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Abstract

Displacement of the anion H,C-B(C4F;); from the zirconocene contact-ion pair [(CgHg),Zr(CH)* - - - (u-H;C)—
B(C4Fs)3 1 by aseries of phosphines and formation of a bisphosphine complex by uptake of a second phosphine ligand have
been studied by NMR methods in C4Dg solutions. Evidence is presented that associated, outer-sphere ion pairs
[(C5H),Zr(CHL)(PRL)]H H,C-B(C4Fs); predominate at zirconocene concentrations up to ca. 2 mM; higher aggregates
become apparent at higher zirconocene concentrations. Equilibrium constants for the formation of mono- and bis-PMe,
complexes have been determined; the latter are found to be highly sensitive to steric perturbations. These data, together with
density-functional estimates for reaction enthalpies, lead to the following qualitative conclusions with regard to olefin
coordination in zirconocene-based polymerization catalysts: (i) The olefin substrate displaces the borate anion only from a
small equilibrium fraction of the zirconocene alky! cations present; (ii) the predominant fraction of the resulting zirconocene
akyl olefin cation remains in an outer-sphere association with the counteranion; (iii) mutual displacement of olefin and
counteranion from the Zr center is sSlow compared to typical olefin insertions; (iv) uptake of a second olefin under formation
of a cationic zirconocene akyl diolefin complex is rather unlikely even at elevated olefin concentrations. © 1998 Elsevier
Science B.V.

1. Introduction via reversible displacement of a weakly coordi-
nating anion A~ by the olefin substrate [3-5]

Weakly coordinating anions and their interac- (Eg. (1)). Depending on the activating reagent,

tions with organometallic cations [1,2] play a
prominent role in homogeneous polymerization
catalysis: Coordination of an olefin to the Zr
center of a cationic zirconocene alkyl complex,
a prerequisite for zirconocene-catalyzed olefin
polymerization, is generaly assumed to proceed
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A~ can stand for

— a borate anion such as B(C4F,), (intro-
duced by reaction of its triorganyl ammonium
or triphenyl carbenium salt with a dimethyl
zirconocene [6-9)),

— for a methyl borate anion H,C-B(C4F;);
(generated by abstraction of CH; from the Zr
center by the Lewis-acidic activator B(C4F;),)
[10a,10b,11-13]), or

— for a complex anion H,C-MAO™ or Cl-
MAO~ (formed in a similar manner by a
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Lewis-acidic Al center present in methyl alumi-

noxane (MAO) [14,15)).
olkyl
= O

: Ik
5 \Ae
(1)

To understand how activities and other prop-
erties of zirconocene catalysts are affected by a
particular activator reagent, it appears necessary
to clarify the thermodynamics and kinetics of
this basic preequilibrium. While it is generaly
assumed, based on the increase of catalytic ac-
tivities with monomer concentration, that this
equilibrium lies predominantly on the left side
under typical reaction conditions, it is not clear
how it is affected by changing zirconocene
structures. Another unsolved question concerns
the relative concentrations of solvent-separated
and of associated ion pairs (Eq. (2)) and their
respective contributions to the overall activity of
a given catalyst system [4]. In addition, it has
been suggested [16-18] that coordination of a
second olefin to the Zr center might be required
for efficient ol€efin insertion (Eq. (3)). The occu-
rance of five-coordinate zirconocene alky! olefin
complexes in equilibria such as Egs. (2) and (3)
rests on rather indirect kinetic evidence, how-
ever.
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In afew special cases, where an olefin ligand
is tethered to a d°-configurated metal center by
an akyl or alkoxy chain, olefin adducts of the
type represented in Eq. (1) have been character-
ized with regard to their stabilities and struc-
tures by NMR spectroscopy and X-ray diffrac-
tometry [19,20]. In active zirconocene catalyst
systems however, olefin complexes have re-
mained spectroscopically undetectable, as the
high propensity of these species to undergo
olefin insertion will necessarily keep their
steady-state concentration very low.

In order to gain at least qualitative insights
into the characteristics of olefin coordination to
zirconocene cations, reaction systems in which
the olefin substrate is replaced by a trialkyl
phosphine ligand have been proposed by Jordan
and coworkers as models for olefin coordination
in homogeneous polymerization catalysts [21-
23]. In these studies it was shown that a trialkyl
phosphine can coordinate to a zirconocene alkyl
cation under replacement of the counter-anion
and that complexes containing two phosphine
ligands are formed at higher phosphine concen-
trations. Here, we report results of a quantitative
study on the corresponding complex formation
equilibria, which might eventually allow con-
clusions also with regard to the elusive olefin
coordination equilibria represented in Egs. (1)—
(3.

