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a b s t r a c t

A series of “half-sandwich” bis(imino)pyridyl iron complexes with a substituted 8-(p-X-

phenyl)naphthylamine (X=OMe, Me, CF3) was designed and synthesized by combining weak π-π
interaction with steric and electronic tunings. The weak noncovalent π-π interaction as well as the

steric and electronic effects of bis(imino)pyridyl iron complexes were identified by experimental analyses

and calculations. The roles of weak π-π interaction, steric bulk, and electronic tuning on the ethylene

polymerization performance of bis(imino)pyridyl iron catalysts were studied in detail. The combination

of π-π interaction with steric and electronic tunings can access to thermally stable bis(imino)pyridyl

iron at 130 °C.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since the seminal work on bis(imino)pyridyl iron and cobalt

catalysts by Brookhart and Gibson, bis(imino)pyridyl iron olefin

polymerization catalysts have attracted tremendous interest due

to their non-toxicity, high metal abundance, and high activity [1–

6]. As a kind of unique late transition metal catalysts of ethy-

lene polymerization or oligomerization, bis(imino)pyridyl iron cat-

alysts produced fully linear products without branches. Therefore,

bis(imino)pyridyl iron catalysts are promising candidates for de-

livering high-density polyethylene (HDPE), polyethylene (PE) wax,

and linear α-olefins [7–9]. However, late transition metal cata-

lysts often show poor thermal stability and temperature tolerance,

which restricts their industrial application [10–12]. A tremendous

number of efforts have been contributed to developing thermally

robust bis(imino)pyridyl iron catalysts [13–18].

In general, two strategies including steric and electronic

tunings are widely employed to access to thermally stable

bis(imino)pyridyl iron catalysts, especially bulky N-aryl sub-

stituents based on the steric demand proposed by Brookhart (Figs.

1A and B) [19,20]. Despite great developments in bis(imino)pyridyl

iron catalysts, the steric and electronic modification strategies of-

ten exhibit a conflicting "see-saw" effect. Sterically bulky N-aryl

substituents of bis(imino)pyridyl iron catalysts often lead to a
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significant decrease in catalytic activity because of their inhi-

bition of the coordination and insertion of ethylene monomer.

For example, bis(imino)pyridyl iron catalysts with bulky 2,6-

dibenzhydrylaniline moieties (Fig. 1C) reported by Sun and Long

are inactive for ethylene polymerization [21,22]. Pentiptycenyl-

substituted bis(imino)pyridyl iron catalysts (Fig. 1D) reported

by Jian also exhibit low activity to produce unexpected low-

molecular-weight product (Mn < 2500g/mol) [23]. Alternatively,

the asymmetrical approach including 2,6-asymmetrically substi-

tuted aniline (Fig. 1E) and two different anilines (Fig. 1F) is further

utilized to balance the steric bulk to improve the polymerization

properties of bis(imino)pyridyl iron catalysts [24–26].

In addition to well-known steric and electronic tunings, weak

noncovalent interactions are another effective tool in controlling

olefin polymerization catalysis [27,28]. Unlike steric and electronic

modifications involving covalent bonding interactions, noncovalent

interactions not only affect the coordination geometry of catalyst

but also impact monomer reactivity, selectivity, and growing chain

structure during olefin polymerization [29,30]. The weak noncova-

lent interactions such as hydrogen bonding [31,32], π-π interac-

tions [33–35], metal-aryl π-interactions [36,37] and electrostatic

metal-X interactions (X=heteroatoms) [38,39] have been widely

applied in modulating transition metal-catalyzed polymerization

of olefins (M=Ti, Zr, Ni, Pd). However, the application of weak

noncovalent interactions in the design of bis(imino)pyridyl iron

catalysts is rarely reported to the best of our knowledge before.

https://doi.org/10.1016/j.cclet.2024.110762

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Gao, Z. Cheng, G. Tu et al. Chinese Chemical Letters 36 (2025) 110762

Fig. 1. Bis(imino)pyridyl iron complexes bearing various N-aryl substituents and four bis(imino)pyridyl iron complexes in this work.

