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ABSTRACT: Reduction of Zr(IV) metallocenium cations
with sodium amalgam (NaHg) produces EPR signals
assignable to Zr(III) metallocene complexes. The chloro-
bridged heterodinuclear ansa-zirconocenium cation [(SBI)Zr-
(u-Cl),AlMe,]* (SBI = rac-dimethylsilylbis(1-indenyl)),
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present in toluene solution as its B(C4Fs),” salt, thus gives Zr(IV) olefin- —— Zr(IV) olefin-
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rise to an EPR signal assignable to the complex (SBI)Zr'" (u s Zr(lll) species yecatalyet

Cl),AlMe,, while (SBI)Zr™-Me and (SBI)Zr™(u-H),Al'Bu,

are formed by reduction of [(SBI)Zr(u-Me),AlMe,]" B(C4Fs),~ and [(SBI)Zr(u-H);(Al'Bu,),]" B(C4Fs),”, respectively. These
products can also be accessed, along with (SBI)Zr"'-Bu and [(SBI)Zr"']* AIR,”, when (SBI)ZrMe, is allowed to react with
HAI'Bu,, eliminating isobutane en route to the Zr(III) complex. Further studies concern interconversion reactions between these

and other (SBI)Zr(III) complexes and reaction mechanisms involved in their formation.

1. INTRODUCTION

Cationic, tetravalent group 4 metallocene complexes have been
well established as active a-olefin polymerization catalysts."
Frequently, metallocene precatalysts are activated with
methylaluminoxane (MAO), producing complex reaction
mixtures,” in which metal species reduced by one electron to
trivalent compounds can sometimes also be observed. In situ
formation of Ti(IIl) species, which are apparently inactive, has
been documented for titanocene-based polymerization cata-
lysts.> While Ti(IlI) half-sandwich complexes have been
reported to catalyze the polymerization of styrenes,* the role
of various Ti oxidation states in these systems appears still
controversial.®

Much less attention has been directed at the formation of
Zr(III) species in the course of zirconocene-catalyzed olefin-
polymerizations. Despite some clear EPR-spectroscopic evi-
dence for the occurrence of Zr(III) species in zirconocene-
based polymerization catalysts,”” and substantial grevious work
on trivalent zirconocene complexes in general,” information
about the nature and the reaction tendencies of Zr(III)
complexes, which arise under polymerization conditions, is still
rather limited. Identifying these reduced species and determin-
ing the mechanisms of their formation from Zr(IV) complexes
present in active catalyst systems are first steps toward
elucidating whether they exist as temporary resting states or
are permanently removed from the catalytic cycle.
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Additionally, we are interested in the role that aluminum
hydrides play in polymerization systems,” as they are frequently
introduced by loss of isobutene from triisobutylaluminum
(TIBA), which is added to increase the overall activity of the
catalytic system.'® Previously it was shown that [(SBI)Zr(u-
Me),AlMe,]* (SBI = rac-dimethylsilylbis(1-indenyl)), a highly
reactive intermediate in zirconocene-based polymerization
catalysts,"" is converted to [(SBI)Zr(u-H);(Al'Bu,),]", itself a
polymerization precatalyst,'”> when even small amounts of
HAI'Bu, are present in solution.'® Intriguingly, higher
concentrations of paramagnetic compounds are observed by
EPR spectroscopy upon activation with MAO/TIBA mixtures
than with MAO alone, which might result from Zr(III) species
being formed by the introduction of aluminum hydride
compounds into these reaction systems.”

In light of the above information, we have sought to generate
relevant zirconocene complexes of oxidation state Zr(III) by
alternative routes, in order to provide spectral and reactivity
data for comparison with zirconocene reaction systems during
polymerization catalysis. In this report, we present results of
NMR- and EPR-spectroscopic studies on reduction reactions of
several (SBI)Zr(IV) complexes with sodium amalgam and with
diisobutylaluminum hydride, which give access to a variety of
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trivalent zirconocene species, and on interconversion reactions
of some of these Zr(Ill) complexes. This should provide a
more complete reference for studying Zr(III) products, that
might arise under catalytic conditions, and offer first insights
into possible mechanisms of their formation.

2. RESULTS AND DISCUSSION

Due to the complex nature of these reaction systems and the
limited structural information that can be obtained by EPR
spectroscopy alone, a combination of data is used here to
identify and characterize Zr(III) species present in these
reaction media. First, we consider the products that arise from
the sodium amalgam reduction of various zirconocenium
cations present under catalytic reaction conditions. Further
studies concern the formation of Zr(IlI) compounds that might
arise in catalytic systems upon interaction with dialkyl
aluminum hydride compounds. Finally, we investigate the
reactivity patterns of these species upon addition of aluminum
chloride, aluminum alkyl and aluminum hydride compounds.

2.1. Reduction with Sodium Amalgam. While sodium
amalgam (NaHg) has previously been a useful reductant for
various metallocene complexes,"* *® no change in the NMR
spectra of Cg¢Dg solutions of (SBI)ZrMe, (1) was observed
upon shaking with NaHg, containing 1% (wt/wt) Na, for
several hours. Prolonged stirring of a CgDg solution of
(SBI)ZtCl, (2) with NaHg for several days produced a color
change to dark brown, but we were not able to isolate or
identify any products from this reaction system. Several cationic
zirconocenium complexes, on the other hand, proved to be
more prone than these neutral species to give identifiable
reduction products upon treatment with sodium amalgam.

