C2° It proved difficult to pump in feed gas  activated with1, and for comparison, [CRHB(CeFs)s and
sufficiently fast to maintain the reactor pressure which dropped g(C4Fs); are collected in Table 3. In our hands the titanium
within 1 min from 7 to 2 bar. The gas flow diagram (Figure 5) catalysts exhibited activities comparable to those of zirconocenes
shows that even under these conditions the reaction is still gng were 16-100 times more active than previously reported.
diffusion limited, that is, the gas flow is very sensitive to the |n part this difference may be due to the presence of the AIBu
stirrer speed. After 4 min the reactor was filled with swollen scavenger in our syste#fAll three activators produced catalysts
polymer, and the reaction was terminated. The lower limit of broadly comparable activities which decreased in the order
estimate of catalyst productivity under these conditions was [CN(B(CgFs)s} 5]~ = [B(CsFs)a]~ > B(CsFs)a. In the titanium
7.6 x 10° g PE (mol Zry! h™! bar’. Assuming 100%  system, too, strictly isothermal conditions proved difficult to
participation of all cationic zirconocene centers in chain growth, establish.
this productivity corresponds to a monomer insertion rate of  Propene polymerizations present a different scenario. Some
over 5x 10*s ! averaged over the 4 min period. Initial insertion time ago we reported that Cp*TiM#B(CsFs)s polymerizes
rates are presumably much higher. Neither in these autoclavepropene to a very high molecular weight elastomeric polymer
reactions nor in reactions at 1 bar at lower temperatures werewith narrow polydispersity? In this system the polymer yield
we able to demonstrate the absence of mass-transport limitations
in the case of ethene polymerizations.

Figure 4. Dependence of catalyst activity and polymer yield in ethene
polymerizations with (SBI)ZrMg[CPhy][B(CeFs)4]/AlBu's (60 °C, 1
bar, 30 s), an illustration of mass-transport limitation.

(30) AIBUi3 can also act as an alkylating agent, although the extent of
this reaction depends on the transition-metal alkyl. With (SBI)Zrlstied
CGCTiMe in the presence of excess AlBurapid Mei-Bu exchange is
observed, while CGCTi(CHPh) remains essentially unreacted affeh at
25°C (AlTi = 8:1, GDs).

(29) The power output of zmol catalyst under these conditions is about
4 kW. Internal cooling of the autoclave was not attempted.
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Table 4. Propene Polymerizations with Titanium and Zirconium Methyl Complexes as a Function of Anion Stucture

entry metallocene activatoP AIBu'; toluene starttemp time AT® polymer Tm

no. (umol) (umol) [umol]  [mL] [°C] [min] [°C] vyield[g] productivit! My x 102 Mu/M, [°C]
1 (SBI)ZrMe (0.5) 1(0.5) 100 100 0 05 4 0.89 167.1 154.4
2 (SBl)ZrMe (0.5) 1(0.5) 100 100 20 05 6 0.88 297.5 109 1.9 1505
3  (SBl)ZrMe (1.0) 1(1.0) 100 100 20 05 14 1.64 277.2 95 2.0
4  (SBl)ZrMe, (1.0) 1(1.0) 100 100 20 10 6 0.95 160.6
5 (SBl)ZrMe (1.0) 1(1.0) 100 1000 20 10 O 0.89 150.4 105 3.8
6 (SBl)ZrMe (0.5) B(GFs)a~ (0.5) 100 100 20 05 4 0.56 189.3 112 19 1354
7 (SBl)ZrMe (0.5) B(GFs)a (0.5) 100 100 20 10 4 0.70 118.3 86.2 2.2
8 (SBl)ZrMe (0.5) B(GFs)a~ (0.5) 100 1000 20 10 O 0.58 98.0 135.4
9 (SBl)ZrMe (0.5) B(GFs)3(0.5) 100 100 20 10 0 0 0

10 (SBI)ZrMe (1.0) B(GFs)s(1.0) 100 100 20 10 0 0.19 1.60

11  (SBl)ZrMe (4.0) B(GFs)3 (4.0) 100 100 20 3 15 0.20 141 146.0

12 (SBl)ZrMe (4.0) B(GFs)s (4.0) 100 100 20 30 6.5 5.35 3.77 67 24 1443

13 (SBl)ZrMe (4.0) B(GFs)3 (4.0) 5 100 20 10 0 0.08 0.17

14 CGCTiMe (0.5) 1(0.5) 100 100 20 05 55 1.16 392.1 925 3.9e

15 CGCTiMe (0.5) 1(0.5) 100 100 20 10 6.0 132 223.1

16 CGCTiMe (0.5) 1(0.5) 100 1000 20 10 O 1.29 218.0 1150 37

17 CGCTiMe (0.5) B(GFs)s (0.5) 100 100 20 05 45 0.66 223.1

18 CGCTiMe (0.5) B(GFs)s (0.5) 100 1000 20 1.0 O 1.35 228.2 1640 45

19 CGCTiMe (10.0) B(GFs)3(10.0) 100 100 20 17 0 0.25 1.24

20 CGCTiMe (25.0) B(GFs):(25.0) 100 100 20 30 0 1.43 1.60 142 2.4

21  (SBIl)ZrMe (0.5) 4c(0.25) 100 100 20 05 2 0.235 56.4 98 25

22 (SBl)ZrMe (1.0) 4c(0.5p 100 100 20 10 O 0.787 47.2

23 (SBl)ZrMe (1.0) 5c(0.5p 100 100 20 10 O 0.228 13.7

2 Conditions: 1 bar propene pressure, stirring rate 1000 PECsFs)s = [CPh][B(CeFs)4]. © Internal temperature rise at the end of the rtim
10° g PP/(mol M)[C3Hg]-h-bar.€a-PP, [mm]= 11.0, [mr]= 49.6, [rr] = 39.4%.fIn 0.25 mL of toluene/1,2-difluorobenzene (75:2%)n 0.5 mL
of toluene/1,2-difluorobenzene (75:25).

Figure 6. Propene polymerization with Cp*TiM#(CsFs)s (20 °C,
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Figure 7. Propene polymerizations with (SBI)ZrM&/AlBu's: de-

toluene, 1 bar). The linear increase of polymer yield with [Ti] together pendence of polymer mass and productivity on [Zr] (1 bar,°20

with an approximately constant catalyst activity indicates absence of toluene). For experimental details see Table 4.

mass-transport limitation.

] ] ) ] ) o Polymerizations were carried out at 20 in flame-dried glass
increased linearly with [Ti], while the productivity values reactors in 100 mL of toluene and terminated typically after 30
remained approximately constant (Figure 6). These parameterss py methanol injection (Table 4). For the system (SBI)ZsMe
establish that, in contrast to the ethene polymerizations men-1/A|Bui; a plot of catalyst productivity as a function of
tioned above, mass-transport limitation is absent, an essentiakjrconium concentration shows the desired near-linear increase
precondition if catalyst productivities are to be related to of polymer yield with [Zr] over the chosen range of [Z#
variables such as ligand structure and the nature of the anion.s—20 %« 106 mol L% (Figure 7). The polymer mass graph
In the following such a regime was adopted for the assessmentshows slight deviation from linearity, and there is some decrease
of anion effects. To be able to separate the inf[ugnce of anion of productivity with increasing [Zr]. We ascribe this effect
structure from other effects on catalyst activity, such as primarily to the onset of system heterogenization as the product,
heterogenisation of the reaction mixture, catalyst entrapment, jsotactic polypropene, begins to precipitate. A similar diagram
increases in solution viscosity, monomer depletion of the for CGCTiMe/1/AIBU'zindicates that absence of mass-transport
reaction medium, and irreversible catalyst deactivation, short |imjtation can be assumed up to [T§ 2.5 x 10°5 mol L1

and strictly standardized reaction times were employed as far (Figure 8).

as possible (typically 30 s). With (SBI)ZrMe/J/AIBu'z and [Zr] = 5 x 1076 mol L1,
productivities were of the order 0$2.8-3.0 x 108 g PP (mol
Zr)™1 h™1 [C3Hg]~ (Table 4, entries 23). Throughout, the

(31) Sassmannshausen, J.; Bochmann, M:.scRp J.; Lilge, D.J.
Organomet. Cheml997 548 23.
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productivities obtained with activatat were about 1.31.5
times higher than with [B(€Fs)4]~ as counteranion. As was
seen in ethene polymerizations, the titanium system CGCFiMe
1/AlBu'; gave very similar activities to the zirconocene catalyst
(Table 4, entries 1418). For isolated [CGCTi|[B(C¢Fs)4] @
propene polymerization productivity of 2.12 10° g PP (mol
Ti)~1 h~1 bar® has been reported, although the higher catalyst
concentration ([Ti}= 3 x 1074 mol L~1) and the longer reaction
time employed in this case (5 min) make a direct comparison
difficult.7d

With both 1 and [CPR][B(C¢Fs)4] as activators, the reactions
conducted in 100 mL of toluene showed a rise of the internal

Zhou et al.

