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Stiffening of the catalyst backbone of salan-type catalyst 1 via ring closure yields indanosalan 3 and
increases activity and molar mass capability by two orders of magnitude. In propene polymerization, cata-
lyst 3 is highly isotactic selective and nearly as active as one of the most productive known salan-catalysts
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today (2), showing much higher molar mass capability. NMR studies provide evidence of the identity of
the active metal-polymeryl species for the catalyst pair 1/3, explaining their vast activity differences: the
traditional salan catalyst 1 is trapped in the inactive mer—mer configuration, while indanosalan 3 prefers
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Introduction

Pre-equilibria in catalysis can “make'™ or break®”” a catalyst.
In the specific case of olefin polymerization, e.g., formation of
mixed-metallic species between the active catalyst and other
components of the catalytic pool can slow the catalyst
down.*®*® Another prominent example is the formation of
more stable but catalytically inactive isomers.>*'* Post-metal-
locene catalysts of the bis(phenoxy-amine) family (“salan-
type”), first introduced by Kol,">*® offer a striking example in
this respect. The inherent flexibility of the tetradentate
[ONNO] ligand (L) allows it to wrap around the metal in
various ways,' leading to multiple energetically accessible
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isomers (fac—fac, fac-mer, mer-mer, named after the fac or mer
geometries of the two [ONN] fragments, see Fig. 1).

The C,-symmetric fac-fac isomer is generally favored in
neutral precatalysts LMR, of group 4 metals (R = Bn,
Me,CHO).">'® Contrarily, the mer-mer isomer is often the
most stable isomer for pentacoordinated active cations adopt-
ing a distorted square pyramidal geometry as demonstrated by
solution NMR spectroscopy and DFT.>®>°

Since after activation the coordination vacancy is trans to
the R group in the cationic mer-mer isomer, these species are
polymerization inactive. For catalysts preferring the mer-mer
isomer, isomerization to the fac—fac isomer is required prior to
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Fig. 1 lllustration of the fac and mer isomerism for octahedral com-
pounds (top) and of the possible isomers for salan precatalyst (bottom).
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Fig. 2 Top: Idealized energetic profile of propene insertion, starting
from the mer—mer isomer (AG;, = free energy difference between fac—
fac and mer—mer isomers; AG,%,C,p = propagation barrier). Bottom: salan
complexes 1 (slow catalyst) and 2 (fast catalyst) with flexible catalyst
backbone and novel indanosalan 3 with a rigid skeleton.

olefin insertion (AGis, > 0) and passes through the fac-mer
isomer.>® This pre-equilibrium is integral part of the propa-
gation barrier (Fig. 2) and responsible for the often at best
sluggish activity of salan catalysts with a-olefins.">"°

Phenolate ring substituents (Fig. 1) strongly influence cata-
lyst performance in propene polymerization: (a) both R; and
R, can affect activity and regioselectivity through electronic
effects,'® (b) R, influences stereo- and regioselectivity via steric
effects,">'® and (c) R, substituents can also alter the fac—fac/
mer-mer equilibrium via sterics.® The non-obvious coupling of
the latter two effects complicates rational tuning. On the other
hand, we have recently shown that limiting catalyst flexibility
can dramatically increase catalyst performance,> even in
systems as well studied as ansa-metallocenes.>***

Employing a conceptually similar approach, we reasoned
that locking salan-type catalysts in the polymerization active
fac—fac isomer through stiffening of the catalyst backbone
should improve their activity. In particular, the interconversion
of the mer-mer into the fac—fac isomer or vice versa requires a
rotation around the carbon-carbon bond between the methyl-
ene spacer and the phenyl ring (Fig. 1 and ESI}), which can be
“easily” blocked via ring-closure.

As proof of principle, we designed and synthesized a novel
indanosalan catalyst bearing an ortho-1-adamantyl substituent
in position R; (3, Fig. 2). We chose the ortho-1-adamantyl sub-
stituted salan,'® because catalyst 1 in Fig. 2 is highly isotactic
selective in propene polymerization showing low activity, to
the point that was used to synthesize well-defined iPP-block-PE
copolymers.>*
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Results and discussion

Indanosalan 3 has four stereocenters (two chiral N and two
chiral C atoms). DFT calculations indicate that for a given rac-
isomer with respect to the two chiral carbon atoms, mer-mer
and fac—fac isomers of 3 differ in the chirality of the N-bridge
atoms; direct isomerization with retention of chirality at N is
impossible, as ring closure blocks rotations and we could not
locate such an isomer employing Grimme’s conformer-
rotamer ensemble sampling tool (CREST)*® followed by sub-
sequent full DFT optimization of identified conformers at the
TPSSh-D,;o(PCM)/TZ//TPSSh/DZ level of theory.>*' Instead,
isomerization requires N-decoordination and umbrella inver-
sion at both nitrogen atoms. As a consequence, 3 should be
kinetically trapped in the fac—fac isomer, at least on the time-
scale of a typical polymerization.