2. Results and discussion

For the following studies, we have primarily
utilized the reaction system (C.H.),Zr
(CHS)Z/B(C%F&;)3 in C4Dg solution [10a,10b,
11-13]. The "H-NMR shift of the anion H,C—
B(C¢F;); represents a sensitive probe for the
identity of the species present [24,25] and the
relative concentrations of the reaction partici-
pants are easily determined by *H-NMR (see
Section 4).

When a sufficiently dilute solution ([Zr],,, < 2
mM) of the contact ion pair [(CsHg),Zr(CH,) ™"

-+ (u-H;C)-B(C4Fy); ] istreated with slightly
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less than one equivalent of a typical trialkyl or
triaryl phospine, one observes the immediate
and complete formation of asignal set assignable
to a cationic monophosphine complex
[(CcHE),Zr(CH)(PRLIT and ‘free’ anion
H,C-B(C4F,); with a broad ‘H-NMR signal
at 1.3-1.4 ppm (Table 1). Analogous studies on
reaction systems at higher zirconocene concen-
trations ([Zr],,, > 4 mmol) reveal, in addition to
the species just described, increasing fractions
of another monophosphine complex of the same
composition; the H,B—(CgF;); anion of this
species givesriseto a 'H-NMR signal at 1.0-1.1
ppm (Fig. 1, Table 1). The disappearance of this
species upon dilution of the reaction mixture
with Cz;Dg documents that the two aternative
monophosphine complexes coexist in a re
versible, concentration-dependent equilibrium
with each other.

Table 1

In analogy to an interpretation of related
observations with binuclear akyl zirconocene
cations [24,25], we had initially assumed, that a
solvent-separated and an associated ion pair
would be present in a concentration-dependent
equilibrium. Several observations, especialy
with regard to the rates of mutua interconver-
sion reactions, are not consistent with this as-
sumption, however: Exchange signas in the
NOESY spectrum, which interconnect the "H-
NMR signals of the contact-ion pair
[(CsHL),Zr(CH) ™ - - (u-HZO)-B(CxFy)5 ]
with the corresponding signals of the phosphine
complex [(CgH),Zr(CH)(PR,)]* H,C-
B(CgFs); apparent in dilute solution, indicate a
half-live of ca. 5-10 s for the interchange be-
tween these two species. Neither of these species
gives rise to any detectable cross signals, how-
ever, with the monophosphine complex favored

"H-NMR signals of the associated zirconocene phosphine complexes [Cp,ZrMe(PR,)*, MeB(C4F;);3 ] (assoc.) and of the corresponding
aggregated complexes [Cp,ZrMe(PR3) ", MeB(C4F;)3 1, (aggr.), in C4Dg at 30°C

PR, 8(CsHs) 8(Zr-CHs) 5(P-R) 8(H,C-B(C4Fs)3)
PMe;

assoc. 5.50 (10, d, 2.5 Hz) —-0.20@3, 9 CH;:0.30(9,d, 84 H2) 1.4 (3, br)

aggr. 5.47 (10, 5) -022(3,9 CH,: 0.28(6, d, 8 H2) 1.0(3, br)
PMe,Ph

assoc. 5.50 (10, d, 1.6 Hz) —0.14(3,d, 26 Hz) CH,: 0.68 (6, d, 8.0 H2) 1.4 (3, br)

aggr. 543 (10, d, 1.6 Hz) -0.18(3,9 CH4: 0.60(6, d, 7.9 H2) 1.1(3, br)
PEt,

assoc. 5.55(10, d, 1.1 Hz) —0.22(3,9 CH,: 1.28 — -1.20 (6, m); 1.4 @3, br)

CH,: 0.34-0.28 (9, m)

agar. 5.50 (10, d, 0.9 Hz) —-0.18(@3, 9 CH4: 0.27-0.18 (6, d, 7.9 H2) 1.0(3, br)
P("Bu),

assoc. 5.66 (10, d, 1.0 Hz) —-0.11(@3, 9 not resolved 1.4(3, br)

aggr. 5.60 (10, ) —-0.16 (3,9 not resolved not resolved
PMePh,

assoc. 5.59 (10, d, 1.1 H2) 0.04 (3,9 CH,: 1.05(3,d, 7.3 H2) 1.4 (3, br)

agar. 5.48 (10, d, 1.0 H2) —-0.02@3, 9 CH;:0.97(3,d, 7.3H2) 1.1(3, br)
PPh,

assoc. 5.64 (10, d, 1.1 Hz) 0.27 (3,9 not resolved 1.4(3, br)

aggr. 5.50(10, d, 1.0 H2) 0.19(3,9) not resolved 1.1(3, br)
P( p-MeO)CgH, 15

assoc. 5.71(10,d, 1.1 H2) 0.33(3,9) —OCH;:3.32(9,9) 1.4 (3, br)

