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The development of metal catalysts with high activity and thermal stability but with the requirement of a
small amount of MAO as a cocatalyst is highly desired for polyolefin industrial application. In this contri-
bution, a series of phenoxy-imine-amine compounds were prepared and used as NNO-tridentate ligands

(LH1-LH6: LH = 2,6-(RY),-CgH3—NH—-CgH4—N=C-3,5-(R%),—CcH,—OH; LH1: R! =

iPr, R? = ‘Bu; LH2:

R! = Me, R? = 'Bu; LH3: R* = H, R? = ‘Bu; LH4: R* = F, R? = ‘Bu; LH5: R' = Me, R? = H; LH6: R' = Me, R? =
Cl) to support chromium complexes CrClLL(THF) (Cri(THF)-Cr6(THF)). Upon activation with only 200
equivalents of Al(MAQ), these Cr complexes exhibited extremely high activity toward ethylene polymeriz-

ation and an unprecedented activity as high as 1.18 x 108 g(PE) mol™(Cr) h™* was obtained using Cr2
(THF)/MAQO. Moreover, these Cr catalysts exhibited high thermal stability, with respect to both the activity
and the molecular weight. At 100 °C, Cr2(THF)/MAO showed a remarkable activity of 1.01 x 10 g(PE)
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1. Introduction

Polyolefins have become the largest synthetic polymer
materials that are still most commercially produced using the
heterogeneous Ziegler-Natta catalyst’ and Phillips catalyst.””
However, the mounting demand for high-value-added poly-
olefins in recent years has spurred extensive interest in both
industry and academia to develop homogeneous metal cata-
lysts for olefin polymerization,*'® which are also beneficial for
better understanding the polymerization mechanism and, in
turn, are greatly helpful in developing new-generation catalysts
with high-performances."" ™ In the past few decades, a series
of homogeneous metal catalysts, including metallocene'* and
non-metallocene catalysts,">>' have been developed and
applied to synthesize a variety of high-value-added polyolefins,
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promising in the polyolefin industry.

mol™}Cr) h™ and produced polyethylene with a high molecular weight of 24.6 x 10% g mol™. Therefore,
the newly developed NNO-tridentate Cr complexes exhibiting unprecedented activity and excellent
thermal stability but only requiring a small amount of MAO (as low as Al/Cr = 100) as a cocatalyst are very

such as polar functionalized polyethylene,** > ultrahigh mole-

cular weight polyethylene (UHMWPE),>>*” syndiotactic poly-
propylene (sPP),*® syndiotactic polystyrene (sPS),>® polyolefin
elastomers (POE),*° and cyclic olefin copolymers (COC).>"**

Although the great successes as mentioned above have been
achieved, homogeneous metal catalysts still have many unex-
pected defects. For example, it is well known that a large
amount of MAO is generally required as a cocatalyst for homo-
geneous metallocene or non-metallocene catalysts to achieve
high polymerization activity>® which is highly expensive and
leads to the unexpected ash-content in the production.>® Thus,
it is an urgent desire to develop new metal catalysts that can
offer high catalytic activity but need less expensive MAO as a
cocatalyst. On the other hand, the operative temperature range
for most industrial polyolefin production is 70-110 °C because
of the highly exothermic nature of the polymerization
process.>® However, many homogeneous metal catalysts suffer
from poor thermal stability and undergo fast decomposition
with increasing reaction temperature, which greatly limited
their potential applications in industry. Moreover, the mole-
cular weights of resultant polymers are significantly reduced at
high temperature, because of increased chain transfer and -H
elimination reactions.>®*” Therefore, the development of new
metal catalysts having high activity and thermal stability but
requiring a small amount of MAO as a cocatalyst is highly
desired but also challenging.

This journal is © The Royal Society of Chemistry 2022
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Phenoxy-imine compounds are simple, readily accessible
and amenably modifiable, and thus have been widely
employed as ligands to support both early- and late-transition
metal complexes for olefin polymerization.”® For example, the
early-transition metal titanium and zirconium phenoxyiminato
catalysts reported by Fujita®® and Coates®® show high activity,
living polymerization behavior, and stereoregularity control to
synthesize novel polyolefins,” while the late-transition metal
nickel phenoxyiminato catalysts developed by Grubbs*® exhibit
great powers of endurance toward polar monomers to prepare
functional polyolefins.” Chromium-based metal complexes,
both heterogeneous and homogeneous, are among the most
important polyolefin catalysts and have received increasing
attention because of their wide use in both ethylene polymeriz-
ation and oligomerization.*'>> However, Cr complexes bearing
phenoxy-imine ligands are rare and underdeveloped.
Previously, Gibson explored this ligand family for Cr-based
polymerization catalysts, but only low to modest activity
(usually less than 10° g(PE) mol *(Cr) h™') was obtained.****
Later, the same group extended this NO-bidentate ligand to
the NNO-tridentate system and discovered an exceptionally
active NNO-Cr catalyst by the High Throughput Screening
(HTS) method.>® The NNO-Cr complex with the bulky triptyce-
nyl substituent and an additional pyridyl-N donor exhibited an
activity of 6.97 x 10° g(PE) mol'(Cr) h™" bar™', which was
comparable to that of the most active homogeneous chromium
olefin polymerization catalysts.’® Nevertheless, a large amount
of MAO (2200 equivalents of Al(MAO) relative to Cr) was
needed to maintain the high activity and only low molecular
weight polyethylenes (M,, ~ 1200 g mol™') were produced at
50 °C. In this study, a series of phenoxy-imine-amine com-
pounds were designed, synthesized, and used as a new type of
NNO-tridentate ligand. The corresponding chromium com-
plexes were also reported and used as catalysts toward ethylene
polymerization. The influence of the ligand and various reac-
tion conditions, such as the nature and amount of the cocata-
lyst and the polymerization temperature and pressure, was sys-
tematically investigated. It is remarkable that these Cr com-
plexes were extremely active with only a very small amount of
MAO, and an unprecedented activity over 10° g(PE) mol *(Cr)
h™" can be obtained using 100 equivalents of Al(MAO) as a
cocatalyst.

