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ABSTRACT: Reactions between zirconocene or hafnocene
dichlorides and alkylaluminum activators are involved in several
catalytic reactions. This study describes the products formed in
reactions between unbridged metallocenes with varying steric
profiles (Cp,ZrCl, (1), Cp,HfCl, (2), Cp*CpZrCl, (3), Cp5ZrCl,
(4), CpyHLCl, (5)) or ansa-zirconocenes (rac-(2-methyl-SBI)-
ZrCl, (6), and rac-(EBI)ZrCl, (7); 2-methyl-SBI = rac-Me,Si(2-
methyl-indenyl),; rac-EBI = rac-C,H,(indenyl),) with 12 equiv of
triisobutylaluminum (TIBA). A 12:1 Al/Zr ratio was chosen
because previous results (ACS Cent Sci. 2021, 7, 1225—1231)
showed that an unbridged metallocene reacted with 12 equiv of TIBA to form mixtures of bridging metal hydrides in solution. This
study shows that sterically open, unbridged metallocenes generate similar reaction products, but sterically crowded metallocenes do
not react with TIBA. Rac-(EBI)ZrCl, reacts with 12 equiv of TIBA to form a mixture of rac-(EBI)Zr(CH,CH(CH;),)Cl (7a, major,
~95%) and rac-(EBI)Zr(u-Cl) (u-CH,CH,)Al'Bu, (7b, minor, ~5%) after ~10 min at room temperature. This mixture evolves over
the course of ~2 days to form rac-(EBI)Zr(u-H)(u-CH,CH,)AlI'Bu, (7c), rac-(EBI)ZrH(u-H),Al'Bu, (7d), rac-(EBI)ZrH(u-
H),[u-H(Al'Bu,),] (7e), and rac-(EBI)ZrH(u-H),[u-Cl(AliBu,),] (7f). However, 6 reacts with TIBA to form rac-(2-methyl-
SBI)Zr(CH,CH(CHj,),)Cl (6a) as the only product.

Products from Zr(ll)
Intermediates

mixtures of Zr—H

The chemical steps involved in catalyst activation determine

reactivity and selectivity patterns. Group IV metallocenes are

excellent representative examples showing how subtle changes AlMe )

in catalyst activation result in divergent reactivity; representa- 8 CpoZr—Cl

tive examples are summarized in Figure 1. Alkylation of \CI->A|M92

Cp,ZrCl, (Cp = cyclopentadienyl) with n-BuLi transiently

forms Cp,Zr(n-Bu), that eliminates butane to form Cp,Zr(1-

butene);' this compound behaves like Cp,Zr and has . AlEt, Ol

numerous applications in organic synthesis.” AlMe, reacts Cpozr AlEt,

with Cp,ZrCl, to form Cp,ZrCl(u-Me)(u-Cl)AlMe,.” The

reactivity of Cp,ZrCl(u-Me)(u-Cl)AlMe, in carboalumination

reactions is probably related to the formation of [Cp,ZrMe]-

[CLAIMe,];* related intermediates were originally proposed

by Breslow as active species in ethylene polymerization

reactions mediated by Cp,TiCl, and CIAIEt,.’> However,

AlFEt; results in entirely different reaction products. Kaminsky [(laeMAO]

showed that AIEt; reacts with Cp,ZrCl, to form Cp,Zr(u-

Cl)(u-CH,CH( AlEtz)z).é Similar species were isolated in Figure 1. Representative reactions of Cp,ZrCl, with alkylaluminum

solvolysis reactions of Cp,ZrMe, and AlMe; containing small reagents.

amounts of EtAlMe,.”
Partial hydrolysis of AlMe; yields methylaluminoxane Received: February 4, 2022

(MAO),® which reacts with Cp,ZrCl, to form [Cp,ZrMe]- Published: April 1, 2022

[MeMAO] ion pairs.” Free AlMe; coordinates to the

metallocenium ion to generate bridging [Cp,Zr(u-

Me)ZAlMeZ]J'.10 The reaction sequence to generate these

species involves transmetallation between Zr and Al, followed
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by abstraction of Zr—Me groups by Lewis acidic Al sites
present on the amorphous MAO surface. Related species form
as discrete ion pairs in reactions of Cp,ZrMe,, [CPh,][B-
(CsFs),], and AlMe; to form [Cp,Zr(u-Me),AlMe,][B-
(CsFs),)."" Derivates of these metallocenium ion pairs are
catalysts in carboalumination reactions'” and are very active
olefin polymerization catalysts."’