13). This, however, led to a further significant reduction in
polymer yield, and it appears, therefore, that the observed data
are primarily a reflection of the comparatively strong coordinat-
ing power of [MeB(GFs)3] .

In the case of zirconocene catalysts the polymer molecular
weights are little influenced by the counteranion. By contrast,
CGCTiMe, catalysts activated with CRhsalts give atactic PP
with molecular weights~10 times higher than with B(s)3
activation (cf. Table 4, entries 3418 and 20). With these
relatively open catalysts anion coordination evidently assists
chain termination.

Dianions as Counteranions.For the dianions [MICNB-
(CeFs)3}4]2~ (M = Ni, Pd) stronger iorion interactions and
comparatively reduced catalyst activities could be expected. This
is no doubt reflected in the comparatively poor solubility of
the 2:1 electrolytes [CRR[M{CNB(CsFs)3} 4] in neat toluene
at room temperature. These compounds do, however, form
homogeneous solutions on addition of 25 vol % of 1,2-
difluorobenzene; stock solutions dt and 5c were therefore
prepared in toluene/difluorobenzene mixtures. Under these
conditions, activation of (SBI)ZrMewith 4c led to rapid
propene polymerization, with activities of up to 5610" g PP
(mol Zr)™1 h™1 [C3He] ™! (Table 4, entries 2223). Although
somewhat lower, these values are comparable with those for
[CPh][B(C6Fs)4] and, once again, are significantly higher than
those obtained with the rather slow Bff)s-based syster??

Chloride-Containing Systems.Some time ago Chien et al.
introduced the system GPrCl,/AIR3/[CPhg][B(CsFs)4] as an
alternative to the use of preformed metallocene dialkyls as
catalyst precursor¥.In view of the greater stability of highly
diluted stock solutions of metallocene dichlorides, compared
to dialkyls, this system was briefly examined for comparison
(Table 5). Reactions of (SBI)ZrghAIBu'; with 1 gave com-

reactor temperature o4 °C, that is, on this scale and at these parable activities to those shown in Table 4, although the data
catalyst concentrations the reactions could not be kept strictly were less reproducible. The source of these errors was traced
isothermal. The influence of this temperature effect on activity to the pre-alkylation time: the activities of the chloride-
was probed in some cases by increasing the solvent volume tocontaining system depend markedly on the time the metal

1000 mL. To keep activator mixing and quenching times short
compared to the duration of the polymerization, the reaction
times were extended to 1 min; for comparison, reactions of 1
min duration on a 100 mL scale are also reported. Reducing
the catalyst concentration in this way by a factor of 10 did indeed
eliminate the reaction exotherm, cf. Table 4, entries 4/5, 7/8,
and 15/16. At the same time, the closely comparable activity
figures for these runs are a further confirmation that mass-

transport effects were absent even in the smaller-scale reactions

The activation of either (SBIl)ZrMeof CGCTiMe, with
B(CeFs)s/AlBui3 produces catalysts which are significantly less
active, so that strictly comparable reaction conditions could not
be maintained. To obtain isolable amounts of polymer, it proved
necessary to extend the reaction times to up to 30 min and to
increase the catalyst concentration. The productivities were abou
2 orders of magnitude below those obtained with the £Ph
salts. Here, too, the titanium and zirconium catalysts gave closely
similar results.

There was the possibility that the low activity values might
be caused by the destruction of Bg)s, which is known to
be able to react with AlRunder alkyl exchange and formation
of potentially deactivating Al-C¢Fs species? This was tested
by reducing the Al:Zr ratio from 100:1 to 5:1 (Table 4, entry

(32) (a) Bochmann, M.; Sarsfield, M. @rganometallicsL998 17, 5908.
(b) Lee, C. H.; Lee, S. J.; Park, J. W.; Kim, K. H.; Lee, B. Y.; Oh, JJS.
Mol. Catal. A: Chem1998 132 231. (c) Biagrini, P.; Lugli, G.; Abis, L.;
Andreussi, P. (Enichem Elastomeri S.r.l.). Eur. Pat. Appl. EP 0694 548,
1996.

t

dichloride is allowed to react with AIBg While the alkylation

of zirconocene dichlorides by ARRis fast2® in the case of
CGCTiChL maximum activity is only reached after a pre-reaction
time of 30 min (Figure 9).

Discussion

The formation of adducts between Bf)s and strongly
coordinating anions X, for example X~ = CN~ or [M(CN)4]2~
(M = Ni, Pd), provides a facile general route for the synthesis
of new bulky anions [XB(CsFs)3}y]"~ in which the negative
charge is delocalized and less than unity per boron center. The
compounds form stable NHMeh* and CPh* salts and are
suitable as counteranions in metallocene-based polymerization
catalysts.

The reaction of zirconocene dimethyls with4c, or 5c gives
salts of the binuclear cations, [ZrMe),(«-Me)]™ (L, = Cp,
or SBI), stabilized by the very bulky anions. Although the anions
are stable toward electrophiles such as £Rh solution and
in the solid for indefinite periods, they react slowly with §L
ZrMe)(u-Me)]™ to give, predominantly, iZrMe(u-Me)B-
(CeFs)3 and LZrMe(u-NC)B(CsFs)s. At 20 °C the disappearance

(33) The presence of low concentrations @HgF, (0.1-0.25 mL/100
mL toluene) has no effect on catalytic activity.

(34) (a) Chien, J. C. W.; Xu, Blakromol. Chem., Rapid Commuir293
14, 109. (b) Chien, J. C. W.; Tsai, W. MMakromol. Chem., Macromol.
Symp.1993 66, 141. (c) Chen, Y. X.; Rausch, M. D.; Chien, J. C. W.
Organometallics1994 13, 748.

(35) Beck, S.; Brintzinger, H. Hnorg. Chim. Actal998 270, 376.
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Table 5. Propene Polymerizations with Titanium and Zirconium Dichlorides

entry metallocene activatoP AIBuU'3 toluene starttemp  time Te polymer Tm
no. (umol) (umol) [umol] [mL] [°C] [min] [°C] yield [g] productivity! [°C]
1 (SBI)ZrCL (0.5)  1(0.5) 100 100 20 0.5 6 0.86 290.7 150.4
2 (SBI)ZrCL (1.0) 1(1.0) 100 100 20 0.5 8 1.54 260.3
3 (SBI)ZrCh (1.0) B(GFs)s~ (1.0) 100 100 20 1.0 4 0.61 514
4 (SBI)ZrCh (1.0) B(GFs)4™ (1.0) 100 1000 20 1.0 0 0.63 53.2
5 (SBI)ZrCh (1.0) B(GFs)s (1.0) 100 100 20 10 0 trace
6 (SBI)ZrCh (4.0) B(GsFs)3 (4.0) 100 100 20 30 0 4.48 3.15 146.4
7 CGCTIiCL (2.0) 1(2.0) 106 100 20 0.5 0 0 0
8 CGCTIiCbk (2.0) 1(2.0) 100 100 20 0.5 n.d. 0.56 47.3

2 Conditions: 1 bar propene pressure, stirring rate 1000 PECsFs)s = [CPh][B(CeFs)4]. © Internal temperature rise at the end of the rtim
10° g PP/(mol M)[C3Hg]-h-bar. ¢ Alkylation time 0.5 min." Alkylation time 30 min.