A particularly straightforward reduction is observed from the
dichloro-bridged cation [(SBI)Zr(u-Cl),AlMe,]* (3), present
in solution as its B(C¢Fs),” salt.'” Reaction of NaHg with a
toluene solution of 3 gives rise to an EPR spectrum with a
signal at g = 1.958 (Figure 1). The shape of this signal, a
midpoint inflection with reduced slope, indicates some
unresolved hyperfine splitting. As in a similar case reported
by Lyakin et al,” a model spectrum calculated for interaction of
the unpaired electron with one *’Al and one *'Zr nucleus is in
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Figure 1. EPR spectrum (X-band, 25 °C) of 4, the Zr™ complex
obtained by NaHg-induced reduction of a 3.5 mM solution of
[(SBI)Zr(u-Cl),AlMe,]* B(C4Fs),” in C¢D4 (solid line), and EPR
spectrum calculated for interaction of the unpaired electron with one
*’Al and one *'Zr nucleus (100% *’Al, I = 5/2, a(*’Al) = 3.4 G; 11%
NZr, I =5/2, a(®'Zr) = 18.6 G, line width 5 G, dashed line).

near-perfect agreement with the observed spectrum and
consistent with an assigned structure of (SBI)Zr" (u-Cl),AlMe,
(4). Crystallographic data which further confirm this assign-
ment will be discussed in a later section, as 4 was generated
using alternate methods to avoid the presence of (rather
insoluble) [Na][B(C4F;),] in the reaction system.

The doubly integrated intensity of this signal accounts for,
within accuracy limits, the total Zr content of the sample. In the
absence of air, this signal is stable for days. Additionally, in 'H
NMR spectra of (SBI)Zr™(u-Cl),AlMe,, obtained by reduction
of [(SBI)Zr(u-Cl),AlMe,]* with the one-electron reductant
cobaltocene,"® two paramagnetically broadened signals with
very short relaxation times of ~4 ms appear, at 0.68 and —1.4
ppm, with intensities practically equal to those of the (CH;),Si
and Al(CHj,), signals seen for the initial cation [(SBI)Zr(u-
Cl),AlMe,]* before reduction (Supporting Information [SI]).
These observations indicate that reaction of NaHg with the
cation 3 furnishes the Zr(IIT) complex (SBI)Zr™(u-Cl),AlMe,
(4) according to eq 1 in practically quantitative yield.
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3 4

Quite a different course is taken by the AlMe;-complexed
methyl zirconocenium cation [(SBI)Zr(u-Me),AlMe,]" (5), a
prominent component of (SBI)Zr-based olefin-polymerization
catalysts."' When a C¢Dg4 solution of this heterobinuclear
cation, prepared by reaction of 1 equiv of trityl tetrakis-
(pentafluorophenyl)borate ([PhyC][B(C4F;),]) with 1 in the
presence of AlMej, is shaken with sodium amalgam for ~1 b, it
produces the EPR spectrum shown in Figure 2.
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Figure 2. EPR spectrum (X-band, 25 °C) obtained after reduction of a
1 mM solution of [(SBI)Zr(u-Me),AlMe,]* B(CF;),” in C(Dg with
1% NaHg immediately (solid line) and ~3 h after the end of the 1-h
reaction period (broken line).

The EPR spectrum contains as its main component a signal
centered at g = 1.971. On the basis of the absence of any *’Al-
associated hyperfine structure from the main signal in Figure 2,
we can tentatively assume that this signal is due to the simple
methyl complex (SBI)Zr™-Me (6, eq 2),"? rather than to the
conceivable direct electron-uptake product (SBI)Zr™(u-
Me),AlMe,.
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The signal shown in Figure 2 accounts, however, only for a
rather small fraction (~10—20%) of the total zirconocene
concentration. In order to elucidate the course of the reduction
reaction in more detail, we followed the EPR and 'H NMR
spectra of the reaction mixture in parallel. The 'H NMR signals
of the cation [(SBI)Zr(u-Me),AlMe,]* (5), initially the only
signals discernible, completely disappear during the one-hour
reduction period. At the same time, the appearance of the
characteristic 'H NMR signals of the dimethyl complex
(SBI)ZrMe, (1) shows that this complex is formed in
substantial concentration (about one-half of the initial
concentration of the cation (S) during the reduction reaction
(SI).%° Reactions which might lead to the rather unexpected
formation of 1 (itself not a reduction product) in the course of
the reduction reaction will be discussed in a later section.