aggr. 5.60 (10, s) 0.24 (3,9 —OCH;:3.23(9, 9 1.0(3, br)
P(Bn),

assoc. 5.46 (10, d, 1.0 H2) —-0.09(3,9) CH,: 259 (6, d, 6.8 Hz) 1.4(3, br)

agyr. 5.34 (10,9 —-0.18(3, br) CH,: 2.45(6, d, 6.4 H2) 1.1(3, br)
P(Cy)s

assoc. 5.75 (10, d, 0.8 H2) 0.01(3, 9 not resolved not resolved

agor. 5.62 (10, ) —0.08(@3, 9 not resolved not resolved
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Fig. 1. "H-NMR spectra of C4Dj solutions of (CsHg),Zr(CH,), containing B(C4F;); and P(CH,C4H5), in a ratio of 1:1.20:1 at total
zirconocene concentrations ranging from 4 to 19 mM (room temperature, 250 MHz).

by higher zirconocene concentrations. This sets
alower limit of ca. 1 min for the half-live of the
interconversion between the two monophos-
phine species. The absence of any intensity
changes after the first NMR measurement of a
solution, on the other hand, ca. 10—15 min after
its preparation or dilution, sets an upper half-live
limit of 2—3 min for this interconversion.

Such a low rate of interconversion appears
incompatible with an equilibrium involving a
simple interchange between solvent-separated
and associated ion pairs of the type considered
here: It is not apparent which kind of reaction
barrier could make this subtle interconversion
slower, by about one order of magnitude, than
the mutual displacement of PR; and H;C-
B(C4xFs); from the Zr center. As a more plausi-
ble aternative, we assume that the phosphine
complex favored by higher zirconocene concen-
trations is a more highly aggregated form, pos-
sibly a colloidal microphase, formed by the ion
pair [(CcH),Zr(CH,)(PR,)]H H,C-B(CFy) 3
in benzene solution [26]. For aggregates of this

type one might expect a reduced rate of inter-
change with the monodisperse species. This as-
signment is supported by the observation that
the phosphine-complex ion pair is slowly lost
from these solutions, in form of an oily deposit,
whenever the total zirconocene concentration is
high enough to lead to formation of appreciable
fractions of the aggregated form of this com-
plex. The intensity of the signal assigned to the
aggregated form appears to correlate with the
amount of finely dispersed oily phase in the
measuring region of the NMR tube in the spec-
trometer.

In more dilute benzene solutions the cationic
phosphine complex is undoubtedly present
in an associated ion pair [(CgHg),Zr
(CHy)(PMey)]* H,C-B(C4F;);: The Coulomb
energy required to separate such an ion pair into
its constituent ions can be estimated to amount
to ca 80-100 kJ/mol in benzene solution.
Based on the models developed by Fuoss [26],
the association constant for ion pairs of this
type, with a distance of 7—8 A between the Zr*
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Fig. 2. Models of a contact ion pair [(CgHg),Zr(CHy)* - - - (u-H3O)-B(CsFs);1 (left) and of an outer-sphere complex ion pair
[(CsHg),Zr(CH3)(PMey)]* H4C-B(CgFy)3 (right) derived from density-functional geometry optimizations (SCHAKAL graphics).

and B~ charge centers, is estimated to have a
value in the range of K. =~ 10"-10°.

Possible structures of such an associated ion
pair have been analyzed by density-functional
model calculations (Section 4). A direct contact
of the anion H,C-B(CsF,); with the zir-
conocene cation via the H,;C-group, observed
for contact ion pairs of the type [(Cq
Hg),Zr(CHZ* -+ (u-H;C)-B(C4xF5); ]
[12,13,25,27], is nicely reproduced, with Zr—
CH 5 and Zr—u-CH ; distances of 2.27 and 2.47
A, by a density-functional geometry optimiza-
tion (Fig. 2). A geometry optimization for a
CH ;-bridged contact ion pair [(CcH:),
Zr(CH)(PMey)™ - -+ (u-H O -B(CeFy)5 ],
however, leads to an energy minimum at a
much too large Zr—u-CH, distance of ca 5 A,
probably due to steric overcrowding.