Triisobutylaluminum (TIBA) promotes interesting reactivity
trends in catalytic mixtures containing zirconocenes, suggesting
different reaction pathways than those shown in Figure 1.
Addition of TIBA to zirconocene/MAO mixtures increases the
polymer molecular weight compared to AlMe; or AlEt;
additives."* The origin of this behavior is not clear but may
be related to slow Zr—R'/Al—'Bu chain transfer kinetics or
incorporation of Al-'Bu groups into the MAO framework."®
However, TIBA also facilitates the formation of Zr—H" species
under polymerization conditions.'® Formation of group IV
hydrides in the presence of TIBA appears to be somewhat
general. Organozirconium species supported on silica-alumina
formally activate C—C bonds in the presence of TIBA by
forming hydrides,'” and Cp5ZrCl, (Cp® = 1-butylcyclopenta-
dienyl) reacts with Al'Buy (Al/Zr = 12) to form mixtures of
CprZr(u-H);(Al'Bu,)Al'Bu; (A) and CpPZr(u-
H);(Al'Bu,);(u-Cl), (B), eq 1.'° Clean generation of A is

Bu_ .Bu Bu_ JBu
Bu Y i
A AL
@ T e AT
ACl  AlBug / \
Zr; CpbPoZr—H + CpPpZr—H——AIBU, (1)

~N
Cl AlZr=12:1 \ \
H—AL,,
\ 'Bu

H cl
Bu S

A B iBu 1Bu
possible using the chloride-free synthesis from [Cp5ZrH,], in
the presence of stoichiometric TIBA and HAI'Bu,. B forms as
the sole product in reactions of Cp5ZrCl, with HAI'Bu,."”
However, Ph,C(CpFlu)ZrCl, reacts with excess TIBA to form
Ph,C(CpFlu)Zr(‘Bu)Cl, independent of the Al/Zr ratio.”’ The
reaction between Cp,ZrCl, and excess Al'Buy was proposed to
form |:Cp2ZrH2]2"‘(AliBu3)2,20’21 but the available 'H NMR
daltz)i appear consistent with the formation of species similar to
B."”

This paper describes the reaction of metallocenes shown in
Figure 2 with excess TIBA. The metallocenes include sterically

Figure 2. Metallocenes studied in the presence of excess TIBA.

open unbridged metallocenes such as Cp,ZrCl, (1) and
Cp,HICl, (2) and more sterically congested Cp*CpZrCl, (3),
CpyZrCl, (4), and CpFHIfCl, (5) to probe the efficiency of
this reaction as the steric environment is modified. Precatalysts
6 and 7 are common ansa-metallocenes used in polymerization
reactions.

B RESULTS AND DISCUSSION

Unbridged Metallocenes. 1 reacts with excess TIBA (Al/
Zr = 12:1) to from a mixture of Cp,Zr(u-H);(Al'Bu,)Al'Bu,
(1a), Cp,Zr(u-H);(AI'Bu,);(u-Cl), (1b), and isobutene. 2 and
3 also generate similar mixtures of 2a/b and 3a/b. Relevant 'H
NMR data of the hydrides formed in solution for these species
are given in Table 1. The variable temperature 'H NMR data

Table 1. Selected "H NMR Signals for Reactions of
Unbridged Metallocenes with TIBA (Al/Zr = 12:1)¢

Zr—H ligand
Cp,Zr(u-H);(Al'Bu,)Al'Bu, (1a)  —1.22 548 (s, 10
(d, 1H, Jyy = 82 Hz) H)
—1.90
(d, 1H, Jyy = 8.0 Hz)
—2.53 (br, 1H)
Cp,Zr(u-H);(Al'Bu,);(u-Cl), -1.16 547 (s,
(1b) (t, 1H, Jyyy = 7.4 Hz) 10H)
-2.55
(d, 2H, Jyy = 7.3 Hz)
Cp,Hf(u-H),(Al'Bu,)Al'Bu; (2a) —0.49 5.48 (s, 10
(d, 1H, Jyy = 9.1 Hz) H)
—-0.55
(d, 1H, Jyy = 9.5 Hz)
—1.73 (br, 1H)
Cp,Hf(u-H);(AI'Bu, );(u-Cl), —0.45 547 (s, 10
(2b) (t, 1H, Juu = 6.1 Hz) H)
—1.65 (br, 1H)
cp*CI?Zr(y-H)S(Al"Buz)Al‘Bu3 —0.24 5.59 (s,
(3a)” (d, 1H, Yy = 9.0 Hz) SH)
-0.73 171 (s,
(d, 1H, Yy = 9.2 Hz) 15H)
—1.58 (br, 1H)
Cp*C%Zr(M-H)3(AliBuz)3(/4-Cl)z —-0.18 5.55 (s,
(3b) (t, 1H, Jyy = 6.7 Hz) SH)
-1.52 1.63 (s,
(d, 1H, ¥y = 5.7 Hz) 15H)
Cp¥HfHCI*TIBA® 13.17 (s, 1H) 1.89 (s,