40 . bond can be about 2@imes faster than insertion into a-MCHz
= ‘ bond. These effects serve to maximize the concentration of
cIS° 35 | active species available for the initiation of the chain growth
= ‘ process. The fact that we see consistently higher activities with
£ 30 { the (SBI)ZrMe and the CGCTiMg systems than those mea-
= sured previoushkf'Tis most likely due to generation of higher
S 25 concentrations of active species in our system.
N J Catalysts based on (SBI)Zrlé /AIBuis proved to be very
o 20 4 highly active for ethene polymerizations. There was a significant
o increase in productivity on increasing the ethene pressure up to
154 7 bar. Although productivities of up to 7.8 10° g PE (mol
g Zr)~1bar! h~! appear to be the highest yet reported, there was
g 10, evidence that even at the lowest catalyst concentrations we were
able to handle reproducibly, catalyst productivity was severely
5 - limited by monomer depletion in the solution phase, that is,
the data are subject to mass-transport limitations. There is no
0 ‘ — ——— doubt that this activity figure is far from the upper limit for
0 20 40 60 this catalyst system, and much higher ethene insertion rates than

the 5 x 10* s 1 quoted here should be possible with a more
_ appropriate reactor design.
Figure 9. Propene polymerization activity of CGCTiVAIBU's: The findings have wider implications. There is much em-
qepe_ndence of ca\_t.al_yst_proggctwlty on pre-alkylation time. Condi- phasis on the design of new ligands for ethene polymerization
tions: 2umol Ti, Ti:L:Al = 1:1:50, 100 mL toluene, 1 bar, 2C. L . .
catalysts, and activity values are often directly related to ligand
structure?” However, the productivity of polymerization cata-
lysts is a function of many variables, of which the nature of the
ligand may not be the most important. Several scenarios are
possible: (a) A catalyst may have an intrinsically high propaga-
tion ratek, but the productivity is low because the activation
method is inefficient and only generates very low concentrations
of active species [C*]. (b) The activation is efficient but the

(CeFe)atal - . S . equilibrium between active and dormant species is unfavorable
The main purpose of this study was the quantification of anion (e.g. because of tight catiefanion interaction, solvent coor-

effects on the catalytic aptiyity in olefin polymerization systems dination, etc.). (c) Catalyst activation is efficient and [C*] is
with anions of closely similar structures. ) high, but a facile decomposition pathway leads to early catalyst
Throughout, a catalyst system based on mixtures of a yeactivation. (d) The catalyst may form high [C*] and give
metallocene and activatdrin the presence of AlBawas used, jyyrinsically highk, but the monomer concentration is insuf-
with an Al:Zr ratio of 200:1 for reactions in 100 mL of toluene,  ficient over the duration of the experiment, or the delivery of
and 2000:1 for reactions on a 1000 mL scale. In our hands the yonomer to the active center is too slow (i.e., mass-transport
addition of AlBuU3 allowed us to use lower catalyst concentra- limitation). (e) As for (d), but the polymer is poorly soluble,
tions without sacrificing reproducibility. Catalyst productivities begins to precipitate during the early stages of the reaction, and

Alkylation time [min]

of [(Cp2ZrMe)(u-Me)]* is complete after 5 min, giving an
estimated rate of decomposition 0f0.003 s, while the
decomposition of the bulkier SBI analogue requires several
hours. From the selective formation of the-ZC—B product

6 rather than the ZCN—B isomer we conclude that decom-
position is initiated by B-N bond dissociation of [CRB-

of repeat reactions We[)e typically reproducible Withf_'iO% thereby removes catalyst from the reaction. (f) Activation is
and in many cases 5% or lower. Apart from acting as a efficient, the polymerization is not mass-transport limited, and
scavenger, the metallocene reacts with AlBunder alkyl  caayst productivity is a function of the ligand employed.

exchange to give ZfBU species. This is beneficial for two
reasons: unlike metaimethyl complexes, these isobutyl species
are sterically too hindered to form catalytically dormant AIR
adducts of the type iIM(u-R):AIR;] ™, and second, as Fink has
shown36 the rate of monomer insertion into a higher M-alkyl

It is clear that although most catalytic experiments tend to
assume that situation (f) prevails, this is in fact rarely achieved.
The results shown here confirm that variations in the mode of
catalyst activation and in monomer concentration can produce
differences in catalyst activities which are at least as important

(36) (a) Fink, G.; Zoller, W.Makromol. Chem1981, 182, 3265. (b) as changes in ligand structure. Mindful of these difficulties,
Fink, G.; Schnell, DAngew. Makromol. Chen1982 105, 31. (¢) Mynott,
R.; Fink, G.; Fenzl, WAngew. Makromol. Cheni987 154 1. (d) Fink, (37) See, for example: Alt, H. Gl. Chem. Soc., Dalton Tran$999

G.; Fenzl, W.; Mynott, RZ. Naturforsch., B: Chem. Sci985 40b 158. 1703. Alt, H. G.; Kgpl, A. Chem. Re. 200Q 100, 1205.
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Figure 10. Anion effects in propene polymerizations with (SBI)ZrMe
catalysts. (1 bar, 28C, toluene). For experimental details see Table 4.

Gibson et aP® have suggested a simple classification of
polymerization catalysts, from “very low<(10° g polymer (mol
caty! h=1 bar?) to “very high” (>10° g polymer (mol cat)!
h~1bar1), to which even higher categories gipolymer (mol
caty* h™! bar?) could be added. In view of the findings

Zhou et al.
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Figure 11. Anion effects in propene polymerizations with CGCTiMe
catalysts. (1 bar, 20C, toluene). For experimental details see Table 4.

“intrinsic” activity of the system. Such an extrapolation allows
the quantification of anion and, for a given activator system, of
ligand effects, independent of catalyst concentration. For (SBI)-
ZrMey/activator/AlBUz at 20°C the intrinsic activity values for
[CN{B(CgFs)s}2]~ and [B(GFs)s]~ are about 3.2x 1% and

2 x 108 g PP (mol Zryth—YC3Hg] %, respectively.

The difference between catalyst activation with gP&alts
and with B(GFs); was particularly pronounced in propene
polymerizations. This eliminates the possibility that the observed
activities are due to the in situ formation ofarMe(u-Me)B-
(CgFs)3 from LoZrMe, and1. Although stoichiometric reactions

discussed above it seems likely that at least those ethenéhad demonstrated an extensive decomposition chemistry of the
polymerization catalysts in the “high” classification and above Cyanoborate anions, these reactions are sf@003 s*. With
should be suspected of being mass-transport limited, unless itobserved propene insertion rates of the order &fst® chain

can be demonstrated otherwise. A correlation of ligand structure Propagation is= 10° times faster than anion decomposition. This
with Cata|yst activity in such cases is c|ear|y not very meaning_ kinetic difference is sufficient to allow thermodynamica”y labile

ful.

anions to be used as components in extremely effective

The problem of mass-transport limitation is much reduced Pelymerization systems.

in the case of propene polymerizations. Monitoring the amount @
of polymer produced as a function of catalyst concentration is [B(CeFs)d]

an easy method for establishing the concentration range where?
a

mass-transport limitation may be assumed to be absent for
given reaction temperature.