2. Results and discussion

2.1. Synthesis and characterization of ligands and chromium
complexes

The NNO-tridentate ligands LH1-LH6 were prepared by a suc-
cessive three-step method including cross-coupling, reduction
and condensation reactions as shown in Scheme 1. In toluene,
palladium-catalyzed coupling of 1-bromo-2-nitrobenzene with
1 equivalent of 2,6-disubstituted aniline using CsCOj; as a base
afforded intermediates N-(2-nitrophenyl)-2,6-(R"),-aniline.’”
The nitro group could be efficiently reduced to an amino
group using SnCl, in the presence of an acid. The conden-
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Scheme 1 Synthesis of ligands and chromium complexes.

sation reaction was catalyzed by p-TsOH in methanol at room
temperature to give the desired NNO-tridentate ligands LH1-
LH6 in high yields (77-95%).>*>° All the organic ligands were
characterized by 'H and "*C NMR (Fig. S1-S127), and elemen-
tal analysis. Treatment of CrCl;(THF); with one equivalent of
the sodium salt of ligands LH1-LH6 in THF at room tempera-
ture afforded the brown chromium dichloride complexes Cr1l
(THF)-Cr6(THF) in high yields (88-95%; Scheme 1). These
complexes are air-sensitive solids and the mass spectra of com-
plexes showed the main fragments of [M — 2Cl — THF + OH +
Na]" ions (Fig. S13-S187).

In order to firmly establish the coordination mode of the
NNO-tridentate ligands, single crystals of chromium com-
plexes Cr2(THF) and Cr4(THF) were grown through slow
diffusion of n-hexane into their CH,Cl, solutions at room
temperature. The molecular structures of Cr2(THF) and Cr4
(THF) by X-ray diffractions are given in Fig. 1 and 2 with the
selected bond lengths and angles in the captions. As shown in
Fig. 1, Cr2(THF) has a distorted octahedral coordination geo-
metry around the Cr center. The coordination sphere is com-
prised of one NNO-tridentate ligand, two chlorides and one
THF molecule. The tridentate ligand is situated around the Cr
center in a meridional manner (N*N~O). The two chelating
rings (Cr1-N2-C5-C4-N1, Cr1-N1-C3-C2-C1-01) are almost
coplanar and the corresponding dihedral angle defined is

Fig. 1 ORTEP of the molecular structure of Cr2(THF). Ellipsoids at the
50% probability level. Hydrogen atoms except for H2 are omitted for
clarity. Selected distances (A) and angles (deg): Cr1-Cl1 2.3756(13), Cr1-
Cl2 2.2912(13), Cr1-01 1.894(3), Cr1-0O2 2.071(3), Cr1-N1 1.999(3),
Cr1-N2 2.170(3), N1-C3 1.297(5), N1-C4 1.422(5); Cl2-Cr1-Cl1
177.50(5), O1-Cr1-Cl1 91.99(10), O1-Cr1-Cl2 90.35(10), O1-Cr1-02
92.67(12), O1-Cr1-N1 91.83(13), O1-Cr1-N2 170.99(13), O2-Cr1-Cl1
88.29(9), 02-Cr1-Cl2 90.72(9), 02-Cr1-N2 94.57(13), N1-Cr1-Cl1
88.57(10), N1-Cr1-Cl2 92.23(11), N1-Cr1-0O2 174.60(12), N1-Cr1-N2
80.67(13), N2—Cr1-Cl1 82.89(11), N2—-Cr1-Cl2 94.90(11).
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Fig. 2 ORTEP of the molecular structure of Cr4(THF). Ellipsoids at the
50% probability level. Hydrogen atoms except for H1 are omitted for
clarity. Selected distances (A) and angles (deg): Cr1-Cl1 2.3068(8), Cr1—
Cl2 2.3389(8), Cr1-01 1.879(2), Cr1-02 2.056(2), Cr1-N1 2.182(2), Cr1—
N2 1.994(2), N2—-C6 1.422(3), N2—-C7 1.298(4); Cl1-Cr1-Cl2 172.48(3),
01-Cr1-Cl1 93.30(7), O1-Cr1-Cl2 94.04(7), O1-Cr1-02 90.68(9), O1-
Cr1-N1173.30(9), O1-Cr1-N2 92.63(9), O2-Cr1-Cl1 91.98(6), O2-Crl-
Cl2 89.55(6), O2-Cr1-N1 94.52(9), N1-Cr1-Cl1 90.74(7), N1-Cr1-CI2
81.79(7), N2-Cr1-Cl1 90.16(7), N2-Cr1-Cl2 87.90(7), N2-Cr1-02
175.96(9), N2—Cr1-N1 82.01(9).

9.81°. The Cr atom and the mutually ¢trans-disposed chlorides
are almost in one line [Cl1-Cr1-CI2 = 177.50(5)°] with O1, N1,
N2 and O2 atoms locating in the equatorial plane. The sum of
the bond angles (N1-Cr1-N2 80.67(13)°, O1-Cr1-N1 91.83
(13)°, 01-Cr1-02 92.67(12)°, and 02-Cr1-N2 94.57(13)°)
around the Cr1 center in this equatorial plane is 359.74°, indi-
cating that atoms O1, N1, N2, O2 and Cr1 are essentially copla-
nar. Complex Cr4(THF) (Fig. 2) shows similar coordination fea-
tures to Cr2(THF), suggesting that all Cr complexes should
have similar coordination geometries.

