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ABSTRACT: A library of well-defined aminopyridine iron(II) precata-
lysts with a tertiary amine moiety have been prepared and serve as highly
efficient precatalysts for polymerization of isoprene and other biobased
conjugated dienes, delivering the corresponding polyolefin elastomers.

[l Metrics & More | @ Supporting Information

These iron complexes were synthesized and further verified by ATR-IR, R
NMR, HR-MS spectroscopy, and elemental analysis. In addition, single- /f Z
crystal diffraction analysis reveals that the structures of representative m n

complexes Fe-Me, Fe-Et, and Fe-Pr all displayed chloride-bridged
centrosymmetric binuclear geometry. Upon activation with MAO, the
aminopyridine iron(II) complexes formed homogeneous Ziegler—Natta
catalyst systems, which possessed excellent activities for the polymer-
ization of isoprene. Interestingly, the activity of precatalysts increased as the steric hindrance was enhanced (Fe-Pr > Fe-Bn > Fe-
Et), and the best activity was achieved by the Fe-Pr complex (2.34 X 10° 8polymer mol™" h™"). In addition, the high activity that could
almost be maintained even at 100 °C indicated that the Fe-Pr catalyst showed excellent thermal stability. The polymerizations of
biobased myrcene and f-farnesene have been achieved smoothly by the Fe-"Pr precatalyst, delivering high-molecular weight (<4.9 X

activity up to 10° g/(mol+h)
M, up to 4.9 x 10% g/mol

10° g/ mol) “green rubber”.

Bl INTRODUCTION

Polyolefin elastomers have wide applications and greatly
enhance the convenience and quality of our modern life." In
particular, artificial polyisoprene, as one of the essential
synthetic materials to replace natural rubber, has been widely
applied in tires, tubes, and other industries.” Although
significant studies of the highly efficient synthesis of various
microstructure polyisoprene have been performed in both
academia and industry during the past several decades, how to
efficiently and precisely produce tailored microstructure
polyisoprene is still a challenge for scientists.”

Recently, polyisoprenes with a side chain are more
frequently utilized as important components in the high-
performance manufacturing of tires, which results from their
unique wet-skid resistance and low-rolling properties.” Mean-
while, side-chain olefins are beneficial for increasing the cross-
link density of polyisoprenes.” Thus, the efficient synthetic
approach of polyisoprenes with side chains by well-defined
catalytic systems has attracted a great deal of attention. After
economic and environmental issues of most coordinated
catalytic systems have been taken into consideration, the
well-defined iron-based catalysis gradually becomes one of the
most attractive polymerization approaches with relatively high
activity, low cost, and low toxicity.’

Throughout the process of 3,4-regularity-enriched poly-
isoprene in the field of iron catalysts, it could be found that the
development of new material always benefits from the
appearance of novel well-defined iron complexes. For the
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framework of [N, N] bidentate ligands, researchers found that
not only the ligand skeleton but also the hybridization of the
nitrogen atom displayed significant effects on activity and
selectivity of isoprene polymerization (Chart 1).” For example,
a seminal report by Porri’s group utilizes a symmetric

Chart 1. Structural Evolution of Well-Defined [N, N]
Bidentate Iron(IT) Precatalysts for Isoprene Polymerization
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bipyridine iron complex, to produce high 3,4-polyisoprene with
high act1v1t1es in 2002, in which the hybridized nitrogen atoms
are all sp*. % Later, Ritter, Chen, and other groups designed a
novel iminopyridine iron complex, where the hybridized
nitrogen atoms (sp? sp®) are symmetric but ligand structures
are unsymmetric, producing low to moderate 3,4-polyisoprene
with high molecular weights.” Recently, new types of iron
catalysts bearing aminopyridine ligands, for which both the
geometric configuration and the hybridization of nitrogen
atoms (sp% sp’) are unsymmetric, were explored for isoprene
polymerization by our group.'” However, the reported
aminopyridine iron catalysts showed moderate thermostability
and the polyisoprenes with low M, and wide D, which might
be ascribed to the deprotonation of the catalyst by AlMe; in
MAO. In other words, multiple active species might exist in the
polymerization system.

To maintain the precatalyst as a single-active species
complex and improve its thermostability, we reported a series
of novel tertiary aminopyridine iron(II) chloride catalysts by
introducing an additional alkyl substituent on the amine
moiety (Chart 1). A detailed study of their catalytic effects
toward isoprene polymerization was performed. In addition to
the isoprene derived from fossil sources, three biomonomers,
myrcene, ocimene, and f-farnesene (Chart 2) obtained from
turpentine,' were also investigated.