Finally, we have also studied the NaHg-induced reduction of
the hydride-bridged cation [(SBI)Zr(u-H),;(AlR,),]* (7, R =
Me or ‘Bu), another possible component of (SBI)Zr-based
catalyst systems.” When a CgDg solution of this cation,
prepared by reaction of 1 with 1 equiv of [PhyC][B(C4Fs),]
in the presence of 4 equiv of HAI'Bu,,"? is shaken for 1 h with
sodium amalgam, it gives rise to the EPR spectrum shown in
Figure 3. Apart from a minor, as yet not assignable component
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Figure 3. EPR spectrum (X-band, 25 °C) obtained from a 1 mM C¢Dy
solution of [(SBI)Zr(u-H);(AIR,),]" after reduction with 1% NaHg
(solid line) and EPR spectrum calculated for interaction of the
unpaired electron with one 2’Al nucleus (100% *’Al, I = 5/2, a(¥Al) =
7.6 G) and two 'H nuclei (100% 'H, I = 1/2, a(*"H) = 4 G, line width
7 G, broken line), assigned to (SBI)Zr™(u-H),AIR, (8).

in its central part, the spectrum shows a main signal at g =
1.970. The shape of the main signal is indicative of a hyperfine
splitting by a *’Al nucleus, which is about twice as strong as that
discussed above for the Cl-bridged species 4 (Figure 1). 2
Model spectra calculated with a hyperfine interaction constant
of a(*’Al) = 7.5 G closely approach the main signal shown in
Figure 3, provided that the hyperfine splitting in its central part
is not resolved, either due to an unusually large line width of
10—12 G, or alternatively, by further unresolved hyperfine
interaction with two 'H nuclei, each with a('H) ~ 4 G and a

more reasonable line width of 7—8 G (SI). We can thus
tentatively assume that the main signal shown in Figure 3 is due
to a dihydride-bridged complex (SBI)Zr"™(u-H),AIR, (8 eq
3).>**>The intensity of the signal indicates that the yield of

complex 8 is ~30%.
plex 8 30%
B(CgFs)s
H- —Ale
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While the value of a('H) ~ 4 G in 8 might appear rather
small for hydrlde ligands in direct contact with a Zr(III)
center,”* > this assignment has precedence in the dihydride-
bridged complex (CgHs),Zr"(u-H),Al(Me)(C¢H,-2,4,6-Bu),
for which an EPR signal with a(*’Al) = 8.7 G and a('"H) = 3.9 G
has been reported by Wehmschulte and Power.”® It must be
taken into account that the Zr"'(u-H),Al bonding situation
differs distinctly from that of a terminal Zr"-H unit. Since
AI(T1I) is likely to have a higher electronegativity than Zr(III),
the complex (SBI)Zr™(u-H),AIR, is likely to display some
character of an inner-sphere ion pair (SBI)Zr"™"*---H,AIR, ™. The
diminished Zr—H covalency can thus be expected to result in
reduced values of a("H);* hence, a value of a("H) ~ 4 G would
appear compatible with this assignment.

2.2. Reduction of (SBl)ZrMe, by HAIBu,. While
searching for causes for the incomplete progress of the
reduction to 8, described above, we noticed that EPR signals
similar to that shown in Figure 3 are observed in solutions
containing the dimethyl complex (SBI)ZrMe, (1) and HAI'Bu,
even before the addition of [Ph;C][B(C4F;),] and/or NaHg.
More detailed studies on this reaction are described below,
along with subsequent reactivity studies aimed at further
characterization.

A 3.5 mM solution of 1 in C¢Dg, which contains a 10-fold
excess of HAI'Bu,, slowly develops the EPR spectra shown in
Figure 4. The spectrum obtained after about one day is
practically identical to that produced by reduction of the cation
[(SBI)Zr(u-H);(AIR,),]* (7) with NaHg (Figure 3) and is
assigned as the same hydride-bridged complex (SBI)Zr™(u-
H),AIR, (8). The intensity of this signal indicates that species 8
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Figure 4. EPR spectrum (X-band, 25 °C) of a 3.5 mM solution of
(SBI)ZrMe, in C(Dy, which contains a 10-fold excess of HAI'Bu, at
various reaction times (solid lines) and, for comparison, the spectrum
assigned to 8, taken from Figure 3 (broken line).
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amounts to ~20% of the total Zr concentration at this time and
does not grow any further at longer reaction times. Parallel 'H
NMR measurements reveal that the reaction is accompanied by
formation of approximately one equiv of isobutane per unit of
1, together with traces of methane. Under these conditions, 8
thus appears to arise mainly by reductive elimination of
isobutane (eq 4).

2 si /Me §HAIBU, —= 2 Si mH\AIR 3AR; + H-Bu (4
i + u. { + + H-i Y
7 '\Me 2 2/ i NN 2 3 u (4]

.

T
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In a related experiment, a C4D solution of 1 containing only
2 equiv of HAI'Bu,, i.e. an amount less than that required by the
stoichiometry of eq 4, developed the EPR spectra shown in

Figure S. The spectra still show the signal of 8 but are now
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Figure S. EPR spectra (X-band, 25 °C) of a 3.5 mM solution of
(SBI)ZrMe, in C¢D, which contains 2 equiv of HAI'Bu,, at various
reaction times.

dominated by a central signal, also at g = 1.970. This signal
shows a partly resolved hyperfine splitting due to interaction of
the unpaired electron with two 'H nuclei, each with a(‘H) =
5.7 G (SI). On the basis of its g value, which is similar to that of
the species (SBI)Zr'-Me discussed above, and on the basis of
its a("H) value, which is within the range of values previously
reported for alkyl zirconocene complexes of oxidation stage
Zr(Il1),”*" we assign this signal to the isobutyl complex
(SBI)Zr™-Bu (9). After a reaction period of several hours, 8
and 9 account together for about 90% of the total zirconocene
concentration in this reaction mixture.