2.2. Ethylene polymerization

2.2.1. Influence of cocatalysts on catalytic performances.
Cocatalysts usually could largely affect the catalytic properties
of Cr complexes.*® Therefore, various aluminum compounds
(MAO, AlMe;, AIEtCl, and AlEt,Cl) and [Ph;C][B(C4Fs5),]/Al'Buy
as cocatalysts were first evaluated with Cr2(THF), and the
results are summarized in Table 1. As expected, the activity
was dramatically affected by the nature of the cocatalysts. It
showed very low activity when AlMe;, AIEtCl, or AIEt,Cl was
used as the cocatalyst (Table 1 runs 2-4). [Ph;C][B(CeFs)s)/
Al'Bu; was an effective cocatalyst and an activity of 1.35 x 10°
g(PE) mol*(Cr) h™" was obtained (Table 1 run 5). Surprisingly,

Table 1 Influence of cocatalysts on ethylene polymerization with Cr2
(THF)?

Run Cocatalyst Al/Cr PE (mg) Activity”
1 MAO 200 470 7.05
2 AlMe; 200 8 0.12
3 AIEtCl, 200 4 0.06
4 AlEt,Cl ) 200 5 0.07
5° [Ph,C][B(CFs)./AIBu, 50 90 1.35

4 Polymerization conditions: 2 umol Cr2(THF), 2 min, 80 °C, 200 mL
toluene, 5 atm of ethylene. ? Activity in units of 10° g(PE) mol~*(Cr)
h™". ©1.2 equivalents of [Ph;C][B(CcFs5)4] were added.
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MAO was a highly efficient cocatalyst and the Cr2(THF)/MAO
system exhibited an activity of 7.05 x 10° g(PE) mol *(Cr) h™*
(Table 1 run 1). Therefore, MAO was chosen as the cocatalyst
for further investigation. Note that no oligomers were observed
by GC analysis for all the cases (Fig. S197).

2.2.2. Influence of reaction conditions on catalytic per-
formances. The influence of the polymerization conditions on
the catalytic performances, such as ethylene pressure (P =5, 20
and 40 atm), reaction start temperature (7 = 20, 60, 80 and
100 °C), and the amount of the cocatalyst (Al(MAO)/Cr = 100,
200, 300 and 600), was systematically studied with the catalytic
system of Cr2(THF)/MAO. The resultant polymers were charac-
terized by GPC, DSC, and NMR. These results are summarized
in Table 2.

As expected, the catalytic activity increased dramatically at
high ethylene pressure (Table 2 runs 1-3). Remarkably, an
extremely high activity of 1.18 x 10® g(PE) mol™'(Cr) h™" was
obtained with an Al(MAO)/Cr ratio of 200 at 80 °C and 40 atm
of ethylene, and it is among the highest for Cr-mediated ethyl-
ene polymerization although performed under different
conditions.*"**%»®* The GPC analyses of the polymers
obtained with Cr2(THF)/MAO at different pressures show
unimodal and narrow distributions (Fig. 3A, D < 2.0), indicat-
ing the typical single site catalysis. The molecular weights of
the resultant polyethylenes increase with the increase of
polymerization pressure, suggesting fast chain propagation
relative to chain termination/transfer reactions.

As shown in Table 2 runs 3-6, the reaction temperature
(from 20 to 100 °C) significantly affected the activity and pro-
perties of products, in regard to the molecular weights and
their distributions. The polymerization temperature was raised
from 20 to 100 °C leading to a maximum peak in activity of
1.18 x 10® g(PE) mol *(Cr) h™" at 80 °C. Further increasing the
temperature to 100 °C only resulted in a little degradation in
activity (1.01 x 10® g(PE) mol™(Cr) h™" at 100 °C; Table 2 run
6). Because of the extremely high activity, the temperature at
the end of polymerization in Table 2 run 6 could reach up to
110 °C, although the heat was continuously removed from the
reactor through an internal cooling coil. For most industrial
polyolefin production, the operative temperature range is
70-110 °C because of the highly exothermic nature of the
polymerization process.”> Therefore, Cr2(THF)/MAO had an
excellent thermal stability and showed great potential for prac-
tical application in the polyolefin industry. It is interesting
that the molecular weights of the resultant polyethylenes
increased with the increasing polymerization temperature
from 20 to 80 °C (Fig. 3B, black, red and blue curves),
suggesting the relatively slow chain termination/transfer reac-
tions and further confirming the high thermal stability of the
Cr2(THF)/MAO system. We also carried out polymerization at
an even higher start temperature (7 = 120 °C, Table 2 run 7)
with Cr2(THF)/MAO, and a temperature over 130 °C was
observed at the end of polymerization. The activity was 6.75 x
10”7 g(PE) mol *(Cr) h™', which is lower than those at 80 or
100 °C (Table 2 runs 3 and 6). On the other hand, the M,, of
the resultant polymer decreased and the distribution became

This journal is © The Royal Society of Chemistry 2022
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Table 2 Polymerization of ethylene with Cr2(THF)/MAO?

Run P (atm) T (°C) Al/Cr ¢ (min) PE (mg) Act.”? M, ¢ (10* g mol™) bf T ? (°C)
1 5 80 200 2 470 7.05 14.9 1.8 134

2 20 80 200 2 3300 49.5 20.0 1.8 134

3 40 80 200 2 7870 118 38.9 1.6 135

4 40 20 200 2 2700 40.5 1.50 3.1 135

5 40 60 200 2 4400 66.0 12.0 2.6 135

6 40 100 200 2 6700 101 24.6 1.8 135

7 40 120 200 2 4500 67.5 8.90 3.2 134

8 40 80 100 2 6850 103 38.3 1.9 134

9 40 80 300 2 7000 105 13.9 2.2 135

10 40 80 600 2 4850 72.8 4.40 2.9 135

11 40 80 200 5 14 600 87.6 36.5 1.7 135

12 40 80 200 10 22000 66.0 371 1.6 135

“ polymerization conditions: 2 pumol Cr2(THF), 200 mL toluene. ” Activity in units of 10° g(PE) mol~*(Cr) h™". ° Determined by GPC. ¢ Melting

temperature by DSC.