30H)

“Recorded at —40 °C in C,Dg “Recorded at —35 °C in C,Dg.
“Recorded at room temperature in C¢Dy.

for the mixture formed from the reaction of 3 and TIBA is
shown in Figure 3. Solution NMR data for reaction products
from 1 and 2 are given in the Supporting Information. In all
cases, the room temperature 'H NMR signals for the bridging
hydrides are broad and cooling to ~—20 °C results in sharp
signal characteristics of two Zr—H—Al species in solution.
These data are consistent with the formation of 1a—3a as the
major products in these reactions, while 1b—3b appear at low
temperatures.

Unlike 1-3, Cp#ZrCl, (Cp* = pentamethylcyclopentadien-
yl, 4) does not react with TIBA to form Zr—H—Al species. The
"H NMR spectrum of 4/TIBA (Al/Zr = 12:1) contains signals
at 1.77 ppm assigned to unreacted starting materials and 1.82
ppm assigned to an adduct of Cp¥ZrCl, with TIBA. Signals for
Cp5Zr('Bu)Cl, Cp5¥Zr(Bu),, CpFZr('Bu)H, or CpsZrH, are
not present in this mixture. In contrast, CpFHfCl, reacts with
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Figure 3. Variable temperature "H NMR spectra of the hydride region for the reaction of 3 with TIBA (Al/Zr = 12:1) in C,Ds.

TIBA (Al/Zr = 12:1) to form CpfHfHCl in ~15% yield
determined by '"H NMR integration. This mixture is stable for
days at room temperature and does not progress to form
greater amounts of CpFHfHCI. The signal for Hf—H appears
at 13.17 ppm. This signal is shifted 0.49 ppm higher in
frequency relative to that of Cp¥HfHCL> suggesting that
TIBA forms an adduct, but not a bridging hydride, with

pyHIHCI in this mixture.

A plausible reaction cascade to form 1la and 1b is shown in
Figure 4. Zr—Cl/Al-'Bu exchange forms the unobserved

@ AlB @\ Y
% NcI = CIAiBu, %

é WwCl AI'BU3 é \\V/
‘—
— CIAI'Bu, %

_ AlBug

— CIAIBu, %

CIAIBu,
2z

%\H

—HAIBu,

T

TIBA
HAI'Bu,
1a<—\ @
\_ WH
HAIBu, 2NN
1b 2 CIABU, %\

Figure 4. Reactions involved in the formation of 1a and 1b.

Cp,Zr('Bu)Cl that undergoes f-hydride elimination to form
Cp,ZrHCl and isobutene. Repetition of this sequence
ultimately generates Cp,ZrH,, which may be trapped by
HAI'Bu, and TIBA to form 1a or by HAI'Bu, and CIAI'Bu, to
form 1b. Alternatively, Cp,Zr(‘Bu)Cl could react with
additional TIBA to form Cp,Zr(‘Bu),, which would similarly
undergo p-hydride elimination to form Cp,ZrH,. Though
HAIBu, is often present in commercial TIBA, reactions of

894

Cp,ZrHCl or Cp,ZrH, with CIAI'Bu, could also result in
formation of HAI'Bu,, suggesting that the presence or absence
of HAI'Bu, in the TIBA feed would have minimal impact on
reactions shown in Figure 4.

The reactions shown in Figure 4 are expected based on the
reactivity of AIR; with metallocene dichlorides. The Zr—'Bu
fragment is known to undergo reversible ﬂ H elimination/re-
insertion reactions under mild conditions.”® In the presence of
excess TIBA and HAIBu,, the insertion of isobutene into a
Zr—H is suppressed and formation of either 1—3a or 1-3b is
favored.

Ansa-Metallocenes. Rac-(2-Methyl-SBI)ZrCl, (6) and
rac-(EBI)ZrCl, (7) react with TIBA to form organometallics,
and, in some cases, hydrides derived from Zr—'Bu. Relevant 'H
and "*C NMR data for the products formed in these reactions
are summarized in Table 2.