Chart 2. Monomer Structures
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B RESULTS AND DISCUSSION

Synthesis and Characterization of Aminopyridine
Iron(ll) Precatalysts. These different aminopyridine ligands
bearing methyl, ethyl, benzyl, and isopropyl groups on the
amine segments have been prepared (Scheme 1). Compounds

Scheme 1. Preparation of Aminopyridine Iron(II)
Precatalysts
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3 were synthesized via nucleophilic reaction between 2-
(chloromethyl)pyridine hydrochloride and N-alkylbenzyl-
amine.”~ Next, at room temperature, equimolar amounts of
ligand, anhydrous FeCl,, and DCM were added sequentially to
an anhydrous and oxygen-free reaction tube, and the
heterogeneous solution was continuously stirred for 48 h.
Finally, the target compound was obtained by filtration,
concentration, and evaporation under vacuum. Further
characterizations were mainly tested by HRMS-ES]I, elemental
analysis, ATR-IR, NMR, and single-crystal diffraction analysis.

Suitable crystals for X-ray diffraction analyses of iron
complexes Fe-Me, Fe-Et, and Fe-Pr were grown from
CH,Cl, saturation solutions at —30 °C. The determined
structures of Fe-Me, Fe-Et, and Fe-Pr all display chloride-
bridged centrosymmetric binuclear geometry in Figures 1-—3,

Figure 1. ORTEP drawing of the Fe-Me complex. Selected bond
lengths (angstroms) and angles (degrees): Fel—N1, 2.181(3); Fel—
N2, 2.232(3); Fel—Cl1, 2.4569(12); Fel—ClI2, 2.2799(12); Fel—
Cl1’, 2.4511(11); NI1—-Fel—N2, 77.32(8); N1—Fel—CIl’,
147.36(9); N2—Fel—Cll, 146.63(9); Cl2—Fel—Cl1, 111.79(5).

Figure 2. ORTEP drawing of the Fe-Et complex. Selected bond
lengths (angstroms) and angles (degrees): Fel—N1, 2.141(2); Fel—
N2, 2.253(3); Fel—Cll, 2.4667(9); Fel—Cl2, 2.2840(10); Fel—ClI1’,
2.4477(9); N1-Fel—N2, 77.08(9); N1—Fel—Cl1, 150.23(7); N2—
Fel—Cll’, 146.16(7); Cl2—Fel—Cl1, 108.21(4).

respectively. The geometric parameter 7 [z = (f — a)/60°]
values of Fe-Me, Fe-Et, and Fe-'Pr utilized to judge the spatial
configurations of the metal center as trigonal bipyramidal (z =
1) or square pyramidal (z = 1) are 0.01, 0.07, and 0.16,
respectively.”’ It means that these dimeric structures adopted
slightly distorted square pyramidal geometry, where N1, :ines
N2, minos Cl1'prigger and Cllpg,. form the equatorial plane. The
nonbridged chlorlde (Cl12) serves as the vertex. The iron center
lies out of the plane by 0.657 A (Fe-Me), 0.633 A (Fe-Et), and
0.616 A (Fe-Pr). Due to donor atom N2 and bridging atom
C1 having sp3 hybridization, the five-membered chelate N—
C—C—N-Fe rings are significantly distorted, generating two
twisty planes with angles of 51.45° (Fe-Me), 38.82° (Fe-Et),
and 40.17° (Fe-'Pr) between the Fe1—-N2—N1 and N2—C1—
C2 planes.

The N1—Fel—N2 bond angles of Fe-Me, Fe-Et, and Fe-'Pr
are comparable (77.32°, 77.08°, and 76.27°, respectively) but
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Figure 3. ORTEP drawing of the Fe-Pr complex. Selected bond
lengths (angstroms) and angles (degrees): Fel—N1, 2.149(3); Fel—
N2, 2.324(3); Fel—Cl1, 2.4331(12); Fel—CI2, 2.3107(12); Fel—
Cl1’, 2.5022(12); N1—-Fel—N2, 76.27(12); NI1-Fel—Cll1,
154.01(9); N2—Fel—Cll’, 144.51(9); Cl2—Fel—Cl1, 108.04(4).

slightly decreased as the steric hindrance of alkyl groups
increased. In comparison with the planar chelate N—C—-C—
N-Fe ring and N1-Fel—N2 bite angles for iminopyridine
iron complexes, the steric hindrance of the metal center
becomes crowded when the iminopyridine ligand is transferred
to the aminopyridine ligand. Gao’s group had reported a
similar conclusion when the a-diimine palladium complex was
reduced to the a-diamine palladium complex."*