A: Pressure

B: Temperature

C: Al/Cr Ratio

—— Al/Cr =100
—— Al/Cr =200
—— Al/Cr =300
~—— Al/Cr = 600
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Fig. 3 GPC curves of polyethylenes prepared from Cr2(THF)/MAO under different (A) pressures (Table 2, runs 1-3); (B) temperatures (Table 2, runs

3-7); (C) AUMAO)/Cr ratio (Table 2, runs 3 and 8-10).

relatively broad (M, = 8.90 x 10* g mol™", P = 3.2; Fig. 3B,
purple curve), indicating the partial decomposition of the cata-
lyst over 120 °C.

Besides, the catalytic performances were also significantly
dependent upon the amount of MAO used (Table 2 runs 3 and
8-10). On elevating the molar ratio of Al(MAO)/Cr from 100 to
600, the best activity of 1.18 x 10°® g(PE) mol '(Cr) h™" was
achieved with AI(MAO)/Cr = 200 at 80 °C (Table 2 run 3).
However, it is surprising that only 100 equivalents of Al(MAO)
relative to the Cr catalyst also resulted in an activity as high as
1.03 x 10° g(PE) mol~*(Cr) h™" (Table 2 run 8). It is well known
that a large amount of MAO is generally required as a cocata-
lyst for homogeneous metallocene or non-metallocene cata-
lysts in order to achieve a high polymerization activity,** which
is highly expensive and leads to the unexpected ash content in
the products.> Therefore, the Cr2(THF)/MAO system can
achieve an activity of 1.03 x 10® g(PE) mol"(Cr) h™" with such
a small amount of MAO (Al/Cr = 100). Further addition of MAO
(Al/Cr = 600 in Table 2 run 10) led to a decrease in activity,
probably because some impurities (such as AlMe;) present in
the commercial MAO solution can react with Cr active species

This journal is © The Royal Society of Chemistry 2022

and result in deactivation, which was reported previously.®*°>

With the increase of the AI(MAO)/Cr ratio, the molecular
weights of the resultant products decreased significantly
(Fig. 3C), e.g. polyethylene with a M,, of 4.40 x 10" ¢ mol™" was
obtained with Al(MAO)/Cr = 600 (Table 2 run 10), indicative of
predominant chain transfer to Al reactions. The chain transfer
reaction to Al was further confirmed by high temperature "H
and C NMR spectroscopy (120 °C in 1,1,2,2-tetrachlor-
oethane-d,, C,D,Cl,) of the polyethylene sample obtained with
Al(MAO)/Cr = 600 (Table 2 run 10). There is no resonance
between 5.0-6.0 ppm in the "H NMR spectrum (Fig. S201) and
between 110-140 ppm in the "*C NMR spectrum (Fig. S217),
which are attributed to unsaturated end groups. Therefore, the
B-H elimination reaction as the termination and chain transfer
reaction to the monomer can be ruled out.

The polymerizations at 5 min and 10 min were also carried
out and the results are shown in Table 2 runs 11 and 12. On
increasing the polymerization time, the calculated activity
decreased, probably because the large amount of the resultant
polymers could retard the mass transfer of the monomer.
However, much more polymers were obtained at a longer reac-

Polym. Chem., 2022, 13,1852-1860 | 1855
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tion time (7.87 g, 14.6 g, and 22.0 g for 2 min, 5 min, and
10 min, respectively) and similar Ms and distributions of the
resultant polymers obtained at different times (Table 2, runs 3,
11 and 12), suggesting the high thermal stability and long life-
time of the catalytic system.

2.2.3. Influence of the coordination environments of the
Cr complexes on their catalytic performances. Using the opti-
mized conditions with the Cr2(THF)/MAO system (T = 80 °C,
Al/Cr = 200, 2 min), the influence of the coordination environ-
ments of Cr complexes Cr1(THF) to Cr6(THF) on their catalytic
performances was investigated under 40 atm of ethylene, and
the results are obtained in Table 3.

Substituents on both aniline (R') and salicylaldehyde (R?)
could remarkably affect the catalytic performances of the Cr
complexes. Comparing the activity of Cr1(THF)-Cr4(THF) with
the same R>-substituents on salicylaldehyde but different R'-
substituents on aniline (Table 3 runs 1-4), Cr2(THF) exhibited
the highest activity of 1.18 x 10° g(PE) mol™*(Cr) h™*, which
was 6.8, 4.9 and 4.5 times higher than those of Cr1(THF), Cr3
(THF) and Cr4(THF) under otherwise identical conditions. On
the other hand, the R>-substituents on salicylaldehyde showed
a greater influence on the catalytic activity than R'-substitu-
ents on aniline. Thus, Cr2(THF) also showed much higher
activity than Cr5(THF) and Cr6(THF) that had the same R'-
substituents on aniline but different R*-substituents on salicy-
laldehyde (Table 3 runs 2, 5 and 6). These results demonstrate
that the delicate choice of substituents on the ligand that
determine the coordination environments could largely affect
the catalytic performances of the Cr complexes. Besides, the
properties of the resultant polymers, regarding the molecular
weights and distributions, also depended upon the coordi-
nation environment. Generally, the sterically bulkier substitu-
ents on the ligand could prevent the chain transfer reaction
and p-H elimination reaction, and thus lead to the formation
of polyethylene with a high molecular weight. In contrast,
these bulky groups can also inhibit monomer-coordination
and thus result in a low rate of chain propagation. The mole-
cular weight values typically scale as the net rate of chain
propagation divided by the net rate of all competing chain
transfer/termination processes. As shown in Table 3 runs 1
and 2, the chain propagation rate (activity) by Cr1(THF) is sig-
nificantly lower than that by Cr2(THF). Thus, it is not surpris-
ing that Cr2(THF) produced polyethylene with a higher mole-

Table 3 Polymerization of ethylene with Cr1(THF)-Cr6(THF)/MAO?