Parallel '"H NMR measurements of the reaction mixture
reveal that the appearance of the EPR signals shown in Figure §
is accompanied again by substantial evolution of isobutane and
methane—in this case in comparable amounts. Formation of
isobutyl complex 9 by reductive alkane elimination can thus be
described by eq 5

< Lk
2/Si '\
; Me

~
+ HAIBUY, —— 2 Si mfau + AR; + H-R (5}

R =Me or ‘Bu

Formation of (SBI)Zr™-Bu as the reduction product is
further supported by the observation that addition of
dimethylphenylphosphine to the product mixture generates,
at the expense of the signals shown in Figure 5, a somewhat
broadened EPR doublet with a hyperfine splitting of 10.6 G
(SI), as would be expected for a phosphine complex of
composition (SBI)Zr(‘Bu)PMe,Ph, formed according to eq 6.3

i M
Wigy + PMe,Ph ——= si<

While we were not able to corroborate the structures of
complexes 8 and 9 by crystal structure determinations, our
assignment of the “outer-wings” signal shown in Figure 4 to
(SBI)Zr™(u-H),Al'Bu, (8) and of the central signal to
(SBI)Zr"™-Bu (9) is supported by the following observation:
Addition of HAI'Bu, to a mixture of the two causes the signal
assigned to 8 to increase relative to that of 9, while the opposite
is observed upon addition of Al'Bu, i.e. an equilibrium reaction
as in eq 7 appears to interconvert 8 and 9 (SI).

; N,
NAiBu, + AlBuy ~—=Si<{ zr|1L
- e e
H ¥\

H

-
il Bu+2HAIBu,  (7)

Formation of the dichloro-bridged complex 4 from 8 and 9
was studied by reacting a solution containing both of these
species with increasing increments of ClAIMe,. The EPR
spectra obtained in this manner (Figure 6) clearly reveal a two-
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Figure 6. EPR spectra (X-band, 25 °C) of a 3.5 mM solution of
(SBI)ZrMe, (1) in C4Dg, which had reacted with 2 equiv of HAI'Bu,
for 16 h (broken line), after stepwise addition of 1-5S0 equiv of
CIAI'Bu, (solid lines, corrected for dilution).

step reaction: addition of only 1 equiv of ClAIMe, causes the
practically complete conversion of all (SBI)Zr(III) species to a
new complex with g = 1.968. Subsequent additions of CIAIMe,
gradually convert this new complex to 4. “Isosbestic” points at
fields of 3416 and 3436 G indicate that only two (SBI)Zr(III)
species are present under these conditions.

dx.doi.org/10.1021/ja403170u | J. Am. Chem. Soc. 2013, 135, 10710—10719
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On the basis of these observations and the lack of obvious
hyperfine interaction, the new signal at g = 1.968 might prima
facie be assigned to the monochloro complex (SBI)Zr"-CL
Since this presumably Lewis-basic species would arise, however,
in the presence of highly Lewis-acidic trialkyl aluminum
compounds, it should most probably be designated as its
AIR; adduct (SBI)Zr™-CIAIR, (10). The presumably increased
Zr---Al bond distance in this type of ion pair would diminish the
resolution of any *’Al hyperfine interaction beyond detection.
This complex appears to be formed in practically quantitative
yield under these conditions (eq 8), and is then converted to 4
by excess CIAl'Bu, in an equilibrium reaction (eq 9).

(SBI)Zr"-'Bu + ClAIMe, — (SBI)Zr"'-CIAIR, "
9 10 8

(SBI)Zr"-CIAIR, + ClAIMe,
10

= (SBI)Zr"(u-Cl),AlR, + AIR,
4
R=Me, Bu )

In accord with eq 9, addition of excess AlMe; to a solution of
species 4 decreases its EPR signal at g = 1.958 with concomitant
appearance of the signal of Al-stabilized CI species 10 at g =
1.968 (SI). The observation that excess trialkyl aluminum
causes conversion of 4 to the monochloride complex supports
our tentative proposal that the latter is present in form of a
trialkyl aluminum adduct.

Addition of increasing proportions of HAI'Bu,, on the other
hand, to a solution containing 4 converts most of the latter to 8,
but superimposed on the signal of this species at g = 1.970
remains the signal of 10 at g = 1.968 (SI). While the
equilibrium represented in eq 10 thus appears to be movable to
either side, the ClI ligand in (SBI)Zr"™-CIAIR, obviously resists
exchange with an Al-bound Bu group.