The Fe—N,,n. bond lengths of 2.232(3) A in Fe-Me,
2.253(3) A in Fe-Et, and 2.324(3) A in Fe-'Pr are longer than
the Fe—N,i, bond length in analogous iminopyridine iron(1I)
complexes [2.121(6) A in Ritter’s complex9a and 2.197(7) A in
Wang’s complex'”], which indicates that the coordination
ability of the sp> N atom is better than that of the sp> N atom
in this work. In other words, the Lewis acidity of the
aminopyridine-ligated iron center is stronger than that of the
iminopyridine-ligated iron center. These results further
confirmed that the electrophilic ability of the iron center in
the iminopyridine motif is weaker than that of the amino-
pyridine motif, which was reported by our previous work.

Polymerization of Isoprene. The catalytic performances
of isoprene polymerization catalyzed by tertiary amino-
pyridine-iron(II) precursors have been investigated, and the
resulting data are summarized in Table 1. Initially, different
iron(II) complexes were studied upon activation with MAO in
2 h. The lowest activity was observed in the Fe-Et complex,
which was substituted with ethyl. Interestingly, the catalytic
activities gradually increased with a group that was relatively
bulkier than the ethyl group. The Fe-Pr complex exhibited the
highest activity of 6.8 X 10* Spolymer mol™ h™!, which has the
most sterically hindered group (Table 1, entry S). It was
notable that the reaction catalyzed by Fe-Pr was still full
conversion (8.16 X 10° g yme mol™' h™') even if the
polymerization time decreased to 10 min (Table 1, entry 6). In
general, the catalytic activity is significantly dependent on the
steric effect of the ligand and the Lewis acidity of the iron
center. Additionally, increasing the steric hindrance of the
ligand inhibits the coordination of the monomer with the
metal center, leading to a decrease in the catalyst activity.
However, it was observed that the degree of spatial opening
around the iron center changes inconspicuously when the alkyl
group on the amine is replaced with ethyl to isopropyl
according to similar N1—Fel—N2 bite angles (77.08° and
76.27° for Fe-Et and Fe-'Pr, respectively). Meanwhile, the Fe—
Numine and Fe—N .4, bond lengths in Fe-Et are all shorter
than those in Fe-'Pr. This demonstrated that the iron center of
Fe-'Pr shows Lewis acidity that is stronger than that of Fe-Et,
thus facilitating the coordination and insertion of isoprene and
leading to a higher activity.

In addition, the molecular weight of polyisoprenes was
highly dependent on the steric hindrance of the catalyst, in
which the molecular weight is decreased with the steric
hindrance increased, and all of the M,, values fall in the range of
2.7—4.3 X 10° g/mol (Figure 4). It could be associated with a
bulkier ligand having a strong steric repulsion effect with
polymer chains, thus facilitating the transfer of the polymer
chain from iron active species to aluminum. In addition, a
relatively narrow and monomodal molecular weight distribu-
tion (1.8—2.0) was characteristic of the resultant polymer,

Table 1. Fe Complexes Catalyzed Isoprene Polymerizations under Different Conditions”

entry catalyst time (min) T (°C) yield (%)
1 Fe-Me 120 25 >99
2 Fe-Me 10 25 81
3 Fe-Et 120 25 55
4 Fe-Bn 120 25 77
5 Fe-Pr 120 25 >99
6 Fe-'Pr 10 25 >99
7 Fe-Pr 10 50 >99
8 Fe-Pr 10 70 >99
9 Fe-Pr 10 920 91
10 Fe-Pr 10 100 90
11° Fe-"Pr 10 25 58
12¢ Fe-Pr 10 25 96
139 Fe-Pr 10 25 92
14¢ Fe-"Pr 10 25 >99
15" Fe-Pr 10 25 >99

| microstructure” (%)
activity? cis-1,4 3,4 trans-1,4 M, (x107%) P’
6.8 37 63 - 4.3 1.8
66.0 39 61 - 4.4 1.9
3.7 40 60 - 3.6 1.8
S.3 42 58 - 3.1 2.0
6.8 44 56 - 2.7 2.0
81.6 45 SS - 3.0 1.9
81.6 40 49 11 2.7 1.9
81.6 41 S0 9 1.4 2.0
74.4 40 47 13 1.6 1.8
732 40 47 13 1.5 2.0
234.0 45 SS - 3.8 1.9
78.0 42 53 S 2.5 2.0
75.0 42 52 6 4.0 1.9
81.6 47 53 - 2.9 2.0
81.6 47 53 - 2.4 2.0