A C¢Dg slurry of rac-(2-methyl-SBI)ZrCl, (6) reacts with 12
equiv of TIBA to immediately dissolve suspended 6 to form an
orange solution containing C, symmetric rac-(2-methyl-SBI)-
Zr(CH,CH(CHj,),)Cl (6a) as the only identifiable product, eq
2. Several minor species also form in this reaction, and over the

TIBA
WwCl AlZr=12:1

~cl

Me,Si Me,Si

Zr Zr

course of ~24 h, at 25 °C, a greenish brown solution evolves.
However, only 6a is observed by NMR in solution, and no
other Zr—R or Zr—H species evolve in this mixture. The 'H
NMR spectrum of 6a at 25 °C contains two doublet of
doublets at —0.89 (Jyy = 13.5, 4.8 Hz) and —0.37 (Jgy = 13.5,
8.0 Hz) ppm assigned to Zr—CH,. The connectivity of the
Zr—'Bu fragment was confirmed by 'H-'H gCOSY NMR
experiments (Figure S28). 'H-13C HSQC experiments, Figure
29, show that these 'H signals assigned to Zr—CH, correlate
with a 3C signal at 81.5 ppm, which is at a similar chemical
shift as other Zr—'Bu-containing organometallics.

https://doi.org/10.1021/acs.organomet.2c00067
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Table 2. Relevant 'H and "*C NMR Data for Products Formed in Reactions of 6—7 with 12 equiv TIBA”

Zr—R (R =Bu or H)
—0.89 (dd, 1H, Jug
—0.37 (dd, 1H, Juy

rac-(2-methyl-SBI)Zr(CH,CH(CH;),)Cl (6a)

13.5, 4.8 Hz)
13.5, 8.0 Hz)

Cpr
6.81 (s, 1H)
6.92 (s, 1H)

0.86 (d, 6H, ¥y = 7.1 Hz)

1.82 (m, 1H)
rac-(EBI)Zr(CH,CH(CHS,),)Cl (7a)

—0.80 (dd, 1H, Jyy = 12.6, 5.8 Hz)
—0.37 (dd, 1H, Jyy = 12.9, 8.0 Hz)
0.74 (d, 3H, Jyy = 5.8 Hz)
0.73 (d, 3H, Juy = 5.6 Hz)

548 (d, 1H, Juy = 3.4 Hz)
5.84 (d, 1H, Juy = 3.3 Hz)
6.52 (d, 1H, Juy = 2.7 Hz)
6.57 (d, 1H, Juy = 3.4 Hz)

1.92 (from COSY, 1H)
BC (HSQC): 85.4 (Zr—CH,)

rac-(EBI)Zr(u-Cl) (u-CH,CH,)Al'Bu, (7b)

—2.03 (ddd, 1H, Jyy = 12.7, 8.5, 3.8 Hz)
—0.73 (ddd, 1H, Jyy = 12.7, 8.5, 8.5 Hz)
0.45 (from COSY, 1H)
1.23 (from COSY, 1H)

4.95 (d, 1H, Jyy = 3.2 Hz)
5.59 (d, 1H, Jyy = 3.2 Hz)
5.54 (d, 1H, Jyy = 3.3 Hz)
5.89 (d, 1H, Jyy = 3.3 Hz)

BC (HSQC): 55.5 (Zr—CH,)

5.5 (Al-CH,)
rac-(EBI)Zr(u-H) (u-CH,CH,)Al'Bu, (7c)
—2.12 (m, 1H)
—1.58 (m, 1H)
0.14 (m, 1H)

—2.62 (br s, 1H, Zr— H—Al)

4.41, 5.25, 5.76, 6.03°

1.17 (from COSY, 1H)
BC (HSQC): 53.4 (Zr—CH,)

4.7 (Al-CH,)
rac-(EBI)ZrH (u-H),Al'Bu, (7d)

—1.77 (d, 1H, Jyu = 6.3 Hz)
—1.44 (br s, 1H)

5.11, 5.45, 6.51, 6.52°

—0.22 (from COSY, 1H)

rac-(EBI)ZrH(u-H),[p-H(AliBu,),] (7e) —0.93 (br s)

9521, 5.37, 5.74, 5.81, 5.87, 5.91, 5.96, 6.00

—0.24 (d, 1H, Jyuy = 9.2 Hz)
—0.07 (from COSY, 1H)

rac-(EBI)ZrH (u-H),[u-Cl(AliBu,),] (7f)

—1.39 (brs, 1H)

—1.26 (d, 1H, Jyuy = 9.2 Hz)
0.86 (from COSY, 1H)

“Recorded at 25 °C in C4Dy. "Other ligand resonances, when assignable, are given in the Supporting Information. “Appear as broad doublets, not
possible to resolve J-couplings from these data. A total of eight signals is attributed to 7e and 7f.