We consider it most likely, therefore, that the
ions [(CcH),Zr(CH)(PMey)]™ and H,C-
B(C¢Fs); remain in contact with each other in
a geometrically nondescript outer-sphere coordi-
nation: In a large number of solid-state struc-
tures, zirconocene cations with 16-electron con-
figuration and their aryl borate counteranions
are found to be closely packed, with distances
of 6.5—7.5 A between their Zr* and B~ centers,

without direct bonding contacts of any part of
the anion to the Zr center [20,21,28—36]. Den-
sity-functional calculations yield for such an
outer-sphere associate an optimized, geometry
with a Zr*—B~ distance of ca. 6.4 A (Fig. 2).
This geometry places one of the fluoro sub-
stituents of the arylborate anion at a distance of
only 4.0 A from the Zr center. Similar Zr—F
contacts have been observed before in other
cases [28,29]. Other geometries with somewhat
larger Zr*—B~ distances in the range of ca. 7
A, however, are found at energies which are
higher by only afew kJ/moal. It is apparent that
the mutual arrangement of cation and anion in
such an ion pair is largely accidental and will
depend, inter aia, on the substituent pattern of
the zirconocene cation.

Such a displacement of the anion H,C-
B(CsF;); by PR, from the the inner to the
outer coordination sphere of the cation
[(CsH:),Zr(CHL)1™ is represented by Eq. (4).
Equilibrium constant K, for this reaction can-
not be determined directly, since free phosphine
is not detectable in reaction systems containing
finite amounts of the contact ion pair
[(CsHE),Zr(CHL) ™ - - (u-H;O)-B(CgF)5 1
For the case of PMe;, however, further analysis
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alows an estimate of this equilibrium constant
(vide infra).

[(CsHs),Zr(CH,) " -+ - A7] + PR,
= [(CsHs)zzr(CH 3)(PR3)] A (4)

In an investigation of the equilibrium which
leads to five-coordinate complexes with two
phosphine ligands, [(C;H:),Zr(CH,)(PR,),]™,
Jordan et a. had observed that addition of ex-
cess PMe, to solutions of [(CiH),Zr(CH,)
(THR(PMey)]* B(CgH), in THF-dg leads
to formation of [(CsHg),Zr(CH,)(PMe,),]",
especialy at lower temperatures [21]. In accord
with that report, we observe shifts of the C;H
and Zr—CH, signas when the ion pair[(C;
He),Zr—(CH,) (PMe,)]* H,C-B(C4F,); (pre-
sent at low zirconocene concentrations) is treated
with increasing concentrations of PMe; (Fig. 3).
Limiting shift values of 4.99 ppm and —1.44
ppm, respectively, are reached at PMe; concen-
trations above 20 mM. From plots of (§

obs
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8,) "' againgt c(PMe;) ' [37], we obtain a
room-temperature value of K= 640 mol /| for
the equilibrium represented in Eq. (5), i.e., for
an equilibrium involving associated ion pairs.

[(CsH),Zr(CH ) (PMe;)] " A~ + PR,
= [(CsHs),Zr(CHg)(PMe,),] L A~ (5)

To check the influence of the anion A~ on
this equlibrium, we have studied aso the reac-
tion of the ion par [(CgHg),Zr(CH,)
(PMe,y)]" B(C4Fs),, generated by reacting
(CsHy),Zr(CH,), with an equivalent of trityl
tetrakidperfluorophenyl)borate [9] in the pres-
ence of excess PMe;. Analysis of the PMe;-in-
duced shifts of the Zr—CH ; signal, as described
above, gave an equilibrium constant Ky = 370
| /mol. This value differs from that for the
analogous reaction system containing the anion
H,C-B(C4F;); by a factor of about 2. This
would support the notion that the anion partici-
pates in Eq. (5) directly (rather than as a mere

CsHs Zr-CHg
mono-PMeg bis-PMeg mono-PMeg bis-PMej3
5.50 —» 4.98 ppm -0.20 N -1.44 ppm
Zr : PMejy
- — A 1:13.6
A oY, M'J AL )L 1:6.8
e LL .J . A 1:34
AJL%J{ *“j\“"-w b ‘AW 1:1.36
" = e 1:0.68
WMMUIJ\J‘_L l 1:0.54

7
6.0 5.0 4.0

1.0

0.0 -1.0 ppm

Fig. 3. "H-NMR spectra of 1.8 mM solutions of (CsH5),Zr(CH ), in C4Dj containing B(CgFs); in a B:Zr ratio of 1.2:1 and PMe; in P:Zr

ratios ranging from 0.54:1 to 13.6:1 (conditions as in Fig. 1).
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spectator ion). For the mode of binding of the
anion to the cationic bisphosphine complex in
the ion pair [(C;H),Zr(CH,)(PMey),]1" A~ a
similarly nondescript outer-sphere association as
that discussed above for the corresponding
monophosphine complex is indicated by the
practically identical chemical shifts of the
H,C-B(C4F5); anion in both complexes.