. Cl H
Ngi N , . ~Hy )
/S|CI/AII\-'Iez +2HAIBU, =—= /SIH,A|R2 + 2CIAR, (10}

2.3. Crystal and Molecular Structure of (SBI)Zr"(u-
CI),AIR; (4). Taking advantage of these equilibria (eqs 9 and
10), 4 can be obtained as a solution in pentane by first allowing
1 to react overnight with 2 equiv of HAI'Bu, and then treating
the resulting mixture of 8 and 9 with excess CIAIMe,. When
such a solution was cooled slowly to —20 °C, it produced
crystals of X-ray quality (SI). Structure determination of these
crystals revealed a P2/c space group and a unit cell with § =
92.126(2)° and four molecules of 4 with both enantiomers in
equal proportions (Figure 7). The final anisotropic full-matrix
least-squares refinement on F* yielded a molecular structure for
4 in agreement with the spectral data discussed above (Figure
7).

The coordination geometry of the Zr center of 4 can be
compared to that of (SBI)ZrCl, (2),** as well as to those of
several other zirconocene chloride complexes of oxidation state
Zr(1l), viz. [(Me;Si-CsH,),Zr™(u-C)1,,** [(1,3-(Me;Si),-
CsH,),Zr" (u-C1)],,* and  [(CsHs)Ze™ (u-Cl)],-u-(CsH,-
CsH,)*® (Table 1). The distance of the Csring centroid
from the Zr center is found—somewhat unexpectedly—to be
smaller by ~0.1 A for the Zr(Ill) complex 4 than for its Zr(IV)

Figure 7. Molecular structure of (SBI)Zr™(u-Cl),Al(CH;), (4) with
thermal ellipsoids at the 50% probability level. H atoms omitted for
clarity. For selected bond lengths and angles see Table 1.

congener 2. This observation and the substantially longer Zr—
Cl distances in 4 than in 2 conform with the notion that the
extra electron resides in a molecular orbital of 4 which is
antibonding with regard to the Cl ligands but mainly
nonbonding with respect to the ring ligands.*”

Additionally, Zr™-Cl distances are found to be significantly
longer for 4 than for the dimeric Zr(III) chloride compounds
listed in Table 1. The Al—CIl distances, on the other hand are
shorter in 4 than those reported for a number of dimeric
[R,Al(u-Cl)], compounds (2.32—2.35 A) and close to those in
the electron-poor perfluorinated compound [(C4Fs),AlCl],
(Table 2).**™*" These deviations of Zr—Cl and Al—Cl bond
distances in the heterobinuclear species 4 from values reported
for related homobinuclear species—as well as its conspicuously
diminished Cl-Zr—Cl and widened Cl—Al—ClI angles—can all
be considered to suggest that (SBI)Zr"(u-Cl),Al(CHj;), is
indeed approaching the bonding situation of a contact ion pair
(SBI)Zr"™.--CLAI(CH,), ™.

Attempts to crystallize in a similar manner also other
(SBI)Zr(III) complexes, in particular complexes 8 and 9, were
not successful, most likely due to the lower polarity of these
compounds.

2.4. Formation of a Cationic Zirconium(lll) complex.
The Zr(III) compounds discussed above seem to be relatively
stable, but isobutyl compound 9 undergoes a slow, further
transformation to give a signal centered at g = 1.983. When the
reaction between 1 and 2 equiv of HAIBu, (Figure S), is
observed for longer reaction times, it yields the spectral changes
shown in Figure 8. Over the course of several days, the signals
of 8 and 9 both diminish to ~10% of their previous size, while a
new signal grows which is centered at g = 1.983. After about
one week, little if any further changes occur. Some loss of
overall signal intensity appears to occur over this period of time.

Spectral changes of the same kind occur to a more complete
extent if a 3.5 mM solution of 1 is allowed to react with only 1
equiv of HAI'Bu,. In this case, we observe, after ~6 days, only
the signal centered at g = 1.983 (Figure 9).* This rather
narrow signal shows a hyperfine splitting due to the *'Zr
nucleus with a(®'Zr) = 17 G, but no signs of other hyperfine
interactions.

Signals with similar g-values and hyperfine splitting,
previously observed after reduction of (CHg),ZrCl, with
BuLi and in MAO-activated toluene solutions of (2-Ph-

dx.doi.org/10.1021/ja403170u | J. Am. Chem. Soc. 2013, 135, 10710—10719
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Table 1. Selected Bond Lengths (A) and Angles (deg) for a Series of Zirconocene Compounds

Zr—Cl

(SBD)Zr"(u-Cl),AlMe, (4) 2.650(1) 2.624(1)

(SBI)ZtCl, (2) 2.431(<1)
[(Me;Si-CH,),Zr" (u-C1)], 2.560 + 4°
[(1,3-(Me,Si),-CsH,),Zr™ (u-Cl) ], 2.602 + 6%
[(CsH3)Ze™ (u-C1),-(u-CsH,—~CsH,) 2.578

Cl-Zr—Cl Zr—CT CT-Zr—CT ref
77.07(3) 2.1908 130.70 this work
2.1836
98.76(1) 2293 119.04 33
93.34 + 0.10° 34
82.77 + 1.10° 35
100 36

“Averages of multiple Zr—Cl bond lengths. bAverages of multiple Cl—Zr—Cl bond ang]es.