Run Complex PE(mg) Act” M,°(10°gmol™) P° T,%(°C)
1 Cr1(THF) 1150 17.3 14.4 2.3 135
2 Cr2(THF) 7870 118  38.9 1.6 135
3 Cr3(THF) 1600 24.0 22.3 4.2 133
4 Cr4(THF) 1750 26.3 18.0 10 135
5 Cr5(THF) 190 2.85 45.6 19 133
6 Cr6(THF) 180 2.70 53.4 19 133

4 Polymerization conditions: 2 pmol Cr complexes, 40 atm of ethylene,
80 °C, 2 min, Al/Cr = 200, 200 mL toluene. ”In units of 10° g(PE)
mol~!(Cr) h™. ¢ Determined by GPC. ¢ Determined by DSC.
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Fig. 4 UV-vis-NIR spectra in toluene (Cr = 10~° M in toluene, Al/Cr =
10), (A) Cr2(THF) (black) and Cr2(THF)/MAO (red); (B) Cr6(THF) (black)
and Cr6(THF)/MAO (red).

cular weight than that by Cr1(THF) under otherwise identical
conditions. Regarding the molecular weight distributions, Cr1
(THF) and Cr2(THF) produced polymers with unimodal and
narrow distributions (Fig. S22 and S237), indicating typical
single site catalysis. In contrast, polyethylenes obtained by
other Cr complexes all had multimodal distributions
(Fig. S24-S277).

To investigate the different catalytic properties of Cr com-
plexes, Cr2(THF) and Cr6(THF), in the presence or absence of
MAO, were characterized by the UV-vis-NIR spectroscopy tech-
nique, which have been widely used to assess the pre-catalyst
(neutral metal complex) and cationic active species for poly-
olefin Cr catalysts.>"” Fig. 4A shows the UV-vis-NIR spectra of
Cr2(THF) (black) and the Cr2(THF)/MAO system (red), while
Fig. 4B shows the UV-vis-NIR spectra of Cr6(THF) (black) and
the Cr6(THF)/MAO system (red). The spectrum of Cr2(THF) is
characterized by well-defined bands at 29800 and
20100 cm™ ', After contact with 10 equivalents of Al(MAO) at
room temperature, the absorptions of two bands are signifi-
cantly degraded and a dramatic bathochromic shift is observed
for the later band (from 20 100 cm™" to 17 700 cm™"; Fig. 4A).
There is no additional band obtained by comparing the
spectra of Cr2(THF) and the Cr2(THF)/MAO system. This result
is consistent with the single-site catalysis by the Cr2(THF)/
MAO system that produced polyethylene with unimodal and
narrow distribution (Fig. S237). In contrast, two weak bands at
23900 and 13 600 cm™" are observed in the spectrum of the
Cr6(THF)/MAO system (Fig. 4B, red) in comparison to the spec-
trum of Cr6(THF) (Fig. 4B, black), suggesting that multi-site
active species are present. Thus, the Cr6(THF)/MAO system
produced polymers with multimodal distribution as shown in
Table 3 run 6 and Fig. S27.f

3. Conclusions

The chromium complexes CrCLL(THF) (Cr1(THF)-Cr6(THF))
bearing phenoxy-imine-amine NNO-tridentate ligands (LH1-
LH6; 2,6-(R"),-CeH;3-NH-CoH,~N=C-3,5-(R*),—~CcH,-OH) have
been successfully synthesized, characterized, and used for
ethylene polymerization. The influence of the ligands and
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various reaction conditions, including the nature and amount
of the cocatalyst and the polymerization temperature and
pressure, was systematically investigated. These Cr complexes
were superior toward ethylene polymerization: (1) these Cr
complexes were extremely active and, particularly, Cr2(THF)
with R' = Me and R® = ‘Bu exhibited the highest activity of
1.18 x 10® g(PE) mol *(Cr) h™", and produced high molecular
weight polyethylene with unimodal and narrow distribution
(38.9 x 10" g mol™", P = 1.6). (2) It is remarkable that an
activity of 1.03 x 10% g(PE) mol~'(Cr) h™" was obtained using
Cr2(THF) even with a very small amount of MAO (Al/Cr = 100).
(3) These Cr complexes exhibited high thermal stability, with
respect to both the activity and the molecular weight. For
example, Cr2(THF)/MAO showed an activity of 1.01 x 10° g(PE)
mol (Cr) h™" and produced polyethylene with a high mole-
cular weight of 24.6 x 10* g mol™" at 100 °C. In summary, the
newly developed NNO-tridentate Cr complexes having unpre-
cedented activity and excellent thermal stability but requiring
only a very small amount of MAO as the cocatalyst are very
promising for olefin polymerization.