'H-NMR data obtained for [(C.H.),
Zr(CH)(PMe;y),]* at a temperature of —80°C
in CD,Cl ,, especially a splitting of the Zr(CH ;)
signa to a 1:2:1 pseudotriplet by coupling to
two equivalent P atoms, indicate a symmetrical
structure of this cation, as noted before by
Jordan et al. [21]. This assignment is supported
by 'H-NMR data for the dimethylsilyl-bridged
complex [Me,Si(CcH ,),Zr(CH ;)
(PMe;),]1", obtained by reaction of
Me,Si(CH ,),Zr(CH,), with one equivalent of
B(C4Fs); in the presence of excess PMe; (Ta
ble 2): The appearance of only one signal for
the Me,Si bridge and of two pseudotriplets for
the Cg-ring protons indicates a C,,-symmetric
geometry. The stability constant of this com-
plex, Kg;=10004+ 100 |/mol, is somewhat
larger than that of its unbridged congener dis-
cussed above, presumably due to a slightly more
open geometry of Me,Si(C,H,),ZrCl,
than of (C,H.),ZrCl,.

These data do not rigorously exclude the
possibility, however, that some fraction of the
bisphosphine complex is present in form of the
unsymmetrical isomer, in which the methyl
group is placed in a lateral coordination posi-
tion, as obseved by Jordan and coworkers for
the chelated complex [(CcH:),Zr(CH ;)
(PMe,),C,H,]" [21]: Exchange between
monophosphine and bisphospine complexes ac-
cording to Eq. (5) is fast on the NMR time scale
even at —40°C; if thisis true aso for exchange
between different isomers of the bisphosphine
complex, their apparent C,, symmetry might
merely represent a time-averaged geometry.

For the other phosphines studied, bisphos-
phine complexes appear to be much less stable.
With 20 mM P(Et),, for example, we observe

shifts of only 0.07 ppm for the Zr(CH ;) signa
of [(CgHy),Zr(CH)(PEt,)]™. If we assume a
similar limiting shift value for this signal as for
that in [(C,H;),Zr(CH,)(PMe,),]", we esti-
mate a rather low value value of K= 3 1/mol
for Eq. (5) with P(Et),. For phosphines with
still larger Tolman cone angles [38], such as
tribenzyl, triphenyl or tricyclohexyl phosphine,
no indication for a formation of bisphosphine
complexes is apparent up to phosphine concen-
trations of 20 mM. Apparently, Eq. (5) responds
very sensitively to increasing bulk of the two
phosphine ligands which have to be placed in
the narrow margin of the metallocene wedge.

The bis-trimethylphosphine complex
[(CsH:),Zr(CHL)(PMe,),1", however, is so
stable that its partial formation is observable, by
small but significant shifts of the Zr—-CH, and
C.H; signals, in solutions of (C;H.),Zr(CH ),
and B(C¢F;), even in the presence of less than
one equivalent of PMe;, i.e., before formation
of the monophosphine complex is complete.
The monophosphine cation (CgHg),Zr
(CH)(PMe,) ™ thus appears to undergo dispro-
portionation according to Eqg. (6).

2[(CsHs),Zr(CH,)(PMey)] “A~
= [(CoH3),Zr(CH,)(PMe,),] "A~
+[(CsHs),Zr(CHg) " -+ - A (6)

From the relative signa intensities for
[(CsHL),Zr(CHR) ™ - - - (u-HZ;O)-B(CgxFy)5 ]
and for the sum of the two phosphine com-
plexes and from an analysis of the signa shifts
of the latter in the presence of 0.54 and 0.68
egivalents of PMe;, we estimate a (dimension-
less) value of Ks= 0.4+ 0.1 for the equilib-
rium constant of the disproportionation repre-
sented in Eqg. (6).

This disproportionation reaction can be used
as a test for the validity of the assumption that
associated rather than solvent-separated ion pairs
predominate in these reaction systems: If the
latter were the case, the ensuing equilibrium Eq.
(7) would lead — in distinction to Eq. (6) — to
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a dependence of the degree of reaction on the
total zirconocene and borate concentrations. In
the accessible concentration range between 1
and 2 mM (which is limited by the formation of
aggregated species at higher and by signal-to-
noise problems at lower concentrations) the po-
sition of the averaged Zr—CH 5 signal of the two
phosphine complexes [(CcH),Zr(CH ;)
(PMey)l* and [(C H),Zr(CH)(PMey), 1"
in solutions with a P:Zr ratio of 0.7 remans
unchanged at —0.598 ppm, thus indicating an
unchanged concentration ratio of these two
species in accord with the presence of associated
ion pairs as indicated in Egs. (4)—(6).