Table 2. Selected Bond Lengths (A) and Angles (deg) for a
Series of Aluminum Compounds

Al-Cl Cl-Al-Cl Al-R ref
(SBI)Zr(u-Cl),AlMe, 2.253(1) 93.37(5)  1.941(4)  this work
4) 2.263(1) 1.946(4)
[‘Bw,Al(p-Cl)], 2.316(3) 87.2(1) 1.966(6) 38
2.324(3) 1.982(9)
[Mes,Al(u-Cl)], 2.346(2) 85.2(1) 1.972(4) 39
2.315(2) 1.966(5)
[AIMe(CSiRy)(u-Cl)],  2.3216(12)  86.53(4)  1.938(4) 40
[(C4Fs),AICH], 2.244(1) 90.60 1.953(3) 41
2.273(1) 90.75 1.944(3)
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Figure 8. EPR spectra (X-band, 25 °C) of a 3.5 mM solution of
(SBI)ZrMe, in C¢Ds, which contains 2 equiv of HAI'Bu, (cf. Figure ),
measured after increasing reaction times.

ind),ZrCl, and (SBI)ZrCl,, were assigned to the cations
[Cp,Zr™]*, [(2-Ph-ind),Zr™]*, and [(SBI)Zr™]*, respectively,
on the basis of their lack of ligand hyperfine structure and their
low-field position.”*> We follow this proposal in tentatively
assigning the signal at g = 1.983, shown in Figure 7, to the
“free” cation [(SBI)Zr™]* (11, eq 11) .

*
Wigy + AR, — Jsi=(

S R = Me or 'Bu Ny

This assignment raises the question of how such a cationic
species could arise in a reaction system free of any of the typical
cationization reagents, such as MAO or trityl cation, and which
kind of anion would be associated with it. Inspection of eq 11
suggests that the “spontaneous ionization” represented there is
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Figure 9. EPR spectrum (X-band, 25 °C) of 11, generated from a 3.5
mM solution of 1 in C¢Dy, which contains 1 equiv of HAI'Bu,, after a
reaction time of ~6 days (solid line) and spectrum calculated for a
hyperfine splitting due to a *'Zr nucleus (11% *'Zr, I = 5/2, a(*'Zr) =
17 G).

likely to be exergonic, since an aluminum trialkyl is most likely
a stronger Lewis acid than the [(SBI)Zr™]* cation and thus
prone to abstract an ‘Bu” ligand from the latter. The resulting
ion pair [(SBI)Zr™]* AIR,” would then differ from inner-
sphere ion pairs such as (SBI)Zr™--CLAIR,” and (SBI)-
Zr"™H,AIR,”, discussed above as representations of the
chloride- and hydride-bridged complexes 4 and 8. Apparently,
the alkyl periphery of an anion AIR,” has a much lower
tendency to coordinate to a Zr(IIT) center than the chloride or
hydride units of a CLLAIR,™ or an H,AIR,™ anion, such that the
cation [(SBI)Zr™]* associates with the anion AIR,” predom-
inantly in an outer-sphere ion pair.

Consistent with this proposal is the observation that addition
of HAI'Bu, (50 equiv) to a solution containing the ion pair 11
causes the signal at g = 1.983 to disappear, while regenerating
the signal pattern of the dihydride-bridged complex 8 (SI).
Apparently, scrambling of alkyl and hydride units between
neutral and anionic aluminum alkyls leads to formation of
H,AI'Bu,”, which upon association with [(SBI)Zr™]* gives
(SBI)Zr"™--H,AIR,™ = (SBI)Zr™(u-H),AIR,.

This notion would also provide an explanation for the rather
unexpected formation of (SBI)ZrMe, (1)—itself not a
reduction product—in the course of the NaHg-induced
reduction of the dimethyl-bridged cation $, noted in section
2.1, Reduction with Sodium Amalgam. Formation of 1 is not
explicable by a disproportionation of (SBI)Zr"-Me (6), one of
the reduction products, to 1 and some (SBI)Zr complex of
oxidation stage Zr(II), since 6 is found to be quite stable when
prepared, in analogy to the reaction in eq 4, by reaction of 1
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with §—10 equiv of HAIMe, (instead of HAI'Bu,) followed by
excess AlMe; (SI).

If, however, the cation [(SBI)Zr'(u-Me),AlMe,]* (5) would
be initially reduced directly to (SBI)Zr"™(u-Me),AlMe,, this
species with its unfavorable alkyl bridges might arise only as a
short-lived intermediate and rapidly dissociate to [(SBI)Zr™]*
and AlMe,” (eq 12). The rather basic anion AlMe,” would
then most likely react with the highly Lewis-acidic Zr(IV)
cation § so as to release 1 (eq 13). This reaction sequence
would generate, in accord with our experimental results (SI,
Figure S1) 0.5 equiv of 1 for each cation [(SBI)Zr(u-
Me),AlMe,]* reduced, while the coordinatively unsaturated
cation 11 could react further with NaHg to yield some yet
unidentified zirconocene species of oxidation state Zr(II).