Fig. 2. Molecular structures, topographic steric map, and π-π interaction regions of bis(imino)pyridyl iron complexes.

our recent work involving weak π-π interactions in “sandwich”

bis(imino)pyridyl iron catalysts [40].

In this paper, we intended to develop thermally robust

bis(imino)pyridyl iron catalysts by cooperatively combining weak

noncovalent interactions with steric and electronic tunings. A se-

ries of “half-sandwich” bis(imino)pyridyl iron complexes with a

substituted 8-(p-X-phenyl)naphthylamine (X=OMe, Me, CF3) were

designed and synthesized. The roles of the steric and electronic

tunings as well as π-π interactions are disclosed and they cooper-

atively operate ethylene polymerization to access to thermally ro-

bust bis(imino)pyridyl iron catalysts.

Based on decreasing steric bulk, “half-sandwich”

bis(imino)pyridyl iron complexes with a capping aryl sub-

stituent were firstly designed. Two bis(imino)pyridyl ligands

(L1, L2) were synthesized by a two-step condensation reaction of

2,6-diacetylpyridine with the corresponding substituted naphthy-

lamine in high yield (Scheme S1 in Supporting information). All

the ligands were fully characterized by 1H and 13C NMR spec-

troscopy as well as elemental analysis. New iron complexes (Fe1,

Fe2) were readily synthesized by the complexation reaction of the

corresponding bis(imino)pyridyl ligands with FeCl2 in THF solvent.

The purity and identity of iron complexes were confirmed by

elemental analysis, IR, and X-ray diffraction analysis. For example,

the characteristic absorption bands of the imine group (C=N) have

obvious bathochromic-shift (∼20 cm−1) after ligation reaction from

ligands to complexes (see ligand and complex characterization

in Supporting information). To clearly demonstrate the effect

of the capping aryl groups, bis(imino)pyridyl iron complex Fe0

with two naphthyl groups and “sandwich” bis(imino)pyridyl iron

complex Fe3 with two capping 4-methylphenyl substituents were

synthesized and used as comparisons (Scheme S1) [40,41].

Single crystals of two “half-sandwich” bis(imino)pyridyl iron

complexes suitable for X-ray diffraction analysis were obtained

through the slow diffusion of complex solution in CH2Cl2/hexane

mixture solvent. As shown in Fig. 2, the capping aryl substituent is

positioned above the chelate ring, and both iron complexes with a

capping aryl group display a “half-sandwich” structure. In princi-

ple, there are syn- and anti-diastereomers of “half-sandwich” iron

complexes because the two naphthyl rings are oriented on the

same or contrary side of the chelate ring [42]. Fortunately, single

crystals of syn- and anti-diastereomers of iron complex Fe1 were

obtained, indicating that syn- and anti-diastereomers were present

together and/or may transform each other in solution.

The capping aryl substituent provides steric hindrance around

the iron center, which is calculated by the space-filling capabilities

of the metal center. The calculated buried volumes (%VBur) of syn-

and anti-Fe1, Fe2, and Fe3 are 56.8, 57.2, 56.8, and 57.8, respectively

(Fig. 2) [43]. Clearly, the “sandwich” bis(imino)pyridyl iron complex

Fe3 shows bulkier steric hindrance than its “half-sandwich” ana-

logues. It is found that syn-Fe2 has the same %VBur value as syn-

Fe1, although a methyl is installed on syn-Fe2. This result indicates

that the capping 4-methylphenyl substituent dominates the steric

hindrance. It is noteworthy that syn- and anti-Fe1 have nearly the

same %VBur (relative error: 0.7%), which is also attributed to dom-

inant steric bulk of the capping aryl substituent. It is anticipated

that syn- and anti-diastereomers of Fe1 should have nearly the

same ethylene polymerization behavior due to same steric effect.

Therefore, we do not distinguish syn- and anti-diastereomers of

iron complexes in the following discussion.