The key step in the assembly of the indanosalan ligand 3d
(Scheme 1) was alkylation of N,N'-dimethylethylenediamine
with indanol 3c. Due to the presence of two stereocenters in
3d a mixture of rac- and meso-isomers of the ligand was
expected. Surprisingly, a single compound precipitated from
the reaction mixture in 72% yield. '"H and *C NMR spectra
agreed with the structure of the ligand but did not allow posi-
tive identification of the diastereomer. Reaction of the isolated
ligand with ZrBn, cleanly afforded a single, C,;-symmetric,
ZrBn, complex. Activation with Ph;C'B(CgFs), /tri-iso-butyl
aluminum (TTB/TiBA) in the presence of 1-hexene yielded
no polymer, strongly indicating that the isolated ligand was
meso-3d.

Selective formation of one diastereomer points to a revers-
ible mechanism®® involving an o-quinone methide intermedi-
ate.*® Consequently, under the reaction conditions, the two
diastereomers of the ligand should be in equilibrium, which is
shifted by precipitation of meso-3d. Taking advantage of this
reversibility, a ~1:1 rac/meso-3d mixture was prepared from
pure meso-3d through stirring a hot dilute solution of meso-3d
in toluene overnight followed by quick cooling to room temp-
erature to “freeze” the equilibrium. Subsequently, selective pre-
cipitation of meso-3d yielded a solution of rac-3d pure enough
for metalation. Reaction of rac-3d with ZrBn, in toluene
yielded a mixture of C,- (fac—fac, rac-3zr) and C;- (presumably

1. 1-adamantanol, H,SO,4 MeHN NHMe
H o AcOH, CH,Cl, OH  OH  pIPEA PhMe
2. NaBHy, THF-MeOH ~ Ad 105 °C, 4 days
59% 72%
3a 3c
PhMe
NS\ s NS\ s
oH N W oH 105 °G HNW W o
Ad s . Ad 1, Ad . Zx Ad

—

49%

meso-3d rac-3d

ZrBny, PhMe ¢ 74% ZrBny, PhMe ¢ 19%

meso-3 (Cs-symmetric, inactive) rac-3g¢

Scheme 1 Synthesis of meso-3 and rac-3¢¢ from 3a.32
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Fig. 3 X-ray crystal structure of rac-3g. Hydrogen atoms omitted for
clarity; ellipsoids drawn at 50% probability level. The left Zr-benzyl
moiety is disordered, one of the two local minima is shown. Selected
bond lengths (A): Zr1-C41 2.285(4), Zr1-C48 2.306(4), Zr1-01 2.000(2),
Zr1-02 2.002(2), Zr1-N1 2.552(3), Zr1-N2 2.485(3). Selected angles (°):

C41-Zr1-C48 106.20(14), N1-Zr1-N1 72.06(10), C1-0O1-Zrl1 146.2(2),
C21-02-Zr1 145.4(2).

fac-mer, rac-3p;) isomeric complexes in 61% yield from which
rac-3pr was isolated through crystallization in 19% yield.
Unlike meso-3, rac-3z polymerizes 1-hexene when activated
with TTB/TiBA.

The X-ray crystal structure of rac-3zr is shown in Fig. 3. The
complex adopts a slightly distorted C,-symmetric octahedral
geometry. The additional ring closures introduce obvious
changes in the bond angles and torsions around the two
spacer carbons C3 and C23; nonetheless, those changes do not
translate into significantly different parameters of the coordi-
national polyhedron in comparison with those in adamantyl-
substituted salan complexes known in the literature,*>"° as the
O-N distances remain nearly the same.

Low-temperature NMR studies provide insight into the reac-
tion of 1-hexene with 1-Bn" and 3-Bn*, generated in C¢D5Cl by
adding one equivalent of TTB to 1 and 3.

At 233 K, 1-Bn" is predominantly present in the form of the
fac—fac isomer, as indicated by the characteristic *C NMR
chemical shift of the NMe groups (>40 ppm for both,
Fig. 4a).”” Addition of ~15 equiv. of 1-hexene resulted in the
slow consumption of both 1-hexene and 1-Bn* along with the
formation of a new, relatively stable, organometallic species.
Given the known living nature of this catalyst, we formulate it
as 1-P,". The majority of 1-P," accumulates in the form of the
inactive mer-mer isomer as evidenced by *C NMR chemical
shifts of the NMe groups at 37.6 and 42.6 ppm (Fig. 4b).*”

The possibility to prepare the rac-3 metal complex as a
mixture of both fac-fac and fac-mer isomers offered the unique
opportunity to study their chemical equilibria. Upon activation
of a 3:2 mixture of rac-3py/rac-3p the >C NMR spectrum
shows a 2:1 mixture of the fac—fac and fac-mer isomers of

This journal is © the Partner Organisations 2023
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Fig. 4 Sections of four multiplicity-edited *H,"*C HSQC NMR experi-
ments (blue cross peaks = CH or CHz moieties) relative to the NMe
region and showing: (a) the fac—fac isomer of 1-Bn*; (b) formation of
the mer—mer isomer of 1-P,* after the addition of 15 equiv. of 1-hexene
to 1-Bn*; (c) the mixture of fac—fac and fac—mer isomers of 3-Bn*
derived from a 3: 2 mixture of rac-3gm/rac-3¢; (d) formation of the fac—
fac isomer of 3-P,* after the addition of 460 equiv. of 1-hexene to 3-
Bn*. All experiments were carried out in C¢DsCl at 233 K.