[(SBI)Zr(u-Me),AlMe,]* + NaHg
s

- [(SBDZ™]" + [AIMe,]” + Na*
11 (12)

[(SBI)Zr(u-Me),AlMe, ]*
s

+ [AlMe,]”

— (SBI)ZtMe, + 2AlMe,
1 (13)

2.5. Mechanisms of Zr(lll) Formation. The dihydride-
bridged complex (SBI)Zr"'(u-H),AIR, (8) and the isobutyl
complex (SBI)Zr"-Bu (9) are formed, according to eqs 4 and
S, when (SBI)ZrMe, (1) is treated with varying amounts of
HAIBu,. Under these conditions, the Zr(III) products thus
appear to arise mainly by reductive elimination of the alkanes
isobutane and methane. Conceivable mechanisms for a
reduction of Zr(IV) to Zr(I) centers by alkane elimination
might be gleaned from the following observations: Immediately
upon addition of HAI'Bu, to solutions of 1, the HAI and ZrMe
"H NMR signals of the reagents disappear and are replaced by
broad signals, the intensities and positions of which depend on
the [HAIBu,];/[Zr], ratios used (SI). These changes
indicate the formation of H/Me exchange products and/or
adducts between HAI'Bu, and 1. While our data do not allow
an unequivocal identification of these intermediary reaction
products, we assume that they are analogs, with Me in place of
Cl, of those formed from (SBI)ZrCl, and HAIBu,’ i.e.
heterobinuclear dihydride-bridged Zr(IV) species of the type

shown in eq 14.
H— —Ale
{ 7zt~ Zr H (14]
i

N . Me 2 Hal 2 HA'BU,
Si
rd Y
R H~,mR2
R =Me, 'Bu

Me -AlRg

While these species would fulfill the formal requirement for
reductive alkane elimination, viz. cis-positioned hydride and
alkyl ligands, alternative and possibly more facile reaction paths
might start from homodinuclear complexes which should be
accessible from these heterobinuclear species via equilibria of
the type represented in eq 15.

Rather than leading to Zr(II) products, which would arise by
alkane elimination from heterobinuclear Zr(IV) species of the
type shown in eq 14, alkane elimination from homobinuclear
species, as in eq 15, would lead directly to Zr(II) reduction
products (eq 16), which could then yield the final products,

+ 2HAIR, (15

R =Me, 'Bu

(SBI)Zr™(u-H),AIR, and (SBI)ZrIH'—iBu, by subsequent asso-
ciation or ligand exchange with HAI'Bu,.

Ssi{zt]-In
TR i
4 o s — sz + RH+ Rﬂ- si_ (18]
H_Si\ R O \

R = Me, Bu

Our proposal, that homobinuclear complexes might be
involved in the reduction process, is supported by the following
observation: At a ratio of [HAI'Bu,],,;./[Zr ], = 2, formation of
Zr(I11) products from (SBI)ZrMe, and HAI'Bu, occurs with a
half-life of about 1.5 h. The half-life of this reaction increases
unexpectedly to ~5.5 h when (under otherwise identical
conditions) HAI'Bu, is used at a higher ratio of [HAI'Bu, ],/
[Zr],, = 10. This counterintuitive observation would be
explained by the involvement of HAI'Bu, in the equilibrium
represented in eq 15: An excess of HAI'Bu, would favor
formation of heterobinuclear species at the expense of
homobinuclear complexes and would thus be expected to
decrease the rate of Zr(III) formation, if homobinuclear
complexes are indeed required for efficient reductive alkane
elimination.

3. CONCLUSIONS

On the basis of the evidence described above, six (SBI)Zr(III)
species appear to be accessible by reduction processes starting
from (SBI)ZrMe, (1) in the presence of Lewis-acidic
organoaluminum compounds. These are two complexes with
n*bound aluminate ligands, (SBI)Zr"'(u-Cl),AIR, (4) and
(SBI)Zr™(u-H),AIR, (8), three complexes with simple #'-
bound ligands, (SBI)Zr"-Me (6), (SBI)Zr"-Bu (9), and
(SBI)ZrM-CIAIR, (10), and the cation [(SBI)Zr™]* (11). Our
EPR results indicate that these species are connected to one
another and/or to (SBI)ZrMe, (1), by the reactions summarily
represented in Scheme 1.

Most of these complexes appear to be coordinatively
unsaturated, with valence-electron counts of 13 for [(SBI)-
Zr™]* and 15 for SBZr™-X (with X = CIAIR;, Me or ‘Bu). Even
for (SBI)Zr"™(u-X),AlR,, (with X = H or Cl), the effective
electron density at the metal center is probably lower than
suggested by their formal 17-electron count, due to the polar
character of their Zr-ligand bonding, which might be written as
(SB)Zr™ .- X,AIR,™ (with X = H or Cl). The trivalent entities
encountered in this study appear to have metal centers of lower
electronegativity than the Zr(IV) centers of their tetravalent
precursors, and hence an increased tendency to transfer their
ligands to Lewis-acidic aluminum compounds present in the
reaction medium.