The results show that there is a very significant dependence
of catalyst productivity on the nature of the counteranion, both
in the case of ansa-zirconocenes and constrained geometr
titanium catalysts, as illustrated in Figures 10 and 11, with

catalyst productivities decreasing in the order [&{Ces-
Fs)s}2]~ > [B(CeFs)a]~ > [MeB(CgFs)3] . As in the case of

ethene, the activities of the zirconium and titanium catalysts
are closely comparable. The titanium system produces atactic.
polymer and has the advantage of remaining homogeneous
whereas the i-PP produced with the (SBI)Zr catalyst begins to
precipitate early in the reaction, although with the short reaction

times employed this problem proved not serious.
The system (SBIl)ZrMgactivator/AlBuz shows an almost
linear dependence of catalyst activity on [Zr] (Figure 10), with

errors of+10% or less even for polymerizations conducted at

[2r] =5 x 1077 mol L™ (cf. Table 4, entries 2/3+3.5%);
4/5: £3.3%, 7/8: £9.4%). Under such conditions it is possible

to extrapolate to zero catalyst concentration to determine the

(38) Britovsek, G. J. P.; Gibson, V. C.; Wass, D Angew. Chem., Int.
Ed. 1999 38, 429.

Y,

The marked difference between [€B(CgFs)s}2]- and
was to us initially surprising. The reaction of
irconocene dimethyls with CRhsalts of both anions leads to
identical cationic products [@ZrMe)x(u-Me)]*, and since the
reactivity of CPR* as cation generating agent is unlikely be
affected by the counteranion, these will be formed in equal
concentrations. The weakly coordinating anion [BR&)4]~ is

not able to enter the coordination sphere obAtMe),(«-Me)]™,

and polymerization activity could therefore be expected to
depend simply on the degree of dissociation obAiMe)x(u-
Me)]* in the presence of monomer to generateZjiMe-
(olefin)]* + LoZrMe,. On that basis, a further reduction in anion
nucleophilicity below that of [B(6Fs)4]~ might be expected to
involve little change in the transition state and, hence, have no
bearing on the active species concentration or on the rate of
chain growth. The results show, however, that this is not the
case, and even very weakly coordinating anions are intimately
associated with the cations during the olefin insertion step. It
seems likely, therefore, that the binuclear ion paipfitMe),-
(u-Me)]*"-+-X~ first produces kZrMe; + [LZrMet---X],
followed by reaction of the mononuclear ion pair with alkene
and displacement of the anion from the coordination sphere of
the metal (Scheme 4). The activation barrier of this process
would of course be lowered by reducing anion nucleophilicity.
We interpret the observed activity enhancement seendth

a reflection of the more extensive delocalization of the negative
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Table 6. Rates of Migratory Monomer Insertions and Activation 5
Energies for Propene Polymerizations with at 293 K [NHCNB(CFs)abal®
monomer insertion
activator activity frequency/st AG¥kJ mol? s
1 297.5 1967 53.2 '
[CPh][B(CeFs)]  189.3 1252 54.3 )
B(CsFs)3 1.60 10.6 66.0 [B(CsFs5)dl
3.77 25 63.9 1.1
- . 0~ =——— [CN{B(C4Fs)s}a]
a Catalyst (SBI)ZrMg/activator/AlBusz 1:1:200.P In 10° g PP (mol
Zr)‘l [C3He]_1 h=2.

Figure 12. Differences in activation barrierd AG* for propene
charge in the diborate [CNB(CgsFs)s} 2]~ which helps to weaken  polymerizations with the catalyst system (SBI)Zri¥éetivator/AlBLus
cation—anion interactions. at 20°C as a function of anion structure [kJ m§l The values for

The importance of catioranion association may be gauged [MeB(CeFs)s]~ were estimated from reactions of-£80 min duration.
from a consideration of the electrostatic binding endfgyand
the association constaldssfor the process €+ A== C*A~.
According to the EigenDenison-Ramsey-Fuoss (EDRF)
model?® for two monovalent ions in a solvent of low dielectric

anions suitable as counteranions in metallocene-based polym-
erization catalysts. A general protocol has been developed to
define the concentration range for which mass-transport limita-

constant such as toluene £ 2.379 at 25°C) at a distance of tion is absent and to quantify the effect of the counteranion on
8 A, Kass= 7.9 x 10° m3 mol-L. The attraction between a catalyst activity. Ethene polymerizations were found to be
monocation and a dianion, as inArMe*+-Ni{ CNB(CeFs)a} 4271, strongly mass-transport I|m|te_d for ethene pr_essures—d‘f Aar,

is orders of magnitude higheKass(at 8 A) = 4.9 x 101 m3 to the extent that no meaningful correlation can be drawn
mol-1. Even allowing for the difficulty of determining the —Petween catalyst productivity and ligand or anion effects. By
appropriate inter-ion distance in the case of bulky, nonspherical €ONntrast, propene polymerizations with zirconocene and con-
anion structures such as GNB(CsFs)a} ]2, it is clear that stralnec_i geometry titanium cataly_sts con_flrmed _that charge
dianions are bound considerably more strongly than monoanions d€localization ‘in cyanoborates gives anions with reduced

in line with the reduced catalytic activity of systems activated "ucleophilicity and results in enhanced catalytic activities.
with 4c or 5¢, compared td. Activation barriers for propene polymerizations increase in

From the observed propene polymerization activities the € orgl_er [CNB(CeFe)afal™ < [B(CeFs)a] - < [NI{CNB(Ce-
differences in activation barrie’sAG* may be calculated asa 534" < [MeB(CeFs)g] . In the [CGCTiMe] X~ system, the
function of the counteranion (Table 6). For the [B{CsF=)3} 2]~ polymer molecular we|ght is .s.trongly anlon-depe.ndent.. The
anion system a monomer insertion ratekof 1967 s was obse_rved th_erm(_)dy_narr_uc Iab|I|I_|ty of cyanoborates in stplch_|o-
found, corresponding tAAG* = 53.2 kJ motf?. While less metric reactions is kinetically unimportant under polymerization
importance should be attached to the absol&@* value reactions, with propagation ratesl(° times faster than anion

obtained by such a simple approximation, the differences 4€composition.
between activation barriers are significant (Figure 12): the
activation energies for the [BEs)4] ~- and [N{ CNB(CeFs)3} 4] -
based systems are higher by 1.1 and 4.1 kJ fnoéspectively. General Methods. All manipulations were performed under dini-
The B(GFs)s-activated catalyst, although not evaluated on trogen using Schlenk techniques. Solvents were distilled under nitrogen
strictly the same time scale, shows a further barrier increase byVer sodium benzophenone (diethyl ether, THF), sodium (low-sulfur
6.6—8.6 kJ mot™. Evidently there is a very significant difference toluene), sodiurpotassium alloy (light petroleum, bp 480 °C), or

in activation barrier between the aroup of three “noncoordinat- Cah; (dichloromethane). NMR solvents were dried over activated 4A
group molecular sieves and degassed by several fremav cycles. 1,2-

ing” borates,1, [B(CeFs)q]~ and 4c, and zwitterion-forming  piforobenzene was predried over Gaktored over 4A molecular

Experimental Section

[MeB(CeFs)s] sieves, and degassed by several fre¢zaw cycles. NMR spectra were
. recorded using Bruker ARX250 and DPX300 spectrometers. Chemical
Conclusions shifts are reported in ppniH NMR spectra were referenced to the

residual solvent protons of the deuterated solvent 438dyMR spectra
(75.4 MHz) were referenced internally to the D-couplé&@ resonances
of the NMR solvent!F (282.2 MHz) and"'B (96.29 MHz) NMR
(39) Gordon, J. EThe Organic Chemistry of Electrolyte Solutipns  spectra were referenced externally to Cf8ld BR-OEb, respectively.
Wiley: New York, 1975; p 372ff. The association constant is given by The compounds B(£Es)s, %P B(CsFs)sEt,0,2¢ [CPhy][B(CeFs)3], 21041
Kass = [47Nar¥/3000F°, whereb = (|z"z"|€?)/4nreeckT, r = distance
between ions¢ = dielectric constant of the solvent. (40) Samuel, E.; Rausch, M. D. Am. Chem. S0d.973 95, 6263.