Like our previously reported “sandwich” bis(imino)pyridyl iron

complexes [40], “half-sandwich” bis(imino)pyridyl iron complexes

also exhibit an intramolecular π-π interaction between the cap-

ping aryl substituent and the pyridyl ring with offset face-to-face

pattern. Crystal parameters in Table S1 (Supporting information)

reveal that dihedral angles between the capping aryl group and

the pyridyl ring are below 20° and the centroid-centroid distances

of the two aromatic rings are within 3.5 Å, strongly supporting

the presence of intramolecular π-π interaction in “half-sandwich”
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Fig. 3. UV–vis absorptions (left) and photoluminescence (PL) spectra (right) of iron

complexes in CH2Cl2 solution.

bis(imino)pyridyl iron complexes. Besides, the π-π interaction re-

gions (green regions) in iron complexes were directly and graphi-

cally shown in Fig. 2 through the space function interaction region

indicator (IRI) [44].

In addition to X-ray single crystal structures, the existence of

the intramolecular π-π interaction of iron complexes in solution

were also spectroscopically proven [40]. As shown in Fig. 3, the

UV–vis spectra of iron complexes in CH2Cl2 solvent reveal that

iron complexes exhibit two absorption peaks at 240 and ∼290nm.

Compared to iron complex Fe0 without the capping aryl sub-

stituents, the three iron complexes with capping aryl substituents

exhibit a bathochromic-shifted absorption at ∼300nm (Fe3 > Fe2

≈ Fe1 > Fe0), which can be ascribed to the π-π interactions in the

iron complexes. Meanwhile, the associated photoluminescence (PL)

spectra of these iron complexes also have obvious bathochromic-

shift phenomenon. The iron complex Fe0 without the capping aryl

substituent exhibits an emission peak centered at 423nm irradi-

ated by 365nm excitation, while the other three iron complexes

display bathochromic-shifted emission profiles (Fe3 > Fe1 ≈ Fe2

> Fe0) (Fig. 3). In general, installation of a capping aryl on “half-

sandwich” bis(imino)pyridyl iron complexes not only can provide

appropriately bulky steric hindrance but also can keep the π-π in-

teraction.

In addition to steric hindrance, electronic tuning is also consid-

ered for the design of bis(imino)pyridyl iron catalysts. Two “half-

sandwich” bis(imino)pyridyl iron complexes with substituted 8-(p-

X-phenyl)naphthylamine (X=OMe, CF3) were further prepared ac-

cording to the same synthetic routine shown in Scheme S1. Single

crystal of Fe4 was obtained, while Fe5 was not unfortunately ob-

tained because of its poor stability caused by the strong electron-

withdrawing property of CF3. As shown in Fig. 4, Fe4 displays an

anti-conformation. The calculated %VBur of Fe4 is 57.3, which is

Fig. 4. Molecular structures, topographic steric map, and π-π interaction regions

of bis(imino)pyridyl iron complexes.

nearly the same as anti-Fe1 (57.2). Therefore, the substituent X

mainly provides an electronic impact on iron complexes. Besides,

crystal parameters in Table S1 (Supporting information) support

that the presence of intramolecular π-π interactions in Fe4. The

dihedral angle of Fe4 (12.43°) between the capping aryl group and

the pyridyl ring is slightly larger than that of Fe1 (10.29°) while

the centroid-centroid distance of Fe4 (3.24 Å) between the two aro-

matic rings is shorter than that of Fe1 (3.38 Å), indicating that the

substituent X does not significantly change the π-π interaction.

The π-π interaction regions (green regions) in Fe4 are graphically

shown in Fig. 4.

Bis(imino)pyridyl iron complexes were used as catalyst pre-

cursors for ethylene polymerization after activation with 1000

equiv. MMAO at different polymerization temperatures. The ef-

fects of diastereomers, steric hindrance, weak π-π interaction,

and electronic tuning on ethylene polymerization were exten-

sively studied. It is previously reported that syn- and anti-

diastereomers of α-diimine nickel and palladium catalysts often

produce polyethylenes with markedly different molecular weight

[42,45]. Although bis(imino)pyridyl iron complexes with different

ortho-substituents on the aniline have been reported, syn- and

anti-diastereomers are not considered due to the complex system

[13–15,24–26]. Herein, single crystals of two diastereomers, syn-

Fe1 and anti-Fe1, were chosen for ethylene polymerization to elu-

cidate diastereomer effects of the iron complex.