2[(CsHs),Zr(CH4)(PMe;)]  + A~
= [(CsHs)zzr(CH 3)(PMe3)2] "
+[(CsHs)Zr(CHZ) " -+ - A7 (7)

Since K is connected to K, and K by the
expression K, = K;/Kg, we can now estimate,
from the values of K5 and K derived above, a

value of K, ~ 1600 | /mol for the displacement
of the anion H,C-B(C4F;); by PMe; from
direct contact with the Zr center in the ion pair
[(CsHL),Zr(CH) ™ - - (u-HZO)-B(CxFy)5 ]
according to Eq. (4). For the other phosphines
listed in Table 2 analogous data are not accessi-
ble, since their lower tendency to form the
respective bisphosphine complexes does not al-
low observation of the disproportionation Eq.
(6). Nevertheless, we assume that similarly high
values of K, pertain also to the other phos-
phines studied here, since the contact ion pair
[(CsH5),Zr(CHR) ™ - - - (u-HZO)-B(CsFy); 1is
undetectable in the presence of even the dight-
est excess of phosphine.

Finally, we have extended related studies also
to two chiral ansa-zirconocenes, which give rise
to stereosel ective homogeneous catalysts for the
isotactic polymerization of «-ol€fins, i.e., to
reaction systems containing Me,Si(ind),ZrMe,
[39,40] or Me,Si(2-Me-benz[elind),ZrMe,
[41,42] and B(C¢F;),. In both cases, we ob-

Table 2
'H-NMR signals for the mono- and bis-PMe, complexes for various zirconocenes at [Zr],,, < 2 mM? and 30°C in C4D; solution (250 MHz)
Complex S8(CgH,) 8((CH,),S) 8(Zr-CHy)  8(PMey)
(CsHy),ZrMe(PMey)* 550 (10, d, 2.5 Hz) -0.20(3, 9P
(CsHy),ZrMe(PMey)S 4.99 (10, 9° —1.44(3, 9P 030 (%o?’rgéglvezc)i
CgH, CsH,
Me,Si(CgH ), ZrMe(PMey)* 4.87 (2, po) 6.30 (2, pg) 0.16(3,s) —0.20(3,9) 0.42(9,d, 83 Hz)
5.07 (2, pg) 6.44 (2, pg) —-0.04(3,9)
Me,Si(CgH ), ZrMe(PMe,)3 5.55 (4, pt) 4.93 (4, pt) 015(6,59) —120(3,9) not resolved
Ind—H a-CsH,
rac-Me,Si(ind),ZrMe(PMe,) * not resolved 515(1,d,3Hz) 059(3,5) —114(3,9 0.59 (9, d, 11 H2)
526(1,d,3Hz 0.32(3,9)
rac-Me,Si(ind),ZrMe(PMe,);
sym. not resolved not resolved 0.22(6,s) —0.93(3, 1) not resolved
asym. not resolved not resolved 015(3,9) —0.76(3,9 not resolved
0.33(3,9) not resolved
Benz—Ind—H 2-CH,
rac-Me, Si(2-Me-benzelind), ZrMe(PMe;)*  not resolved 1.65(3, 9 0.69(3,s) —115(3,s) —0.03(9,d, 85H2)
1.63(3,9) 0.62 (3,9
rac-Me, Si(2-Me-benzelind), ZrMe(PMe;) 5
sym. not resolved 2.62 (6, s) not resolved —1.10 not resolved
(3,1,6,H2)
asym. not resolved 2353, 9) not resolved —0.76 (3, ) not resolved
217(3,9)

“At this concentration only the associated species with 8(H;C—B) = 1.4 ppm is observed.

PCalculated limiting value.

“Abbreviations for the multiplicity: s= singlet, d = doublet, t = triplet, pt = pseudotriplet, pgq = pseudoquartet.
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serve, in dilute solutions with [Zr],, in the range
of 1-2 mM, the formation of a monophosphine
complex of the associated type, i.e, with a
B—CH, signal at 1.4 ppm (Table 2).

In distinction to the reaction systems contain-
ing the PMe,-complexed ion pairs [(C;Hy),
Zr(CH,) (PMey) [T H,C-B(C4F); or [Me,
Si(CgHg),Zr(CH,) (PMey) 1" H,C-B(CF)3
discussed above, [Me,Si(ind),—Zr(CH ;)
(PMey)]" H,C-B(CiF); and [Me,Si
(2-Me-benz[elind),Zr(CH;)(PMe,) ] "H,C-B
(CsF5); do not show any detectable shifts of
their NMR signals upon addition of excess
PMe;, up to concentrations of ca 20 mM. At
PMe; concentrations of 5-20 mM, we do how-
ever observe the appearance of two weak, sharp
signal sets. These might be due to symmetric
and asysmmetric bissPMe, complexes (Table
2), which interconvert only slowly with each
other and with the monophosphine complex.
Even if this assignment is correct, the equilib-
rium constants K for the formation of these
bisphosphine complexes are estimated to be
smaller than 10 | /mol for the bis(indenyl) and
bis(benzindenyl) zirconocenes. This greatly re-
duced tendency to form a bisphosphine complex
is undoubtedly due again to steric effects. The
coordination gaps of the Me,Si-bridged big(in-
denyl) and bis(2-Me-benz[elindenyl) zir-
conocene complexes are significantly smaller
than those of the (C H.),Zr or
Me,Si(C-H ,),Zr frameworks, in particular with
respect to their lateral extension [43,44]: In
Me,Si(ind),ZrCl, and Me,Si(2-Me-
benzelind),ZrCl,, the CH and CH, units in
a-position to the Me,Si bridge protrude into the
lateral section of the coordination gap and will
thus impose serious thermodynamic and kinetic
obstacles to the approach of a second phosphine
ligand.