Adducts between B(§s)s and basic anions, in this case CN
or [M{CN)4?, give rise to new, very weakly coordinating
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CpZrMe,,* (SBI)ZrMe,,?2 CGCTiMe,"d and CGCTi(CHPh)™ were

Zhou et al.

with light petroleum at 5C in the presence of traces of acetone; yield

prepared according to literature procedures; other reagents were used..68 g (6.8 mmol, 55%). Anal. Calcd forefH24B4FsoNsNi-2(CHs)-
as purchased. Nitrogen, argon, ethene (BOC, 99.5%), and propeneCO: C, 42.0; H, 1.6; N, 3.6. Found: C, 42.2; H, 1.4; N, 3R.NMR

(BOC, 99%) were purified by passing through columns of GacCl
supported FOs with moisture indicator, and 4A molecular sieves. The
thermal analysis of polymers was carried out using a Mettler differential
scanning calorimeter (DSC12E) set at a heating rate GCIin under

N2 atmosphere.

Preparation of [CPh3][CN{B(CsFs)s}2] (1). B(CsFs)sELO (20.1
g, 34 mmol) was combined with 1.10 g (17 mmol) KCN. Diethyl ether
(150 mL) was added and the reaction stirred overnight. The solids
slowly dissolved to give a clear solution after 12 h. The solvent was
removed in vacuo, and the residue was dried to give a colorless foam.
Triphenylchloromethane (5.68 g, 20.4 mmol) was added, followed by
200 mL of dichloromethane. The reaction was stirred for 1 h, filtered,
and concentrated t840 mL. Addition of light petroleum and cooling
to —20 °C produced yellow crystals, yield (two fractions) 10 g (7.7
mmol, 45%). Anal. Calcd for §H;sBoF30N: C, 52.0; H, 1.2; N, 1.1.
Found: C, 52.1; H, 1.3; N, 0.8H NMR (300.13 MHz, CD{J, 293
K) 0 8.26 (t, 3H,J = 7.7 Hz,p-H), 7.87 (“", 6H,J = 7.7 Hz,m-H),
7.66 (d, 6H,J = 7.2 Hz, 0-H). *3C{*H} NMR (75.47 MHz, CDC},

293 K) 6 210.89 CPhy), 148.17 (dJc—¢ = 253 Hz,0-C, GsFs), 143.88
(p-C, CPh), 142.53 (n-C, CPh), 140.09 (dJc—r = 203 Hz,p-C, CsFs),

136.79 (d Jc—r = 227 Hz,m-C, GsFs), 130.85 0-C, CPh). 1°F NMR

(282.4 MHz, CDCY4, 293 K) 0 —133.29 (d,Je—¢ = 21.2 Hz,0-F),

—134.40 (dJ-—r = 20.4 Hz,0-F), —158.68 (t,J-—r = 21.6 Hz,p-F),

—158.85 (t,Jr_r = 20 Hz, p-F), —165.14 (t,Jr—¢ = 16.5 Hz,m-F),

—165.47 (tJr—r = 20.9 Hz,m-F). 1'B NMR (96.29 MHz, CDC}, 293
K) 6 —11.94 (br, N-B), —21.68 (C-B). Infrared (Nujol mull) 2305
cm?t (ven).-

Preparation of [CPh3][CIB(C 6Fs)3] (2). PhkCClI (0.23 g, 0.84 mmol)

and B(GFs)s*EtO (1.0 g, 1.7 mmol) were dissolved in GEl, (30
mL). The solution was stirred for 2 h, followed by removal of the
solvent in vacuo. The product was an orange-yellow solid. Crystals
suitable for single-crystal X-ray determination were obtained by layering
a CHCI, solution of the product with light petroleum at’€; yield 0.
27 g (0.35 mmol, 42%). Anal. Calcd fors@:sBCIFs:. C, 56.2; H,
1.9; Cl, 4.5. Found: C, 56.3; H, 2.0; Cl, 4% NMR (300 MHz, 300
K, CD.Cl,) 6 8.26 (t, 3H,J= 7.5 Hz,p-H), 7.87 (“t", 6H,J = 7.9 Hz,
m-H), 7.68 (d, 6H,J = 8.3 Hz,0-H). % (282 MHz, 300 K, CBCl,)
0 —130.86 (d,Jsr = 19.7 Hz,0-F), —160.54 (br,p-F), —165.18 (br,
m-F).

[PhNMe,H][HSO s{ OB(CsFs)s}] (3). To a solution of B(GFs)s EL,O

(2.0 g, 3.4 mmol) in CKCl, (50 mL) was added [PhNMEI][HSO,]
(0.29 g, 0.85 mmol). The solution was stirred vigorously for 12 h,
followed by removal of the solvent in vacuo. The resulting solid was
washed with light petroleum to remove any free borane; yield: 0.39 g
(0.57 mmol, 67%). Anal. Calcd for £H13BF1sNO,S: C, 42.7; H, 1.8;
N, 1.9. Found: C, 43.1; H, 2.1; N, 1.84 NMR (300 MHz, 300 K,
CDs;0D) 6 3.31 (s, 12 H, Me), 7.587.63 (m, 10 H, Ph)*F NMR
(282 MHz, 300 K, CROD) 6 —133.9 (d,J=== 20.6 Hz,0-F), —161.24
(t, Jr;r = 20.9 Hz,p-F), —166.4 (t,Jer = 20.6 Hz,m-F). !B (80 MHz,
300 K, CD:OD) 6 —1.99.

K2[Ni{ CNB(CsFs)s} 4] (4a). To a solution of B(GFs)s*EO (2.0 g,

3.4 mmol) in CHCI, (50 mL) was added {Ni(CN)4] (0.18 g, 0.85
mmol). The mixture was stirred for 12 h. The white solid product was
washed with light petroleum to remove any free borane. The compound
was used without further purification; yield 1.55 g (0.68 mmol, 80%).
19F NMR (282 MHz, 298 K, CROD) 6 —135.74 (d,Jrs = 19.7 Hz,
0-F), —162.74 (t,Jer = 19.7 Hz,p-F), —168.19 (t,Jr = 19.7 Hz,
m-F). 1B NMR (96 MHz, 300 K, CROD) ¢ —2.34. Infrared (Nujol
mull) 2236 cn? (ven).

[PhNMe,H] 2[Ni{ CNB(C¢Fs)3} 4] (4b). To a solution of [PhNMg
H]CI (1.3 g, 2.1 mmol) in CHCI, (50 mL) was addeda (2.68 g, 1.05
mmol). The mixture was stirred for 12 h and filtered. The solvent was
removed from the filtrate in vacuo. The white solid residue was washed
with light petroleum. Crystals suitable for single-crystal X-ray deter-
mination were obtained by layering a @El, solution of the product

(41) Bochmann, M.; Lancaster, S.Jl.Organomet. Chenl992 434,
C1.

(300 MHz, 298 K, CDCly) 6 3.28 (s, 6 H, Me), 7.59 (m, 5 H, PhYF
(282 MHz, 300 K, CRCI,) 6 —133.68 (d Jee = 20.6 Hz,0-F), —160.63
(t, Jrr = 20.6 Hz,p-F), —166.36 (t,Jrr = 20.6 Hz,m-F). Infrared
(Nujol mull) 2239 cnt? (vey).

[CPh3]o[Ni{ CNB(CsFs)s} 4] (4c). To a solution of PECCI (0.58 g,

2.1 mmol) and B(GFs)3*EtO (2.02 g, 3.0 mmol) in CkCl, (50 mL)
was added KNi(CN),4] (0.21 g, 0.75 mmol). The mixture was stirred
for 12 h and filtered. Removal of the solvent in vacuo afforded an
orange-yellow solid which was washed with light petroleum to remove
any free borane. Recrystallization by layering a,CH solution of the
product with light petroleum at 8C gave4c-2CH,Cly; the crystals
were suitable for single-crystal X-ray diffraction; yield 0.80 g (3.0
mmol, 34%). Anal. Calcd for G4H30B4FsoNaNi-2CH,Cl»: C, 48.6; H,
1.2; N, 2.0. Found: C, 49.0; H, 1.1; N, 24 NMR (250 MHz, 298

K, CD,Cl,) 6 7.69 (d, 6 H,0-H), 7.91 (t, 6 H,J = 8.1 Hz,m-H), 8.29

(t, 1 H, J = 7.4 Hz,p-H); % NMR (282 MHz, 300 K, CBCly) ¢
—134.64 (d,o-F), —159.56 (t,p-F), —165.82 (t,m-F). Infrared (Nujol
mull) 2234 cn? (ven).