Ethylene polymerization results (Table S5 in Supporting infor-

mation) clearly show that syn-Fe1 and anti-Fe1 exhibit nearly the

same ethylene polymerization behavior. Both syn-Fe1 and anti-Fe1

afford polyethylenes with nearly the same molecular weight and

distribution, which is ascribed to dominant steric hindrance of

capping aryl substituent and more open bis(imino)pyridyl chelat-

ing ring (N–N distance: bis(imino)pyridyl (4.21 Å) > α-diimine

(2.45 Å)) [46]. The bimodal distribution of polyethylenes produced

by Fe1 originates from two chain transfer pathways, including β-H

transfer to ethylene monomer and chain transfer to aluminum co-

catalyst [1,3]. Therefore, we do not consider the effects of syn- and

anti-diastereomers of iron complexes on ethylene polymerization.

Four bis(imino)pyridyl iron complexes Fe0-Fe3 were used to

study steric effects on ethylene polymerization. As shown in

Table 1, the construction approach of bis(imino)pyridyl iron cata-

lysts using two different anilines is highly effective based on steric

tuning. The “sandwich” iron catalyst Fe3 is inactive in the tem-

perature range of 30–90 °C for ethylene polymerization because

of bulky hindrance, which is consistent with previous report [40].

However, the “half-sandwich” iron catalyst Fe1 with a capping aryl

substituent is highly active (44.6×106 gPE molFe
−1 h−1). In compar-

ison with Fe0 without capping aryl substituents, “half-sandwich”

iron catalyst Fe1 is more thermally robust and produces higher

molecular-weight polyethylenes (entry 4 vs. 8). Fe1 shows high ac-

tivity of 10.4×106 gPE molFe
−1 h−1 (entry 8) while Fe0 is inactive

at 90 °C (entry 4) because of decomposition, indicating Fe1 has

higher thermostability than Fe0.

The introduction of the methyl on the naphthyl group of Fe1

can further improve the thermostability of “half-sandwich” iron

complex and PE molecular weight. The resultant iron catalyst Fe2

exhibits higher activity at high temperatures (≥90 °C) than Fe1 al-

though Fe2 is less active at low temperatures (≤70 °C). Iron com-

plex Fe2 is still active to produce narrowly dispersed PE at an

elevated temperature of 130 °C while Fe1 is inactive for ethylene

polymerization, supporting that Fe2 is more thermally stable than

Fe1. To the best of our knowledge, the elevated temperature of

130 °C represents the highest temperature of ethylene polymeriza-

tion using bis(imino)pyridyl iron catalysts [13,26]. The enhanced

thermostability of “half-sandwich” iron catalysts Fe1 and Fe2 is

reasonably ascribed to the intramolecular π-π interaction between

the capping aryl substituent and the pyridyl ring. The intramolec-

3
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Table 1

Ethylene polymerization results using bis(imino)pyridyl iron catalysts.a

Entry Fe T (°C) Yield (g) Activity

(× 106 gPE molFe
−1 h−1)