The chemistry rac-(EBI)ZrCl, (7) with 12 equiv TIBA is
significantly more complicated. The alkyl/hydride region of
the '"H NMR spectra of this mixture over 40 h is shown in
Figure Sa—e, and a reaction scheme showing the products
evolved in this reaction with relevant NMR data is shown in
Figure 5f. Monitoring this mixture over 10 days at room
temperature does not contain signals in addition to those
shown in Figure Se.

Similar to the reaction of 6 and TIBA, undissolved 7 reacts
rapidly with TIBA to form an orange solution. After ~10 min
at 25 °C, the "H NMR spectrum contains the C, symmetric
rac-(EBI)Zr(CH,CH(CHj;),)Cl (7a, major, 95%) and rac-
(EBI)Zr(u-Cl)(u-CH,CH,)AI'Bu, (7b, minor, 5%). 7b
contains a characteristic coupling pattern for the p-CH,CH,
signals at —2.03 (ddd, Juy = 12.7, 8.5, and 3.8 Hz) and —0.73
ppm (ddd, Jyy = 12.7, 8.5, and 8.5 Hz). The other two signals
in the y-CH,CH, fragment are obscured by signals from excess
TIBA but are observable with "H—"H COSY experiments at
0.45 and 1.23 ppm. These sets of protons correlate with '*C
NMR signals at 5.5 (AlI-CH,) and 55.5 ppm (Zr—CH,) in
"H-"3C HSQC experiments.

Over the course of 3 h, the signals for 7a and 7b decay and
signals for rac-(EBI)Zr(u-H)(u-CH,CH,)AlBu, (7c) and rac-
(EBI)ZrH(u-H),Al'Bu, (7d) appear. Signals assigned to rac-
(BEBI)ZrH(u-H),[u-H(AliBu,),] (7e) and rac-(EBI)ZrH(u-
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H),[u-CI(AliBu,),] (7f) appear in the '"H NMR spectra of this
mixture after aging 16 h.”" As this reaction progresses toward
the sets of '"H NMR signals shown in Figure Se, a signal for
isobutane (0.86 ppm, d, Jyy = 7.1 Hz) increases in intensity. In
addition, a signal in the 3¢ NMR spectrum at 9.7 ppm
assigned to (MeAl'Bu,), appears.” 7 does not react to form
products that result from a metal-to-benzo-ring hydride
transfer.”®

Formation of 7b and 7¢ can be rationalized by the reaction
steps shown in Scheme 1, which also accounts for the
formation of isobutane and (MeAl'Bu,), present in solution.
Alkylation of 7a with TIBA forms rac-(EBI)Zr(‘Bu),, and f-
abstraction generates the key unobserved Zr(II) intermediate
rac-(EBI)Zr(isobutene) (CIAI'Bu,) and isobutane.”” Carboalu-
mination of rac-(EBI)Zr(isobutene)(CIAlI'Bu,) forms the
substituted rac-(EBI)Zr(u-Cl)(u-CH,C(CH;),)AI'Bu,. Subse-
quent f-methyl elimination,”® Al-R/Zr—Me alkyl exchange,
and hydrozirconation steps ultimately form 7b. AlI-H/Zr—Cl
exchange with HAIBu, present in solution likely forms 7c.
These steps are apparently quite fast; intermediates or possible
products expected from dissociation of aluminumalkyl
intermediates with free TIBA or HAI'Bu, are not observed in
solution. These steps may also be accelerated by Lewis acidic
chloroalkylaluminum species in solution that may form
transient ion pairs.29
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Figure 5. Excerpt of the '"H NMR spectra of the reaction of 7 with TIBA (Al/Zr = 12:1) in C¢Dg at 25 °C; ~10 min after mixing (a); 3 h after
mixing (b); 9 h after mixing (c); 16 h after mixing (d); and 40 h after mixing (e). Evolution of products formed in this mixture (f).