4. Experimental section
4.1. General considerations

All oxygen/moisture sensitive compounds/reactions were
handled and/or performed in a glovebox or using standard
Schlenk techniques under nitrogen. Toluene, THF, n-hexane
and CH,Cl, were purified by first purging with dry nitrogen,
followed by passing through columns of activated alumina.
Ethylene was purified by passage through a supported MnO
oxygen-removal column and an activated Davison 4A mole-
cular sieve column. A 1.46 M Al(MAO) solution in toluene was
purchased from Akzo Nobel Corp. The borate [Ph;C][B(CeFs5)4]
was purchased from Sigma Aldrich. AlEt,Cl (1.7 M in hexanes),
Al'Bu; (1.0 M in toluene), and AlMe; (2.0 M in toluene) were
purchased from Acros Chemicals. All other chemicals were pur-
chased from commercial suppliers and used without further puri-
fication unless otherwise noted. Reaction temperatures were con-
trolled using an IKA temperature modulator. NMR spectra were
recorded on a Bruker AVANCE NEO 400 MHz NMR spectrometer
(400 MHz for 'H NMR and 100 MHz for *C NMR). Elemental
analyses were performed on a Flash EA 1112 microanalyzer. Gel
permeation chromatography (GPC) was carried out in 1,2,4-tri-
chlorobenzene (stabilized with 125 ppm BHT) at 150 °C on a
Agilent 1260 infinity II HT GPC instrument equipped with a set
of three Agilent PL gel 10 pm mixed-BLS columns with differen-
tial refractive index, viscosity, and light scattering (15 and 90°)
detectors. Data reported were determined via triple detection.
Molecular weights were determined through universal calibration
relative to polystyrene standards. Differential scanning calorime-
try (DSC) was performed using a TA differential scanning calori-
meter DSC 25 that was calibrated using high purity indium at a
heating rate of 10 °C min™". Melting points were determined
from the second scan at a heating rate of 10 °C min~" followed by
a slow cooling rate of 10 °C min™" to remove the influence of
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thermal history. N-(2,6-Diisopropylphenyl)benzene-1,2-diamine,
N-(2,6-dimethylphenyl)benzene-1,2-diamine, ~N-phenyl-benzene-
1,2-diamine, N-(2,6-difluorophenyl)benzene-1,2-diamine were pre-
pared according to literature procedures.””

4.2. Synthesis of ligands LH1-LH6

4.2.1. Synthesis of ligand LH1. 3,5-Di-tert-butylsalicylalde-
hyde (4.45 g, 19.0 mmol) was added to a methanol solution of
N-(2,6-diisopropylphenyl)benzene-1,2-diamine (5.10 g,
19.0 mmol) with 60 mg of p-TsOH as a catalyst. The mixture
was stirred at room temperature for 18 h to produce a yellow
suspension. The resultant suspension was concentrated and
filtered to give LH1 as a yellow solid (7.56 g, 15.9 mmol, 84%
yield). "H NMR (400 MHz, CDCl3): § 13.47 (s, 1 H, OH), 8.79 (s,
1 H, N—CH), 7.49 (d, J = 2.3 Hz, 1 H, Ar-H), 7.35-7.29 (m, 2 H,
Ar-H), 7.27 (d, ] = 7.8 Hz, 2 H, Ar-H), 7.12 (dd, J = 7.8, 1.1 Hz,
1 H, Ar-H), 7.02 (t, /] = 7.7 Hz, 1 H, Ar-H), 6.75 (t, ] = 7.7 Hz,
1 H, Ar-H), 6.26 (d, J = 8.1 Hz, 1 H, Ar-H), 5.87 (s, 1 H, N-H),
3.28-3.14 (m, 2 H, CHMe,), 1.48 (s, 9 H, CMe;), 1.38 (s, 9 H,
CMe;), 1.19 (dd, J = 11.9, 6.7 Hz, 12 H, CHMe,). >*C NMR
(100 MHz, CDCl3): § 163.36 (N=CH), 158.14, 147.92, 142.21,
141.00, 137.20, 135.44, 134.59, 128.19, 127.95, 127.56, 126.92,
124.00, 118.89, 118.09, 117.66, 112.16, 35.29, 34.39, 31.65,
29.55, 28.51, 24.91, 23.12. Anal. Caled for C33H,4N,O: C, 81.77;
H, 9.15; N, 5.78. Found: C, 81.56; H, 9.02; N, 5.56.

4.2.2. Synthesis of ligand LH2. Using the method
described for LH1, LH2 was obtained as a yellow solid (6.43 g,
15.0 mmol, 79% yield). "H NMR (400 MHz, CDCl5): § 13.41 (s,
1 H, OH), 8.75 (s, 1 H, N—CH), 7.48 (d, J = 1.5 Hz, 1 H, Ar-H),
7.30 (d, J = 2.2 Hz, 1 H, Ar-H), 7.18-7.10 (m, 4 H, Ar-H), 7.03
(t,J=7.7 Hz, 1 H, Ar-H), 6.77 (t, ] = 7.5 Hz, 1 H, Ar-H), 6.25 (d,
J=8.1 Hz, 1 H, Ar-H), 5.84 (s, 1 H, N-H), 2.25 (s, 6 H, Ar-Me),
1.47 (s, 9 H, CMe;), 1.36 (s, 9 H, CMe;). *C NMR (100 MHz,
CDCl;): § 163.58 (N=CH), 158.10, 141.02, 140.48, 138.29,
137.22, 136.78, 135.29, 128.68, 128.21, 127.97, 127.00, 126.34,
118.90, 118.28, 117.99, 112.06, 35.29, 34.38, 31.64, 29.60,
18.51. Anal. Caled for CyoHzeN,0: C, 81.27; H, 8.47; N, 6.54.
Found: C, 81.35; H, 8.27; N, 6.43.