Mn (kg/mol)b Mw (kg/mol)b Ðb Tm (°C)c

1 Fe0 30 5.08 25.4 1.2 5.4 4.5 117.8

2 Fe0 50 6.17 30.8 1.4 9.6 6.9 119.1

3 Fe0 70 3.74 18.7 2.9 13.2 4.6 120.1

4 Fe0 90 - - - - - -

5 Fe1 30 2.57 12.9 1.7 15.4 9.1 122.1

6 Fe1 50 5.89 29.5 2.3 28.6 12.4 124.4

7 Fe1 70 8.92 44.6 2.8 31.6 11.3 125.5

8 Fe1 90 2.07 10.4 1.7 22.0 12.9 123.4

9 Fe1 110 - - - - - -

10 Fe2 30 2.43 12.2 2.3 27.5 12.0 127.0

11 Fe2 50 4.77 23.9 2.9 29.7 10.2 127.2

12 Fe2 70 7.12 35.6 3.4 32.4 9.5 126.4

13 Fe2 90 4.59 22.9 2.5 30.4 12.2 126.1

14 Fe2 110 1.88 9.4 1.6 25.2 15.8 125.5

15 Fe2 130 0.78d 3.9 1.0 2.5 2.5 118.6

16 Fe3 30∼90 - - - - - -

-: No activity and not determined.
a Polymerization conditions: 2.4 μmol iron catalyst, Al(MMAO)/Fe=1000, 10 atm ethylene pressure, 5min, 68mL of toluene and 2mL of CH2Cl2.
b Determined by GPC in 1,2,4-trichlorobenzene at 150 °C.
c Determined by DSC, second heating.
d Solid product is isolated and is used to calculate activity.

Table 2

Ethylene polymerization results using bis(imino)pyridyl iron catalysts.a

Entry Fe X T (°C) Yield (g) Activity

(× 106 gPE molFe
−1 h−1)

Mn (kg/mol)b Mw (kg/mol)b Ðb Tm (°C)c

1 Fe4 OMe 30 3.93 19.7 2.2 13.5 6.1 120.8

2 Fe4 OMe 50 6.13 30.7 2.2 24.7 11.2 124.0

3 Fe4 OMe 70 5.02 25.1 2.1 19.4 9.2 123.8

4 Fe4 OMe 90 1.96 9.8 2.1 16.0 7.6 122.6

5 Fe5 CF3 30 1.00 5.0 2.9 37.1 12.8 126.1

6 Fe5 CF3 50 4.63 23.2 3.8 87.5 23.0 128.6

7 Fe5 CF3 70 2.47 12.4 2.7 35.0 13.0 125.8

8 Fe5 CF3 90 0.31 1.6 1.1 1.6 1.5 124.4

a Polymerization conditions: 2.4 μmol iron catalyst, Al(MMAO)/Fe=1000, 10 atm ethylene pressure, 5min, 68mL of toluene and 2mL of CH2Cl2.
b Determined by GPC in 1,2,4-trichlorobenzene at 150 °C.
c Determined by DSC, second heating.

ular π-π interaction is anticipated to restrict the N-aryl rotation

and fix the capping aryl substituent above the chelating ring at ele-

vated temperatures, thereby enhancing the thermal stability of iron

complexes [33,46]. Besides, narrow distribution of PEs produced

by less bulky Fe0 is ascribed to small molecular weight difference

through β-H transfer to monomer and chain transfer to aluminum

cocatalyst. However, narrow distribution of the PE produced by Fe2

at 130 °C should be a result of chain transfer to aluminum (see be-

low discussion on the effect of temperature on chain transfer).

The electronic effects were further evaluated by ethylene poly-

merizations catalyzed by three iron catalysts with different X sub-

stituents (X=Me, OMe, CF3). It is known that the electronic ef-

fects of substituent X on the phenyl group can be quantitatively re-

flected by Hammett constants (σ ) [47]. The electron-donating abil-

ity of substituent X decreases in the order of OMe (σ : −0.268) >

Me (σ : −0.170) > CF3 (σ : +0.540) based on σ values. Ethylene

polymerization results of iron catalysts Fe4 and Fe5 are listed in

Table 2, and the comparisons of ethylene polymerization results

using three catalysts Fe1, Fe4, and Fe5 are directly revealed in Fig.

S13 (Supporting information).

As shown in Fig. S13, Fe1 shows the highest activity among

three iron catalysts while electron-deficient Fe5 with CF3 produces

the highest molecular weight PE. This observation is reasonably ex-

plained by electronic effects of the substituent X [48,49]. Naturally,

the electronic effects on ethylene polymerization are reflected in

the electrophilicity of the metal center and catalyst stability. Usu-

ally, the introduction of the electron-withdrawing CF3 group in-

creases the electrophilicity of the metal center, which increases the

rate of ethylene coordination and insertion. Resultantly, enhanced

chain growth rate leads to high-molecular-weight PE. On the other

hand, the introduction of electron-withdrawing groups often leads

to poor stability, which causes low initiator efficiency and cata-

lyst lifetime. In fact, iron complex Fe5 has the poorest stability

in solution (see detail complex synthesis in Supporting informa-

tion). Resultantly, electron-deficient Fe5 with CF3 shows the lowest

activity but affords higher-molecular weight PE. On the contrary,

the introduction of electron-donating OMe group slows down the

chain growth rate but accelerates the chain transfer rate. Therefore

electron-rich Fe4 with OMe produces the lowest-molecular-weight

PE.