Scheme 1. Plausible Reaction Steps Resulting in the Formation of 7b and 7¢
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To the best of our knowledge, this reactivity has not been
observed with Al'Bu; and 7. However, there is precedent for
formation of Zr(II) and similar reaction products in
carboalumination reactions. For example, computational
studies of Cp,Zr(ethylene) and CIAIEt, show that formation
of Cp,Zr(u-Cl)(u-CH,CH,)AIEt, is barrierless and exother-
mic (AG,s = —13.6 kcal mol™'), though formation of
Cp,Zr(u-H)(u-CH,CH,)AIEt, is more favorable thermody-
namically (AG,ps = —27.6 kcal mol™!).** Additionally,
reactions of CpCp'ZrCl, (Cp’ = I-neomenthyl-4,5,6,7-
tetrahydroindenyl) and AlEt; form similar CpCp'Zr(u-H)
(u-CH,CH,)AIEt, products and were proposed to form
through Zr(1I) intermediates.”’ The formation of 7b and 7¢
as major products in the reaction of 7 and TIBA may account
for the poor reactivity of this mixture in carboalumination of 1-
octene.”*

The formation of 7d, 7e, and 7f is more straightforward and
related to the results obtained for unbridged metallocenes.
Exhaustive Al—'Bu/Zr—Cl and f-hydride elimination from 7a
ultimately form these products. Though 7b and, subsequently,
7¢, form rapidly in this mixture, there is an appreciable amount
of these Zr—H species that evolve over the course of several
hours. This result suggests that f-hydride elimination from 7a
is on a similar, but slower, timescale than formation of the
Zr(11) intermediate shown in Scheme 1.

B CONCLUSIONS

Sterically open unbridged metallocenes react with TIBA to
form mixtures of bridging hydrides. From the compounds
studied here, there were no obvious trends relating sterics of
the metallocene to formation of 1—3a or 1—3b. The most
apparent similarity in reactions of TIBA with ansa-metal-
locenes or unbridged metallocenes is intermediacy of Zr—'Bu
species, which are not observable in unbridged metallocenes
but are observable in reactions of 6 or 7 with TIBA. In the
former case, rapid B-hydride elimination to form hydrides
dominates the reaction chemistry to form 1—3a and 1-3b. Of
the two ansa-metallocenes studied here, only 7 shows this
reactivity pattern, though the formation of hydrides in this
mixture is somewhat slower than reaction steps involving
Zr(11) to form 7b.

This study adds to the complex and promiscuous reaction
chemistry encountered in mixtures of metallocenes and
alkylaluminum reagents. As mentioned above, the addition of
TIBA to mixtures of metallocenes and MAO can have
advantages in polymerization reaction. The formation of
hydrides in reactions of TIBA and metallocenes is undoubtedly
related to this behavior, but this study shows that these
reactions can be significantly more complex, particularly in the
absence of activators that form cationic species.

B EXPERIMENTAL METHODS

General Comments. All manipulations were performed under an
inert atmosphere of dinitrogen or argon using standard Schlenk or
glovebox techniques. Benzene-dg and toluene-dg were purchased from
Cambridge Isotope Laboratories, dried over sodium/benzophenone,
degassed by three freeze—pump—thaw cycles, distilled under vacuum,
and stored in an inert atmosphere glovebox. Triisobutylaluminum was
purchased from Sigma-Aldrich. All other commercially available
reagents were used as received without any purification. Cp*CpZrCl,
was synthesized using published procedures.’” Ansa-metallocenes
shown in Figure 3 were provided by Chevron Phillips Chemical.

General Procedure for TIBA Activation of Metallocenes. A
Teflon valved NMR tube was loaded with metallocene dichloride
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(0.03 mmol) and 0.4 mL of C¢Dg in an inert atmosphere glovebox.
TIBA (0.09 mL, 0.36 mmol, 12 equiv) was added using a syringe to
the NMR tube, and the valve was sealed. Solution NMR experiments
were recorded at ambient temperature. Species requiring low
temperature NMR measurements were prepared using an identical
procedure but using toluene-dg as solvent. Many of the ansa-
metallocenes shown in Figure 3 are sparingly soluble in C¢D4 at room
temperature, but TIBA results in clear orange solutions after brief (~1
min) agitation of the NMR tube.