3. Conclusions

With regard to the coordination of an olefin,
such as propene, to an alkyl zirconocene cation,

the data discussed above lead to the following
conclusions; In a non-polar solvent such as
toluene, displacement of the anion from the Zr
center by an olefin ligand will lead to the
formation of associated ion pairs of the type
[CpsZr—alkyl(olefin)]* A~; the geometrically
non-descript outer-sphere association between
cation and anion is likely to persist even at low
zirconocene concentrations. Such an association
with the anion, at least in the geometry derived
from our density-functional calculations (Fig.
2), would not seem to impair the reactivity of
the zirconocene cation: With a growing polymer
chain in place of the Zr-bound methyl group
and with an olefin in place of the PMe; ligand,
this species would meet all the requirements for
an olefin-insertion reaction complex. The for-
mation of such a reactive olefin complex should
thus be described as in Eq. (8):
[Cp3zr(akyl) " -+ - A™| + olefin

= [CpszZr(alkyl)(olefin)] " A~ (8)

The equilibrium constant K for this reaction
is undoubtedly much smaller than the value of
K, obtained for the corresponding reaction with
PMe,: Due to its higher dipole momement and
polarizabilty (=12 D, a=9.71 A3 [45-
47]) PMe; will have a much higher affinity than
an olefin such as propene (u = 0.4 D, a = 6.26
A~3) for the cationic, d°-configurated Zr center.
Reaction enthalpies for the exchange of a phos-
phine against an olefin ligand have so far been
reported only for transition metals, such as
zero-valent Ni, Pd or Pt complexes [48,49], for
which backdonation from filled metal d orbitals
contributes substantially to the stability of the
olefin complex. Comparable experimental data
for olefin vs. phosphine exchange are not avail-
able for d°-configurated metal species such as
the zirconocene methyl cation considered here.

[Cp,Zr(CH,)(PMe;)] " + C4H,
+
- [CpZZr(CH 3)(C3H6)] + PMe, 9
In order to obtain at least an estimate for the

reaction enthalpy of such aligand exchange, we
have studied Eq. (9) by density-functional cal-
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culations. This method has been successfully
used to estimate reaction enthalpies for many
types of organometallic reactions [50-52]. To
test the reliability of this method for the type of
reactions considered here, we have first deter-
mined the reaction enthalpy for the displace-
ment of borate anion from the Zr center by
PMe;,, as represented in Eqg. (4). Using the
methods described in the Computational Part,
we find a reaction enthalpy of AH,= —41
kJ/mol for this reaction. This value is in satis-
factory agreement with the value of AG) = — 18
kJd/mol, derived from the experimentally deter-
mined value of K, = 1600 | /mol: These two
figures would perfectly comply with the relation
AG)=AH,—T-AS], if an entropy change of
AS?= —80+ 10 J/(mol K) is associated with
this reaction. An entropy change in thisrange is
indeed very likely for Eq. (4), since an entropy
loss in the order of 100 J/(mol K), due to
fixation of a PMe; reactant, will be partly com-
pensated by an entropy gain due to the in-
creased mutual mobility of anion and cation in
the resulting outer-sphere complex.

For the substitution of PMe, by propene from
a zirconocene methyl cation according to Eq.
(9), our density-functional calculations yield a
surprisingly high estimate of AHg= +79
kJ/mol. Neglecting the presence of outer-sphere
ion pairs on both sides of Eq. (8) as well as the
effects of B-agostic interactions of the akyl
chain with the Zr center [23,28,29,31], we ob-
tain, from AHg = AHg+ AH,, an estimate of
AHg= +44 kJ/mol for the formation of an
olefin-containing reaction complex according to
Eq. (8). Since only a minor fraction of the
zirconocene catalyst will be present under typi-
cal polymerization conditions in form of an
olefin-containing reaction complex, AHg must
contribute directly to the overal activation en-
ergy AE* of the polymerization catalysis. Com-
parison with experimentally determined values
of AE* = 30-54 kJ/mol [17] indicates that our
estimate for AHg is probably too high.