It is worth noting that bimodal distribution polyethylenes were

produced by bis(imino)pyridyl iron catalysts, which is a result of

two chain transfer pathways including β-H transfer to monomer

and chain transfer to aluminum cocatalyst [1,3,50]. Herein, Fe5 was

chosen to conduct mechanistic study of chain transfer. Firstly, the

effect of Al/Fe mole ratio on chain transfer was examined (Table

S6 in Supporting information). As shown in Fig. 5, GPC curves of

PEs are bimodal distribution, and are reasonably divided into two

components with normal distributions (Fig. S20 in Supporting in-

formation). At low Al/Fe ratio of 500, the high-molecular-weight

fraction is dominant and a small tail peak is attributed to the low-

molecular-weight fraction, indicating that β-H transfer to ethylene

is the main chain transfer pathway at a low Al/Fe ratio. With

increasing Al/Fe ratio from 500 to 2000, the proportion of low-

4
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Fig. 5. GPC curves of the PEs produced by Fe5 at different Al/Fe ratios (left) and

temperatures (right).

molecular-weight fraction increases and shifts to lower-molecular-

weight region, further proving that low-molecular-weight frac-

tion is subject to chain transfer to aluminum and high-molecular-

weight fraction is subject to β-H transfer to ethylene.

The effect of temperature on chain transfer was further stud-

ied. GPC curves of PEs produced at different temperatures (Fig. 5)

clearly show that the proportion of high-molecular-weight fraction

decreases with an increase in polymerization temperature from

30 °C to 90 °C. However, the GPC curve of PE is monomodal dis-

tribution at 90 °C, indicating only one chain transfer pathway. 1H

and 13C NMR analysis of chain-end groups of PEs produced at 90 °C
clearly confirm that the obtained PE at 90 °C is fully saturated and

linear polyethylene without a vinyl end (Figs. S16-S19 in Support-

ing information). This result strongly proves that chain transfer

to aluminum only takes place at a high temperature of 90 °C for

Fe5. Besides, ethylene polymerization results at different ethylene

pressures show that PE molecular weight increases with increasing

ethylene pressure, further indicating occurrence of chain transfer

to aluminum (Table S7 in Supporting information). From these re-

sults, it is safely concluded that chain transfer to aluminum more

easily take place than β-H transfer to ethylene at elevated tem-

peratures for Fe5. However, distributions of PEs produced by Fe1

are not big change at 30–90 °C due to the appearance of two chain

transfer pathways. This difference of the temperature effect on dis-

tribution should be a result of the electronic effect. Our study ini-

tially clarifies the effect of polymerization temperature on chain

transfer and provides access to the synthesis of monomodal and

saturated polyethylene wax using bis(imino)pyridyl iron catalysts

at high temperatures.

In summary, we have successfully designed and synthesized

a series of “half-sandwich” bis(imino)pyridyl iron complexes with

a substituted 8-(p-X-phenyl)naphthylamine (X=OMe, Me, CF3) by

combining weak π-π interaction with steric and electronic tun-

ings. Ethylene polymerization results clearly illuminate the roles

of weak π-π interaction, steric bulk, and electronic tuning. The

synergy combination of π-π interaction with steric and electronic

tunings can access to the most thermally stable bis(imino)pyridyl

iron catalyst up to 130 °C. Bimodal distribution of resultant PEs

originates from two chain transfer pathways involving β-H transfer

to ethylene and chain transfer to aluminum, and the chain transfer

pathway can be regulated by Al/Fe mole ratio and temperature.
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