Solution NMR spectra were acquired on a Bruker Avance 7.05 T
(*H = 300 MHz), Bruker Avance 14.1 T (*H = 600 MHz), or Bruker
Avance 111 16.5 T ("H = 700 MHz) NMR spectrometer. '"H NMR
spectra were referenced to the residual natural abundance "H NMR
signal from the NMR solvent. Assignments to the species formed in
solution are listed below. In cases where accurate integration of the
'"H NMR spectrum is not possible due to overlapping signals,
assignments were made from 'H—'H COSY and/or 'H-'H NOESY
experiments. '>*C NMR assignments were made using 'H—"*C HSQC
experiments when assignment of 'H NMR signals was possible.

NMR Data for 1a. 'H NMR (600 MHz, C,Dg, —40 °C): —2.53
(br, 1H), =1.90 (d, 1H, Jyy = 8.0 Hz), —=1.22 (d, 1H, ¥y = 8.2 Hz),
0.34 (from NOESY(Cp)/COSY; Al-CH,), 1.28 (from COSY; Al—
CH,CH(CH,),), 2.10 (from COSY; Al-CH,CH(CHS,),), 5.48 (s,
10H). ®C{'H} NMR (600 MHz, C,Dy,, —40 °C): 24.82, 26.07,
27.04, 27.96, 28.59, 29.18, 103.95.

NMR Data for 1b. "H NMR (600 MHz, C,Dy, —40 °C): —2.55 (d,
2H, Juy = 7.3 Hz), —1.16 (t, 1H, Juy = 7.4 Hz), 5.46 (s, 10H).
BC{'H} NMR (600 MHz, C,Dg, —40 °C): 104.91 (Cp). Clear
assignments of the TIBA resonances were not possible from the
solution NMR data, for the preparation of 1b from HAI'Bu, and 1 see
ref 19.

NMR Data for 2a. 'H NMR (600 MHz, C,Dg, —30 °C): —1.73
(br, 1H), —=0.55 (d, 1H, Juy = 9.5 Hz), —0.49 (d, 1H, Jyyy = 9.1 Hz),
0.32 (from NOESY(Cp)/COSY; Al-CH,), 0.54 (from NOESY-
(Cp)/COSY; Al-CH,), 1.10 (from COSY; Al-CH,CH(CH,),),
1.12 (from COSY), 2.04 (from COSY; Al-CH,CH(CHj;),), 5.48 (s,
10H). BC{'H} NMR (600 MHz, C,Ds, —30 °C): 12.56 (CpMe),
102.1 (Cp). 24.83, 26.72, 28.34, 28.60, 102.1 (Cp).

NMR Data for 2b. "H NMR (600 MHz, C,Dg, —30 °C): —1.65
(br, 1H), —0.45 (t, 1H, Juy = 6.1 Hz), 5.47 (s, 10H). BC{*H} NMR
(600 MHz, C,Dg, —30 °C): 102.9 (Cp). Clear assignments of the
TIBA resonances were not possible from the solution NMR data, for
the preparation of 2b from HAI'Bu, and 2 see ref 19. TIBA resonances
were not resolvable from the solution NMR data.

NMR Data for 3a. "H NMR (600 MHz, C,Dg, —40 °C): —1.58
(br, 1H), —0.73 (d, 1H, ¥y = 92 Hz), —0.24 (d, 1H, Yy = 9.0
Hz), 0.38 (from NOESY(Cp)/COSY; Al—CH,), 1.47 (from COSY;
Al-CH,CH(CHj),), 1.95 (from COSY; Al-CH,CH(CHS,),), 1.71
(s, 15H), 2.11 (m, 3H), 2.23 (m, 2H), 5.59 (s, SH). *C{'H} NMR
(600 MHz, C,Dg, —40 °C): 12.56 (CpMe). TIBA resonances were
not resolvable from the solution NMR data.

NMR Data for 3b. "H NMR (600 MHz, C,Dy, —40 °C): —1.52 (d,
1H, Juy = 5.7 Hz), —0.18 (t, 1H, Jyy = 6.7 Hz), 0.53 (from
NOESY(Cp)/COSY; Al-CH,), 1.18 (from COSY; Al-CH,CH-
(CH3),), 2.14 (from COSY; Al-CH,CH(CH,),), 5.55 (s, SH).
BC{'H} NMR (600 MHz, C,Dg, —40 °C): 12.56 (CpMe), 118.18
(Cp). TIBA resonances were not resolvable from the solution NMR
data.