Nevertheless, it is clear from the data dis-
cussed above that formation of the olefin-con-

taining reaction complex constitutes a major
contribution to A E¥ and that there is still room
for further efforts to develop catalyst systems
where even higher activities ensue from a de-
crease in this energy increment.

A remarkable aspect of our results concerns
the slow rate of interconversion between the
contact ion pair [(CcH),Zr(CH,)™ - - A7]
and the phosphine complexes
[(CsH:),Zr(CH,)(PRG]T A~ according to Eq.
(4): Exchange signals of rather low intensity
indicate half-lives in the order of 5-10 sfor this
process. We assume that this ligand substitution
proceeds by an associative mechanism, the tran-
sition state of which would require a direct
cation—anion contact of the type [(CiHy),
Zr(CHZ)(PR)™ -+ (u-CH3)—-B(CgFy);l,
which appears to be sterically encumbered, as
discussed above.

This line of reasoning would imply that simi-
larly low interchange rates might pertain also
for the corresponding reactions represented in
Eg. (8), with ol€efin instead of phosphine lig-
ands. If this is indeed the case, the haf-live of
an olefin complex of the type [Cp)
Zr(alkyl)(olefin)]* A~ with respect to displace-
ment of the olefin by the anion A~ would be
larger by several orders of magnitude than typi-
ca olefin-insertion half-lives, which can be esti-
mated to be as short as severa ms for more
highly active zirconocene catalysts [41,42]. This
raises the question as to the fate of the coordina-
tively unsaturated species arising from the olefin
insertion, i.e. whether reconversion to a (pre-
sumably inert) contact ion pair or coordination
of a new olefin ligand is the kinetically favored
process. At any rate, the possibility that a rela-
tively large number of consecutive olefin inser-
tions might occur before an active zirconocene
alkyl olefin cation is reconverted to a contact
ion pair, would be highly relevant especially for
the mode of operation of syndio-specific zir-
conocene catalysts [53—56], which is intimately
dependent on the length of uninterrupted inser-
tion sequences.

Formation of a bidolefin) complex of the
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type [Cpxzr(akyl)(olefin),]* A~, findly, ap-
pears rather unlikely: The formation of bis-
phosphine complexes was found to be critically
dependent on the absence of steric bulk, both at
the phosphine ligand and the zirconocene
framework. An n?-coordinated olefin, such as
propene, will take up about as much space in
the coordination sphere of a zirconocene cation
as a PMe; ligand [57]. This and the low affinity
of olefins for the d°-configurated Zr center make
it unlikely, especially for the sterically encum-
bered bis(indenyl) or biS(benZelindenyl) zir-
conocene catalysts, that the formation of a
bis(olefin) complex causes the more than linear
increase of catalyst activities with monomer
concentration, e.g., an activity increase with
c(olefin)” [17]. We are presently trying to clar-
ify possible contributions to this non-linear con-
centration dependence, based on an analysis of
the relative rates of individual elementary reac-
tion steps in these complex catalyst systems.

4. Experimental and computational part

The zirconocene complex Cp,Zr(CH,), and
the borane B(C4F;), were synthesized accord-
ing to literature methods [58-60]. Trityl te-
trakis(perfluorophenyl)borate was purchased
from Akzo Chemicals while the phosphines used
(PMe,, PEt;, PBu,, PMe,Ph, PMePh,, PPh,,
P( p-OMe-Ph),, PBn,, PCy,) were purchased
from Aldrich.

All materials were kept and handled in a
glovebox under N,. benzene-dg and toluene-dg
solvents were purified by stirring over potas-
sium metal, degassed, condensed onto a 4 A
molecular sieve and then stored in a glovebox
under exclusion of light. Stock solutions con-
taining 0.04 mol /I of each of the components
(0.4 mol /I of the phosphines used at higher
concentrations) were used to prepare the solu-
tions for NMR measurements; these were trans-
fered to rubber-stoppered 5 mm NMR tubes and
measured on a Bruker WM-250 spectrometer.
Relative concentrations of the species present in

the equilibrium mixtures were determined by
evaluating the integrals of their respective CcH.
signals.

For density-functional studies on complex
geometries and reaction enthalpies, the func-
tional of Vosko et a. [61] was used. For all
calculations, program RIDFT [62] with the inte-
gration grid option 2 was used on an lIris
Power-Challenge. The SVP vaence basis set
provided by this program was used for C, H and
P atoms; for Zr, an effective core potential was
used for the core electrons and a double-¢ qual-
ity valence basis for the valence electrons. For
the J,; Coulombic terms, the corresponding
auxiliary basis sets were used for all atoms [62].
Nonlocal corrections for exchange and correla-
tion were applied in the self-consistent proce-
dure using the gradient-corrected functional ac-
cording to Becke [63—65] and Lee et al. [66].
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