4.2.3. Synthesis of ligand LH3. Using the method
described for LH1, LH3 was obtained as a yellow solid (6.90 g,
17.2 mmol, 86% yield). "H NMR (400 MHz, CDCl5): § 13.22 (s,
1 H, OH), 8.67 (s, 1 H, N—CH), 7.48 (d, J = 2.2 Hz, 1 H, Ar-H),
7.36-7.30 (m, 3 H, Ar-H), 7.27 (d, J = 7.7 Hz, 1 H, Ar-H),
7.22-7.11 (m, 4 H, Ar-H), 7.01 (t,/ = 7.7 Hz, 1 H, Ar-H), 6.92 (t,
J=7.5 Hz, 1 H, Ar-H), 6.23 (s, 1 H, N-H), 1.47 (s, 9 H, CMe3),
1.35 (s, 9 H, CMe;). *C NMR (100 MHz, CDCl3): § 164.63
(N=CH), 158.07, 142.27, 141.07, 137.72, 137.65, 137.21,
129.52, 128.42, 127.56, 127.08, 122.17, 120.33, 119.97, 119.09,
118.78, 115.05, 35.27, 34.36, 31.62, 29.56. Anal. Calced for
C,,H3,N,0: C, 80.96; H, 8.05; N, 6.99. Found: C, 80.79; H, 8.01;
N, 6.74.

4.2.4. Synthesis of ligand LH4. Using the method
described for LH1, LH4 was obtained as a yellow solid (7.20 g,
15.3 mmol, 77% yield). "H NMR (400 MHz, CDCl;): & 13.22 (s,
1 H, OH), 8.72 (s, 1 H, N—CH), 7.49 (d, J = 2.4 Hz, 1 H, Ar-H),
7.29 (d, J = 2.4 Hz, 1 H, Ar-H), 7.18-7.05 (m, 3 H, Ar-H), 6.99
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(t,J = 7.9 Hz, 2 H, Ar-H), 6.93 (td, J = 7.7, 1.2 Hz, 1 H, Ar-H),
6.70 (dd, J = 8.1, 0.9 Hz, 1 H, Ar-H), 5.91 (s, 1 H, N-H), 1.49 (s,
9 H, CMe;), 1.36 (s, 9 H, CMe;). *C NMR (100 MHz, CDCl,):
5 164.75 (N=CH), 158.81 (d, J = 5.5 Hz), 158.13, 156.35 (d, J =
5.3 Hz), 141.05, 137.78, 137.19 (d, J = 8.0 Hz), 128.48, 127.55,
127.17, 124.37 (t, J = 9.6 Hz), 120.48, 119.00 (d, J = 15.5 Hz),
118.71 (d, J = 15.9 Hz), 113.93, 112.16 (d, J = 5.8 Hz), 111.99 (d,
J = 5.8 Hz), 35.28, 34.37, 31.62, 29.58. Anal. Calcd for
C,,H30F,NL0: C, 74.29; H, 6.93; N, 6.42. Found: C, 74.35; H,
6.79; N, 6.33.

4.2.5. Synthesis of ligand LH5. Using the method
described for LH1, LH5 was obtained as a yellow solid (6.00 g,
19.0 mmol, 95% yield). "H NMR (400 MHz, CDCl,): § 13.11 (s,
1 H, OH), 8.75 (s, 1 H, N—CH), 7.47 (dd, J = 7.7, 1.6 Hz, 1 H,
Ar-H), 7.44-7.36 (m, 1 H, Ar-H), 7.18-7.08 (m, 4 H, Ar-H),
7.08-6.93 (m, 3 H, Ar-H), 6.78 (td, J = 7.6, 1.2 Hz, 1 H, Ar-H),
6.25 (dd, J = 8.1, 1.1 Hz, 1 H, Ar-H), 5.79 (s, 1H, N-H), 2.23 (s,
6 H, Ar-Me). >C NMR (100 MHz, CDCl,): § 162.21 (N—CH),
160.93, 140.62, 138.04, 136.70, 134.92, 133.30, 132.41, 128.66,
128.38, 126.40, 119.77, 119.49, 118.22, 118.02, 117.29, 112.26,
18.42. Anal. Caled for C,;H,oN,0: C, 79.72; H, 6.37; N, 8.85.
Found: C, 79.55; H, 6.28; N, 8.71.

4.2.6. Synthesis of ligand LH6. Using the method
described for LH1, LH6 was obtained as a yellow solid (6.59 g,
17.1 mmol, 90% yield). "H NMR (400 MHz, CDCl,): § 14.05 (s,
1 H, OH), 8.68 (s, 1 H, N—CH), 7.48 (s, 1 H, Ar-H), 7.37 (s, 1
H, Ar-H), 7.14 (s, 5 H, Ar-H), 6.80 (s, 1 H, Ar-H), 6.28 (s, 1 H,
Ar-H), 573 (s, 1 H, N-H), 2.23 (s, 6 H, Me). ’C NMR
(100 MHz, CDCl3): § 159.46 (N=CH), 155.47, 140.98, 137.55,
136.66, 133.38, 132.63, 129.80, 129.47, 128.71, 126.61, 123.92,
122.80, 120.96, 118.17, 112.84, 18.39. Anal. Caled for
C,1H15CLN,O: C, 65.47; H, 4.71; N, 7.27. Found: C, 65.41; H,
4.53; N, 7.05.

4.3. Synthesis of chromium complexes Cr1(THF)-Cr6(THF)

4.3.1. Synthesis of Cr1(THF). To a stirred solution of LH1
(0.485 g, 1.00 mmol) in dried THF (30 mL) at room tempera-
ture was added NaH (0.024 g, 1.00 mmol). The mixture was
allowed to stir for 12 h, and a yellow suspension was obtained.
To this suspension, a CrCl;(THF); (0.375 g, 1.00 mmol) solu-
tion in THF (20 mL) was added using cannula under nitrogen,
and the resultant mixture was stirred for 12 h at room tempera-
ture. The residue obtained by removal of the solvent under
vacuum was extracted with CH,Cl, (3 x 20 mL). The combined
filtrates were concentrated to 10 mL and then 30 mL of diethyl
ether was added. The product Cr1(THF) was obtained by fil-
tration as a brown solid (0.610 g, 0.90 mmol, yield 90%). FT-IR
(KBr disk, cm™'): 3377, 2960, 1611, 1585, 1548, 1529, 1460,
1422, 1386, 1332, 1316, 1199, 1168, 1134, 1110, 1010, 965, 922,
796, 786, 755, 506, 452, 417. Anal. Calcd for Cs,Hs;Cl,CrN,0,:
C, 65.48; H, 7.57; N, 4.13. Found: C, 65.46; H, 7.52; N, 4.02. ESI
Calcd for [M — 2Cl — THF + OH + Na]' 575.27, found 575.29.