Kz[Pd{CNB(CeF5)3}4] (53) To a solution of B(@Fs)g‘EtzO (240
g, 4.1 mmol) in CHCI, (50 mL) was added {Pd(CN)] (0.29 g, 1.02
mmol). The mixture was stirred vigorously for 12 h, affording a white
solid which was washed with light petroleum to remove any borane;
yield 1.91 g (0.82 mmol, 80%). The compound was used without further
purification. *F NMR (282 MHz, 300 K, CROD)  —132.63 to
—130.37 (m,0-F), —158.6 to—157.21 (mp-F), —164.79 to—163.58
(m, mF).

[CPh3]o[Pd{CNB(CsFs)3} 4] (5¢). To a solution of PECCI (0.43 g,
1.54 mmol) in CHCI, (50 mL) was added {Pd{ CNB(CsFs)s} 4] (1.80
g, 0.78 mmol). The mixture was stirred vigorously for 12 h and filtered.
The solvent was removed in vacuo to give an orange-yellow solid which
was washed with light petroleum. Crystals5af2CH,Cl, suitable for
single-crystal X-ray diffraction were obtained by layering a CH
solution of the product with light petroleum at’€. They are prone to
solvent loss; yield 1.05 g (0.38 mmol, 49%). Anal. Calcd for
Cr1dHz0B4FsoNsPd1.5CHCI,: C, 48.3; H, 1.2; N, 1.9. Found: C, 47.8;
H, 1.4; N, 1.8.1H NMR (300 MHz, 300 K, CRCls) 6 8.27 (t, 3 H,
p-H), 7.88 (t, 6 H,mH), 7.67 (d, 6 H,0-H); 1F NMR (282.4 MHz,
300 K, CDCls) 0 —134.87 (d Jer = 20.6 Hz,0-F), —160.41 (t,Jr =
20.6 Hz,m-F), —166.57 (t,Jrr = 20.6 Hz,p-F). *'B NMR (80 MHz,

300 K, CDClp) & —12.81. Infrared (Nujol mull) 2243 cni (ven).

Preparation of Cp"'2Zr(Me)NCB(C ¢Fs)s (6). To a suspension of

0.64 g (0.49 mmol}l in 10 mL of toluene was added a solution of
AlMes in toluene (4.9 mL, 3.9 mmol), immediately followed by solution
of Cp'2ZrMe; (4.9 mL, 0.1 mol/L, 0.49 mmol). There was a rapid color
change from the oily orange trityl salt suspension to a yellow oily
suspension. After being stirred for 30 min the yellow suspension
dissolved to give a pale yellow solution. Cooling to°6 overnight
yielded crystals o6-toluene suitable for X-ray diffraction; yield 0.3 g
(0.26 mmol, 53%). Anal. Calcd for £HsBF1sNSisZr-C/Hg: C, 50.9;
H, 4.6; N, 1.2. Found: C, 50.9; H, 4.5; N, 1181 NMR (300.13 MHz,
CD.Cly, 293 K) 6 7.12 (s, 2H, 2-GH3), 6.35 (t, 2H,J = 2 Hz, GH3),
6.28 (t, 2H,J = 2 Hz, GH3), 0.54 (s, 3H, ZrCHg), 0.19 (s, 18H,
Si(CHs)s), 0.13 (s, 18H, Si(Ch)s). 1°C NMR (75.47 MHz, CDRCl,,
293 K) ¢ 137.02 (2-GHs), 130.59 (GH3), 127.60 (GHs), 120.01
(CsHs), 118.88 (GH3), 47.58 (Zr-CHg), —0.21 (Si(CH)3), —0.39 (Si-
(CHg)3). B NMR (96.29 MHz, CDCl,, 293 K) 6 —19.57.

NMR Studies. Samples for studies at room temperature were
prepared from €Ds stock solutions of the corresponding zirconocene
(0.004 mol/L, CpZrMey, rac-Me;Si(IndpZrMe,, Cp'2ZrMey), and the
activators (0.002 mol/L). Stock solutions were prepared and handled
in a glovebox. NMR samples were prepared by pipetting the required
volumina of the zirconocene and borate solutions using an Eppendorff
pipet, accuracy:2 uL. The total zirconocene concentration ([£d]in
the NMR tube was kept under3 mmol/L (typically 0.6 mmol/L<
[Zr]wt < 2.5 mmol/L) to prevent the formation of higher aggregates
and the precipitation of ionic species as “orange-red oils”. The solubility
of [CPh]o[Ni{ CNB(CsFs)s}4] in benzene was insufficient, and up to
20 vol % of 0-CsHsF, had to be added; in this way samples of
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[Zr]tot = ~3 mmol/L were prepared. The samples studied at lower
temperatures in CiZl, were prepared by weighing each component
directly into the NMR tube (glovebox), followed by the addition of
the cooled solvent. The polar solvent allowed concentrations of
[Zr]t = 55 mmol/L. Assignments are based &#, 'H—'H COSY,
13C and*H—*3C HETCOR spectra.

The System LZrMe  /[CPhs][B(CeFs)s]. The reactions of the
zirconocene complexesZrMe, = CpZrMe, andrac-Me,Si(Ind),ZrMe,
with [CPhs][B(CeFs)4] were studied at various Zr:B ratios. Addition of
L.ZrMe; to an excess of [CRIHB(CeFs)s] gives the binuclear zir-
conocene cations [ZrMe),(u-Me)*++-B(CsFs)4~] for both zirconocene
systems in benzene solution at 298 K. The mononuclear product
[LoZrMe"---B(CsFs)4 7] is detected after a few minutes.

[(Cp2ZrMe) »(u-Me)*++-B(CeFs)s7].2*2From GDs solutions of Cp-
ZrMe;, (0.004 mol/L, 220uL) and [CPR][B(CsFs)4] (220 uL, 0.002
mol/L), [Zr] = 0.002 mol/L. [(CpZrMe)(u-Me)*++-B(CsFs)s~] was
detected as the sole produt. NMR (300 MHz, GDs, 298 K) 6 5.56
(s, 20H, GHs), —0.13 (s, 6H, ZrMe),—1.27 (s, 3H, u-Me).
[Cp2ZrMe *++-B(CeFs)s ]: CeDs solutions of CpZrMe; (0.004 mol/
L, 100uL) and PRCB(CsFs)s~ (0.002 mol/L, 30QuL) were transferred
into the NMR tube ([Zr}= 0.001 mol/L). Initially formed [(CpZrMe).-
(u-Me)t---B(CgFs)47] reacts with excess trityl borate to give [Ep
ZrMe*-++ B(CsFs)a7]. *H NMR (300 MHz, GDg, 298 K) 6 5.20 (s,
20H, Cp), 0.15 (s, 3H, ZrMe).

[{(SBI)ZrMe } o(u-Me)*++-B(CeFs)4].22From (SBI)ZrMe (220uL,
0.004 mol/L) and [CPH[B(C¢Fs)4] (220 uL, 0.002 mol/L) in GDes,
[Zr] = 0.002 mol/L. After a few minutes{[SBI)ZrMe} ;(u-Me)*--+
B(CsFs)4 ] is observed as the sole produtit NMR (300 MHz, GDs,
298 K) 0 —0.96 (s, 6, Zr-Me, rac-like), —1.01 (s, 6, Z+-Me, mese
like), —2.91 (s, 3u-Me, rac-like), —3.10 (s, 3u-Me, meselike). The
overlapping indenyl signals are not listed.