In the course of these studies, we have not been able to
obtain any clear indication of stable homobinuclear dimers of
the type (SBI)Zr™(u-X),Zr™(SBI), with X = Cl, H, or alkyl.
Monomeric and dimeric forms of trivalent zirconocene
chlorides have both been reported with complexes [(Me;,Si-
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CsH,),Zr" (u-C1)],,°* and [(1,3-(Me;Si),-CsHy),Ze™ (-
anl,® existing as dimers in the solid state, whereas (1,3-
(Me;C),-CsH,),Zr™Cl, with doubly Me;C-substituted rings, is
monomeric.”~ The propensity of a trivalent zirconocene
chloride to associate to a Cl-bridged dimer thus appears to
be determined by rather subtle changes in the steric load of its
ring ligands. While we cannot assess how a “free” (SBI)Zr"'Cl
species would range in this regard, its monomeric form is
apparently stabilized by formation of the AIR; adduct,
(SBI)Z™CIAIR, (10).

Similar considerations are likely to apply also to (SBI)Zr"-
hydride species, where adduct formation with a dialkylalumi-
num hydride is evident from the EPR spectra of 8. For
(SBI)Zr™-alkyl species, on the other hand, no tendency to form
any stable alkyl-bridged heterodinuclear adducts with alkylalu-
minum compounds is apparent from our data. Here, we can
assume that a similarly low propensity of alkyl ligands to
occupy a bridging position would also thwart any tendency of
(SBI)Zr™-alkyl species to form alkyl-bridged dimers.

At any rate, the EPR signal of (SBI)Zr" (u-Cl)AIR; (10) at g
= 1.968 accounts for practically the entire zirconocene
concentration, as does that of (SBI)Zr™(u-Cl),AlMe, (4),
with which it is in equilibrium according to eq 9 (cf. Figure 8),
and the Zr(III) complexes 8 and 9, produced by reaction of 1
with 2 equiv of HAI'Bu,. Any EPR-silent dimers of the type
[(SBI)Z™(u-X)],, with X = Cl, H, or alkyl, could thus
represent only insignificant fractions of the zirconocene
concentration in these reaction systems.

For some reaction systems, however, such as those where 1
reacts with 10 equiv of HAI'Bu,, the resulting EPR signals
account only for rather small fractions (20—30%) of the total
zirconocene content. In these, as in some of the other reaction
systems, the appearance of new "H NMR signals indicates the
formation of some diamagnetic products, which we have not
been able to identify so far. To which degree, for example,
products of the (SBI)Zr(1I) oxidation stage accumulate in the
course of these reactions must thus remain open.

In our present study we have obtained first evidence
concerning some relevant structures and reaction patterns of

trivalent ansa-zirconocene complexes occurring in catalysis-
related reaction media. Further studies will be aimed at
elucidating the role these Zr(Ill) species play in zirconocene-
based olefin-polymerization catalysis and if, once formed under
polymerization conditions, they exist permanently in this
oxidation state or can react further to regenerate Zr(IV)
precatalysts.*®

4. EXPERIMENTAL SECTION

All operations were carried out under a protective dinitrogen
atmosphere, either in a glovebox or on a vacuum manifold. Solvents
(benzene, toluene, benzene-dg, toluene-dg) were degassed and dried
over 3-A molecular sieves for 12 h or filtered through a plug of
activated alumina. (SBI)ZrMe, was obtained from Dr. M. Ringwald,
MCAT, Konstanz. Trimethylaluminum, diisobutylaluminum hydride,
aluminum chloride, triisobutylaluminum (1 M in toluene), and
dimethylphenylphosphine were used as obtained from Aldrich
Chemical Co., Milwaukee. Dimethylaluminum hydride was synthe-
sized as previously reported.'* Stock solutions of diisobutylaluminum
hydride, dimethylphenylphosphine, and dimethylaluminum chloride
were made at two concentrations (280 mM and 28 mM) in toluene
and benzene-dg.

Solutions of [(SBI)Zr(u-Cl),AlMe,][B(C¢F;),],">"” [(SBI)Zr(u-
H)3(A1iBu2)2][B(C6F5)4],13 and [(SBI)Zr(u-Me),AlMe,][B-
(C4Fs)4])"" were prepared in analogy to previous reports.

Samples for NMR and EPR spectra were prepared in the glovebox
by transferring 0.8 mL of prepared sample solutions into S-mm OD
glass NMR tubes. These were closed with rubber stoppers which had
been washed with pentane and dried extensively in vacuo. For each
measurement, these sample tubes were taken from the glovebox to the
respective spectrometer and immediately transferred back to the
glovebox for storage.

EPR spectra were measured using a Magnettech Miniscope MS400
spectrometer at an X-band frequency of 9.41 GHz. Hyperfine
interaction parameters and g values were analyzed by model
calculations using the software EASYSPIN.*® Concentration of Zr(IIT)
species were obtained by double integration of the EPR signal,
compared to reference samples of TEMPO. NMR spectra were
measured using Varian Inova 500, 600, or Mercury 300 spectrometers.
Chemical shifts are referenced to residual solvents’ peaks, 7.16 ppm for
benzene and 2.08 ppm for CD,H proton resonances of toluene.
Further experimental details are described in the Supporting
Information.

CAUTION: alkylaluminum compounds are pyrophoric and must
be handled with special precautions (see, e.g, Shriver, D. F. The
Manipulation of Air-sensitive Compounds; Robert E. Krieger Publishing
Company: Malabar, FL, 1982).
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