NMR Data for 6a. "H NMR (600 MHz, C¢Ds, 25 °C): —0.89 (dd,
1H, Juy = 13.5, 4.8 Hz), —0.37 (dd, 1H, Ji;; = 13.5, 8.0 Hz), 0.64 (s,
3H, SiMe), 0.69 (s, 3H, SiMe), 0.86 (d, 6H, *Jyy = 7.1 Hz), 1.69 (s,
3H, CH,), 1.82 (m, 1H), 1.97 (s, 3H, CH,), 6.66 (m, 1H), 6.73 (m,
1H), 6.81 (s, 1H), 6.92 (s, 1H), 7.17 (d, 1H, *Jyg; = 9.4 Hz), 7.26 (d,
1H, ¥Jyy = 8.6 Hz), 7.31 (d, 1H, *Jyy = 8.1 Hz), 7.46 (d, 1H, ¥y =
8.1 Hz). *C{'"H} NMR (600 MHz, C¢Ds, 25 °C): 1.77 (SiMe), 1.83
(SiMe), 17.5 (CH,;), 17.9 (CH;), 24.6 (ZrCH,CH(CH,),), 33.1
(ZrCH,CH(CH,),), 81.5 (ZrCH,CH(CHs;),), 110.6, 116.9, 117.4,
124.6, 124.7, 125.0, 125.4, 125.7, 126.2, 125.8, 126.9.

As shown in Figure S of the manuscript, mixtures of 7 and TIBA
result in several organozirconium species. Due to this complexity, only
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the Zr—R, hydride and CpH signals are assigned for 7b and 7c. The
NMR data for 7d, 7e, and 7f are given in Table 2 of the manuscript.

NMR Data for 7a. "H NMR (600 MHz, C¢Ds, 25 °C): —0.80 (dd,
1H, Jyy = 12.6, 5.8 Hz), —0.37 (dd, 1H, Ji; = 12.9, 8.0 Hz), 0.74 (d,
3H, YJuy = 5.8 Hz), 0.73 (d, 3H, gy = 5.6 Hz), 1.92 (from COSY,
CH), 5.48 (d, 1H, 3Jyy = 3.4 Hz), 5.84 (d, 1H, ¥y = 3.3 Hz), 6.52
(br d, 1H, ¥y = 2.7 Hz), 6.57 (d, 1H, *Jyqp; = 3.4 Hz), 6.85 (m, 1H),
6.92 (m, 1H), 7.04 (m, 1H), 7.07 (m, 1H), 7.32 (d, 1H, 3Jyy = 8.4
Hz), 7.35 (d, 1H, 3Jyy = 9.0 Hz), 7.39 (d, 1H, [y = 8.4 Hz), 7.43
(d, 1H, ¥,y = 8.8 Hz). *C{'H} NMR (600 MHz, C(D, 25 °C):
26.7 (ZrCH,CH(CH,;),), 28.1 (ZrCH,CH(CH,),), 26.5 (ZrCH,CH-
(CH,),), 854 (ZrCH,CH(CHj;),), 105.2 (Cp), 107.5 (Cp), 112.7
(Cp), 114.6 (Cp), 123.9, 125.9, 126.5, 126.0, 126.6, 126.7.

NMR Data for 7b. '"H NMR (600 MHz, C(Ds, 25 °C): —2.03
(ddd, 1H, Jyy = 12.7, 8.5, 3.8 Hz), —0.73 (ddd, 1H, Jyy = 12.7, 8.5,
8.5 Hz), 0.45 (from COSY, 1H), 1.23 (from COSY, 1H), 4.95 (d, 1H,
u = 3.2 Hz), 5.59 (br d, 1H, ¥y = 3.2 Hz), 5.54 (d, 1H, ¥y =
3.3 Hz), 5.89 (d, 1H, [y = 3.3 Hz). ®C{'H} NMR (600 MHz,
C¢Dg 25 °C): 6.4 (Zr(m-CH,CH,)Al'Bu,), 55.6 (Zr(m-CH,CH,)-
Al'Bu,), 95.1, 100.1, 110.2, 114.3.

NMR Data for 7c. "H NMR (600 MHz, C¢Dg, 25 °C): —2.62 (brs,
1H, Zr—H-Al), —2.12 (m, 1H), —1.58 (m, 1H), 0.14 (m, 1H), 1.17
(from COSY, 1H), 4.41 (br, 1H), 5.25 (br, 1H), 5.76 (br, 1H), 6.03
(br, 1H). BC{'H} NMR (600 MHz, C¢Ds, 25 °C): 4.55(Zr(m-
CH,CH,)AlBy,), 53.3 (Zr(m-CH,CH,)Al'Bu,), 90.6, 91.4, 108.6,
112.4.
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