[(SBI)ZrMe *+++B(C¢Fs)s~]. From (SBI)ZrMe (100xL, 0.004 mol/

L) and [CPRH][B(CeFs)s] (500 uL, 0.002 mol/L) in GDs, [21] =

6.67 x 104 mol/L. The initially formed [(SBI)ZrMe}(u-Me)*-+-
B(CsFs)47] reacts slowly to [(SBI)ZrMe---B(CsFs)s~]. The reaction

is complete after 65 min. NMR spectra were measured every 5 min. A
pseudo-first-order rate constant= 3 x 10* s ! was determined by
evaluation of the integrals of the two observed zirconocene species.
IH NMR (300 MHz, GDs, 298 K) 6 5.15 (br, 2,0-CsH>), 0.32 (br, 6,
Si—Me), —0.79 (s, 3, Zr-Me).

The System L.ZrMe »/1. Mixing CgDs solutions of CpZrMe, (220
uL, 0.004 mol/L) andl (220 uL, 0.002 mol/L) at 25°C gives [(Cp-
ZrMe)y(u-Me)*+++(CsFs)sBCNB(CsFs)s 7] together with decomposition
products ([Zr},: = 0.002 mol/L). Decomposition is complete after 5
min. The products GiZrMe(u-Me)B(CsFs)s and one other species,
assigned to GZrMe(u-NC)B(CsFs)s, were detected. The ion pair
[{ (SBI)ZrMe} o(u-Me)} t+++(CeFs)sBCNB(CsFs)s 7] is more stable in
CeDs. [(szZrMe) z(ﬂ-Me)+'"(CGFs)gBCNB(CGFs)gf]: 1H NMR (300
MHz, C¢Ds, 298 K) 6 5.50 (s, 20H, Cp);-0.14 (s, 6H, Zr-Me), —1.40
(s, 3H,u-Me). CpoZrMe(u-Me)B(CeFs)s:*? 'H NMR (300 MHz, GDs,
298 K) 0 5.39 (s, 10H, Cp), 0.28 (s, 3H, ZMe), 0.1 (br, 3H, Z¢-
Me). Cp2ZrMe(u-NC)B(CeFs)s: *H NMR (300 MHz, GDs, 298 K)

0 555 (s, 10H, Cp), 0.26 (s, 3H, ZMe). [{(SBl)ZrMe}(u-
Me)*+++(CsFs)sBCNB(CgFs)37]: From (SBI)ZrMe (300xL, 0.004 mol/
L) and 1 (250 uL, 0.002 mol/L) in GDs, [Zr] = 0.0022 mol/L.*H
NMR (300 MHz, GDs, 298 K) 6 0.62 (s, 6H, Si-Me, rac-like), 0.59
(s, 6H, Si-Me, meselike), 0.45 (s, 6H, Si-Me, meselike), 0.42 (s,
6H, Si—Me, rac-like), —1.00 (s, 6H, Zr-Me, rac-like), —1.06 (s, 6H,
Zr—Me, meselike), —2.98 (s, 3Hu-Me, rac-like), —3.13 (s, 3Hu-Me,
meselike). 'H NMR (300 MHz, CDCl,, 223 K) 6 1.11 (s, 6H, St
Me, rac-like), 1.03 (s, 6H, SMe, meselike), 0.95 (s, 6H, SiMe,
rac-like), 0.94 (s, 6H, Si-Me, meselike), —0.94 (s, 6H, Zr-Me, mese
like), —0.94 (s, 6H, Z+Me, rac-like), —2.80 (s, 3Hu-Me, rac-like),
—2.98 (s, 3Hu-Me, meselike). Complete decomposition could only

be detected after 24 h at 298K. Mononuclear zirconocene cations were

not detected(SBI)ZrMe( u-Me)B(CsFs)s:?2 'H NMR (300 MHz, GDs,
298 K) 6 6.57 (d, 1H,0-CsHa, Zr—Me side), 6.22 (d, 1Hp-CsHa,
Me—B side), 5.66 (d, 1Hp-CsH,, Me—B side), 4.97 (d, 1Hg-CsHa,

(42) Yang, X.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116,
10015.
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Zr—Me side), 0.34 (s, 3H, MSi, Me—B side), 0.20 (s, 3H, Msi,

Zr—Me side),—0.44 (br, 3H, Me-B), —0.51 (s, 3H, Z+Me). (SBI)-

ZrMe(u-NC)B(CgFs)s: *H NMR (300 MHz, GDs, 298 K) 6 5.54 (d,
1H, a-CsHy), 5.09 (d, 1H,a-CsHy), 0.39 (s, 3H, MgSi), 0.28 (s, 3H,
Me,Si), —0.58 (s, 3H, Zr-Me).

Cp''2ZrMe 2/1/AIMes. Into the NMR tube were weighed 15 mg of
Cp'2ZrMe; (2.77 x 1075 mol) and 36 mg ofL. (2.78 x 107> mol) . To
this mixture was added 14L (2.8 x 107> mol) of a toluene solution
of AlMe3 (2 mol/L), followed by 0.5 mL pre-cooled«78 °C) CD.-

Cly, [Zr] = 0.0554 mol/L. On heating to room temperature the binuclear
species proved stable in GO, for a few minutes, although decom-
position was complete after10 min. [Cp"'>Zr( u-Me),AlMe ][CN-
{B(C¢Fs)st2]: H NMR (300 MHz, CDCly, 223 K) 0 7.04 (s, 2H,
CsHs), 6.94 (s, 4H, @H3), 0.46 (s, 6Hu-Me), 0.26 (s, 36H, SiMg,
—0.51 (s, 6H, AlMe) (the expected couplings of the Cp-signals are not
resolved under these condition$)C NMR (75.5 MHz, CRCl,, 223

K) 6 128.6 (4C, GH3), 125.0 (2C, GH3), 37.9 «-Me), —0.4 (SiMe),
—6.7 (AlMe) (quaternary Cp carbons not detected).

L.ZrMe o/4c. A mixture of CpZrMe; in C¢Ds (4004L, 0.004 mol/

L) and 4c in in CgDg/0-CeH4F, (4:1) (100 uL, 0.004 mol/L) gave
exclusively the ion paif{[(CpZrMe)y(u-Me)*} 2++*Ni{ CNB(CsFs)s} 4°7]

([Zr] = 0.0032 mol/L). Due to the higher polarity of the solvent mixture
the signals for the cation show a low-field shift of up to 0.15 ppm
compared to that in puregDs. Decomposition of [(CgZrMe)(u-Me)]*™

was complete after 60 min, while the SBI analogue showed only minor
signs of decomposition after 30 min. In both case&rMe(u-Me)B-
(CsFs)s was formed as the only detectable decomposition product.
[(Cngl’Me) 2(/1-Me)]2[Ni{CNB(C6F5)3}4]: 1H NMR (300 MHz, GD¢/
0-CsH4F2 24:1, 298 K)o 5.81 (s, 20H, Cp), 0.06 (s, 6H, ZMe), —1.11

(s, 3H,u-Me). Cp2ZrMe(u-Me)B(CsFs)s: *H NMR (300 MHz, GDs
/0-CeHaF, 24:1, 298 K)o 5.42 (s, 10H, Cp), 0.29 (s, 3H, ZMe),
0.15 (br, 3H, B-Me). [{(SBl)ZrMe }»(#-Me)][Ni{ CNB(CgFs)a} 4]:
From (SBI)ZrMe in C¢De (400 L, 0.004 mol/L) and4c in in CsDs/
0-CsH4F> (4:1) (100uL, 0.004 mol/L), [Zr]= 0.0032 mol/L.*H NMR

(300 MHz, GDg/0-CsHaF, 24:1, 298 K)o —0.94 (s, 6H, Z+-Me, mese
like), —0.99 (s, 6H, Zr-Me, rac-like), —2.82 (s, 3Hu-Me, rac-like),
—3.05 (s, 3Hu-Me, mesalike).