4.3.2. Synthesis of Cr2(THF). Using the method described
for Cr1(THF), Cr2(THF) was obtained as a brown solid (92%
yield). FT-IR (KBr, cm™'): 3484, 2953, 1608, 1584, 1529, 1460,
1391, 1316, 1251, 1197, 1169, 1111, 1010, 970, 909, 807, 781,
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756, 510, 468, 424. Anal. Calcd for C;3H,5Cl,CrN,O,: C, 63.66;
H, 6.96; N, 4.50. Found: C, 63.65; H, 6.68; N, 4.33. ESI Caled
for [M — 2Cl — THF + OH + Na]" 519.21, found 519.23.

4.3.3. Synthesis of Cr3(THF). Using the method described
for Cr1(THF), Cr3(THF) was obtained as a brown solid (92%
yield). FT-IR (KBr, cm™%): 3380, 2955, 1611, 1585, 1545, 1527,
1493, 1422, 1386, 1321, 1250, 1199, 1166, 1108, 1007, 965, 805,
761, 750, 505, 456, 419. Anal. Calcd for C;,H3,Cl,CrN,O,: C,
62.62; H, 6.61; N, 4.71. Found: C, 62.49; H, 6.38; N, 4.65. ESI
Caled for [M — 2Cl — THF + OH + Na]" 491.18, found 491.20.

4.3.4. Synthesis of Cr4(THF). Using the method described
for Cr1(THF), Cr4(THF) was obtained as a brown solid (88%
yield). FT-IR (KBr, ecm™'): 3170, 2954, 1602, 1585, 1549, 1528,
1492, 1424, 1388, 1314, 1253, 1198, 1166, 1109, 1002, 960, 804,
762, 747, 505, 413. Anal. Caled for C;;H;,Cl,CrF,N,O,: C,
59.05; H, 5.91; N, 4.44. Found: C, 59.22; H, 5.79; N, 4.18. ESI
Calcd for [M — 2Cl — THF + OH + Na]" 527.16, found 527.18.

4.3.5. Synthesis of Cr5(THF). Using the method described
for Cr1(THF), Cr5(THF) was obtained as a brown solid (90%
yield). FT-IR (KBr disk, cm™): 3406, 1610, 1584, 1536, 1440,
1392, 1326, 1212, 1179, 1149, 1108, 1012, 927, 910, 796, 776,
750, 505, 456, 422. Anal. Calcd for C,5H,-Cl,CrN,0O,: C, 58.83;
H, 5.33; N, 5.49. Found: C, 58.78; H, 5.26; N, 5.31. ESI Caled
for [M — 2Cl — THF + OH + Na]" 407.08, found 407.10.

4.3.6. Synthesis of Cr6(THF). Using the method described
for Cr1(THF), Cr6(THF) was obtained as a brown solid (95%
yield). FT-IR (KBr, cm™): 3349, 1607, 1586, 1520, 1460, 1393,
1327, 1235, 1170, 1111, 1013, 966, 814, 770, 758, 508, 456, 423.
Anal. Caled for C,5H,5Cl,CrN,0,: C, 51.84; H, 4.35; N, 4.84.
Found: C, 51.82; H, 4.32; N, 4.63. ESI Calcd for [M — 2Cl —
THF + OH + Na]" 475.01, found 475.03.

4.4. X-ray crystallographic studies

Single crystals of Cr2(THF) and Cr4(THF) were obtained by
slow diffusion of n-hexane into their CH,Cl, solutions at room
temperature. A single crystal X-ray diffraction study for Cr2
(THF) and Cr4(THF) was carried out on a Bruker D8 Venture
diffractometer using graphite-monochromated Ga-Ka radiation
(A =1.34139 A). Cell parameters were obtained by global refine-
ment of the positions of all collected reflections. Intensities
were corrected for Lorentz and polarization effects and
empirical absorption. Using Olex2, the structures were solved
with XS and refined with ShelXL (Sheldrick, 2015).®® Crystal
data and processing parameters for Cr2(THF) and Cr4(THF)
are summarized in Table S1.t CCDC reference numbers
2133043-2133044 are for complexes Cr2(THF) and Cr4(THF),
respectively.t

4.5. General procedures for polymerization in an autoclave
reactor

A 1-liter steel reactor with a heating jacket and an internal
cooling coil was used for the polymerizations. The stirred
1-liter reactor was charged with about 200 mL of toluene
solvent and the desired amount of MAO. The reactor content
was heated to the desired polymerization temperature.
Once that temperature was reached, the reactor was filled with
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ethylene at 5 atm or 20 atm or 40 atm. Cr complexes in 5 mL of
chlorobenzene were transferred directly to a catalyst addition
tank through stainless steel tubing and injected into the reactor
with a nitrogen overpressure. The polymerization conditions
were maintained with ethylene added on demand. Although
heat was continuously removed from the reaction vessel through
an internal cooling coil, the temperature increased by 5 to 10 °C
(dependent upon the activity) at the end of polymerization in
comparison to the original temperature. The resulting solution
was removed from the reactor and quenched with acidified
methanol. The polymer was filtered off, washed with methanol,
and then dried under vacuum overnight.
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