3-Bn" (5c = 43.4 and 44.6 ppm for the fac-fac, 39.5 and
39.9 ppm for the fac-mer, respectively; Fig. 4c). Chemical
exchange between fac—fac and fac-mer isomers of 3-Bn" is slow on
the NMR time scale, indicating substantial barriers for isomeriza-
tion as pointed out by DFT calculations (vide supra). The rate of
site epimerization at the fac—fac isomer is not dissimilar to that of
1-Bn" under similar conditions: ksz = 0.6 s™* at 223 K and 0.4 s™*
at 228 K, for 3;-Bn* and 1-Bn*, respectively. Addition of ~15
equiv. of 1-hexene to the mixture leads to immediate formation
of poly-1-hexene, without apparent consumption of either 3-Bn"
species. However, addition of a larger excess of 1-hexene (~460
equiv.) resulted in a substantial consumption of 3z-Bn" but not
3mBn', indicating the latter is inactive (or much less active). In
turn, 3;-Bn" displays the typical behavior of a very active olefin
polymerization catalyst, ie., the first olefin insertion is much
slower than subsequent insertions.®

A prolonged 'H,"*C HSQC NMR experiment (Fig. 4d),
lasting several hours from the addition of 1-hexene, allowed

Inorg. Chem. Front,, 2023, 10, 6401-6406 | 6403
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Table 1 Propene polymerization results (averaged on at least triplicate
experiments) using 1, 2 and rac-3g at T, 60 °C and ppropene = 6.6 bar

Precatalyst ~ R,“ o [21]%  M,,kDa M,,kDa PDI
1 0.19 0.998 0.52 7.6 14 1.8
2 17 0.82 0.80 1.3 2.0 1.5
rac-3pp 38 0.994 0.53 113 248 2.2
“In kgpp mmol,, ' h™%. ? Probability to select the preferred monomer

enantioface at an active site of given chirality.

detection of two new '*C NMR resonances in the region of the
NMe groups, tentatively assigned to a 3-P, s species. While
complete identification of this species is hampered by the
poly-1-hexene signals, the NMe chemical shifts (¢ > 40 ppm)
clearly indicate that the active species, differently from 1-P,",
retains fac—fac geometry.

The novel indanosalan catalyst rac-3r the parent salan 1
and the ortho-N-carbazolyl salan 2, which is one of the most
active salan [ONNO]Zr propene polymerization catalysts pre-
sently known and mildly isotactic selective,”*° have been
tested in propene polymerization at 60 °C using MAO/
BHT®*%™** ags activator (Table 1) in a high-throughput exper-
imentation platform (Freeslate parallel pressure reactor,
PPR).**° The polymerization procedure is reported in the
ESIt and described in more detail in ref. 22, 23 and 50.

Inspection of Table 1 reveals that the ligand modification,
leading to the novel precatalyst rac-3pp yields a dramatic
enhancement of catalyst productivity (Rp), exceeding its homol-
ogue (1) by over two orders of magnitude and even surpassing
the performance of 2. Strikingly, the catalyst derived from rac-
3pr also shows a much higher polymer molar mass capability
compared with both 1 and 2 (Table 1). This indicates that the
3-P," s active species (P, = growing polymeryl) features a
higher ratio between the apparent rates of chain propagation
and chain transfer than both 1-P,* and 2-P,*. Neither stereo-
nor regioselectivity are affected by the ligand modification and
no indications for the loss of C,-symmetry under polymeriz-
ation conditions are observed, indicating that the catalyst is
stable under polymerization conditions.

Conclusions

rac-3pr precatalyst has been designed and synthetized ad hoc to
hamper, during propene polymerization, the fac—fac/mer-mer
isomerization, responsible for the poor activity of most salan-
type catalysts. Gratifyingly, rac-3r upon activation with MAO/
BHT, polymerizes propene with a productivity that exceeds one
of the most active salan-type catalysts (2) and with almost two
orders of magnitude higher molecular mass capability.

Data availability

Crystallographic data has been deposited at the CCDC with
number 2283479.1 Synthetic procedures and characterization,
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detailed NMR spectra, polymerization procedures, polymer
characterization procedures, and polymer analytical character-
izations, computational details for conformer sampling are
reported in the ESL{
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