Alkene Polymerizations. Normal pressure polymerizations were
performed in a flame-dried glass flask (250 mL for small scale reactions,
2 L for reactions wit 1 L solvent volume) equipped with an efficient
magnetic stirrer bar and an internal thermometer. The flask was
evacuated, filled with monomer gas, followed by the required amount
of toluene and triisobutyl aluminum (toluene solution, [A]0.1 mol/

L). Temperature equilibration was ensured by stirring the mixture on
a water bath of the required temperature4drO min (20 min for 1 L
reactions). The required amount of a stock solution of the metallocene
catalyst precursor in toluene ¢#gmol/mL) was then injected using a
gastight syringe with Teflon plunger, followed by the injection of the
activator in toluene (Lmol/mL). Polymerization times were measured
from that point. The stirrer rate was 1200 rpm. All stock solutions were
prepared freshly prior to polymerization runs and used within 2 h
(usually within 30 min) to ensure consistent results. The polymerization
was stopped by the rapid injection of 2 mL of methanol. The polymer
was precipitated by pouring the contents of the flask into a large volume
of acidified methanol, filtered and dried at 9C to constant weight.

13C NMR spectra of polymers were recorded in 1,DeCl, at 110

°C.

For reactions under pressu@5 L Bichi stainless steel autoclave
equipped with a pressure buret and connected to'ehBgas flow
controller was used. The reactor was heated out in vacuo at@00
(Julabo FP50 heater) for 2 h, allowed to cool, and charged with toluene
(3L) via a wide-bore transfer cannula. The required aliquots of toluene
solutions of AIBUs and the metallocene were added, the pressure buret
was charged with a toluene solution of the activator, and the autoclave
was pressurized to 7 bar ethene pressure and allowed to equilibrate at
60 °C for 30 min. The buret was pressurized with argon (8 bar), and
the activator injected rapidly with vigorous mechanical stirring. The
reaction was terminated by the injection of 10 mL of methanol via the
pressure buret, the reactor was vented, and the polymer was collected
and worked up as described above.
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Table 7. Crystal Data for Compounds, 2, 4b

Zhou et al.

1 2 41r2(CH;),CO
empirical formula @5H1582F30N C37H15BC|F15 C92H2254F60N6Ni-2(CH3)2CO
fw 1293.31 790.75 2569.26
temp (K) 150(2) 150(2) 150(2)
crystal size (mm) 0.6 0.36x 0.18 0.51x 0.33x 0.24 0.30x 0.18x 0.18
crystal system triclinic monoclinic triclinic
space group P1 P2,/c P1
a, 13.3342(2) 12.1402(2) 13.1128(3)

b, A 14.8405(2) 7.91830(10) 13.9811(4)

c, A 15.8631(2) 33.0914(4) 14.6945(3)

o, deg 116.4370(6) 90 116.1280(13)

B, deg 90.9440(7) 99.3490(7) 93.7390(14)

y, deg 113.6410(5) 90 90.4300(12)

V, (A3 2501.10(6) 3138.81(8) 2411.55(10)

z 2 4 1

Deatca (g € 3) 1.717 1.673 1.769

w, mm? 0.178 0.241 0.374

F(000) 1276 1576 1268

max, min transmissn 0.9686 and 0.9005 0.9444 and 0.8869 0.9357 and 0.8961

0 range, deg 1.7 6 < 26.00 2.27<= 0 < 27.42 2.11< 6 = 26.00

index range —16<h <16, —15<h =15, —16< h =< 16,
—18=< k<18, -10=< k<10, -17<k=<17,
—19=<1=<19 —42=<1=42 —18=<1=18

no. of reflections collected 58348 73682 63405

no. of unique reflections) 9800 Rint = 0.0304) 7125Ri = 0.0800) 9478Rint = 0.0692)

no. of parameterg 803 488 776

goodness of fit ofF?, s 1.034 1.031 1.022

Ri[l > 20(1)] 0.0355 0.0373 0.0409

WR; (all data) 0.0972 0.0895 0.1047

weighting parameters, b 0.0394, 1.0052 0.0429, 1.2710 0.0435, 1.6787

extinction parameter 0.0048(11) 0.0022(5)

largest diff, peak, and hole e A

0.507 and-0.257

0.429 ane-0.325

0.806 ane-0.357

aDefinitions: Rnt = (Z|Fo? — Fo? (Mean)=F?); S= (EwW(Fs? — FAA/(n — p))¥3 WwR = (EW(Fo? — FAHEW(FAA)Y2 Ry = (Z]|Fo| — |Fell/
S|F,|); weighting schemev = [0%(Fo?) + (aP)? + bP]~1, whereP = [2F2 + Max(Fs?, 0)]/3.

Table 8. Crystal Data for Compoundéc, 5¢, and6

4¢c-2CH.Cl, 5¢-2CH,CI, 6-C7Hg
empirical formula 614H3054F60N4Ni '2CH2C|2 C114H3oB4F50N4Pd'ZCH2C|2 C42H458F15NSi4ZI"C7H3
fw 2867.22 2914.92 1155.31
temp (K) 150(2) 150(2) 150(2)
crystal size (mm) 0.3& 0.15x 0.12 0.69x 0.42x 0.38 0.24x 0.24 x 0.09
crystal system monoclinic monoclinic _triclinic
space group P2:/c P2i/c P1
a, 12.03400(10) 12.01790 11.9439(5)
b, A 14.62970(10) 14.7304(3) 12.9731(5)
c, A 31.8468(3) 31.88720(3) 18.9530(6)
o, deg 90 90 77.677(2)
p, deg 100.6920(6) 100.2870 74.010(2)
y, deg 90 90 75.461(2)
vV, (A3) 5509.41(8) 5551.55(15) 2699.7(2)
Z 2 2 2
Deated (g €m3) 1.728 1.744 1.421
wu, mnt 0.430 0.419 0.378
F(000) 2828 2864 1180
max, min transmissn 0.9503 and 0.8607 0.9503 and 0.8607 0.9668 and 0.9147
0 range, deg 2.4& 6 < 26.00 2.40< 6 < 26.00 2.12< 6§ < 26.00
index range —1l4<h< 14, —14<h=< 14, —13<h=< 14,
—-18< k < 18, —-18< k<18, —15< k < 15,
—39=<1=<39 —39=<1=<39 —22<1=<23
no. of reflections collected 114737 31285 37640

no. of unique reflections)
no. of parameterg

10807 Ry = 0.0419)
854

10818R = 0.0552)
854

10561R = 0.0672)
655

goodness of fit ofF?, s 1.006 1.026 1.102

R [l > 20(1)] 0.0344 0.0393 0.0455

WR; (all data) 0.0857 0.1042 0.1096
weighting parameters, b 0.0376, 3.1149 0.0487,3.9774 0.0370, 1.5817
extinction parameter 0.00045(14) 0.0010(4) 0.0121(10)

largest diff, peak, and hole e A

0.527 and-0.422

0.602 andg-0.709

0.684 and-0.520

2 Definitions: Rne = (Z|F2 — F? (Mean)=F?); S= (EW(Fe? — FAA/(n — p))Y2 WR = (EW(Fo? — FAZEW(FAA)Y% Ry = (Z]|Fo| — |Fell/
3|Fo|); weighting schemeav = [0%(Fo?) + (aP)? + bP] %, whereP = [2F2 + Max(F2, 0)]/3.

X-ray Crystallography. In each case a suitable crystal was coated 150 K on a Nonius Kappa CCD area-detector diffractometer. Data
in an inert perfluoropolyether oil and mounted in a nitrogen stream at collection was performed using ModKradiation ¢ = 0.710 73 A)
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with the CCD detector placed 30 mm from the sample via a mixture hydrogen atoms were refined with anisotropic displacement parameters.
of 1° ¢ andw scans at differenf and « settings using the program  Hydrogen atoms were constrained to idealized positions. Crystal-
COLLECT* The raw data were processed to produce conventional lographic data for compounds 2, 4b-Me,CO, 4c:2CH,Cl,, 5¢:2CH,-

data using the program DENZO-SM¥The datasets were corrected Cl,, and6-toluene are summarized in Tables 7 and 8.

for absorption using the program SORTAYAI structures were solved
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