“Polymerization conditions: S mL of toluene, 10 gmol of an iron catalyst, 20 mmol of isoprene, 25 °C, MAO as a co-catalyst (S mmol). bToluene
(25 mL) as the solvent; IP/Fe ratio of 10000. “MAQ/Fe ratio of_ 300. dMAO/Fe ratio of 200. “DMAOQ/Fe ratio of SOO.fMMAO/Fe ratio of 500.
2At 10* polymer mol ' h™". "Determined by 'H and *C NMR. ‘Determined by gel permeation chromatography (GPC).
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Figure 4. GPC curves of the polymer obtained from the title catalysts
(Table 1, entries 1 and 3-35).

suggesting that the true active species is a single-site center
during the polymerization. This result is impressive in
comparison with the previously reported secondary 2-[N,N-
(H)(benzyl)aminomethyl]pyridine iron(II) complex system,
which probably included multiple active species and generated
low-molecular weight polymers (3.9 X 10* g/mol) with a wide
molecular weight distribution of 3.9.

The stereoselectivity and regioselectivity of the obtained
polymers have been analyzed by 'H and "*C nuclear magnetic
resonance and established by characteristic peaks in the
literature.'® As a whole, all of the polymers possessed slightly
different amounts of cis-1,4-regularity and 3,4-regularity, and
those without trans-1,4-regularity were generated at ambient
temperature (Table 1 and Figure S32). For instance, the
polyisoprene obtained from the Fe-Me complex, bearing the
least sterically hindered group, exhibited 37% cis-1,4-regularity
and 63% 3,4-regularity, while the polymer obtained from the
Fe-Pr complex exhibited 44% cis-1,4-regularity and 56% 3,4-
regularity. In comparison, the 1,4-regularity of the polymer
obtained from the iminopyridine iron catalysts was higher than
that of aminopyridine iron(II) complexes in this work.”"®

The foregoing X-ray diffraction analysis has found that the
Lewis acidity of the aminopyridine-ligated iron center is
stronger than that of the iminopyridine-ligated iron center.
Thus, the electrophilic aminopyridine iron center (LFe®")
tends to coordinate with the incoming monomer through cis-n*
mode rather than 7> mode (Scheme 2).°'° In addition, the
1,4-regularity is generated via the active iron center bound to
the C1 position of anti-®> or syn-n* allyl intermediates, while

Scheme 2. Possible Selectivity Approach for the
Polymerization of Isoprene Catalyzed by Cationic
[(Aminopyridine)FeMe]**
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3,4-regularity is achieved though the active iron center bound
to the C3 position.'” When the iron center is bound to the C1
position via syn-n® allyl intermediates, isomerized by the anti-
i-allyl intermediates, the trans-1,4-regularity would become
visible. However, this approach is uncompetitive in terms of
energy.'® As shown in Table 1 in the microstructure of the
resultant polymer generated from different catalysts in this
research, the change in selectivity affected by the steric
hindrance of those amino pyridine catalysts is not conspicuous.
It can be explained by comparable N1—Fel—N2 bite angles
(77.32°, 77.08°, and 76.27° for Fe-Me, Fe-Et, and Fe-Pr,
respectively) in single-crystal X-ray structures. We observed
that the degree of spatial opening around the iron center
changes inconspicuously when the alkyl group on the amine is
replaced.

The Fe-'Pr precatalyst was selected to evaluate the influence
of other conditions, such as the type and quantity of the co-
catalyst, IP/Fe ratios, and reaction temperatures. The temper-
ature is critical for polymerization; thus, reaction temperatures
were improved first from 25 to 100 °C (Table 1, entries 6—
10). According to the data, full conversion was still achieved
within 10 min when the temperature was S0 or 70 °C.
Remarkably, even if the reaction temperature was improved to
100 °C, the yields only slightly decreased to 90%. This result
reflected the fact that the active iron species of the Fe-Pr
complex possess excellent thermal stability during the course of
the polymerization. It was a remarkable improvement
compared to previous results. For example, the yield of
polyisoprene catalyzed by the secondary aminopyridine
iron(II) chloride complex decreased from 100% to 71% as
the temperature increased from 25 to 50 °C,'® and the yield of
polyisoprene obtained from the terpyridine/FeCl, complex
was observed to decrease sharply from 99% to 24% when the
temperature was increased from 25 to 60 °C.”* These results
may be ascribed to the unstable state of the active species at
high temperatures.19 Therefore, the Fe-Pr complex has
excellent thermal tolerance, which probably resulted from the
protection of the bulky substituent of the amine moiety.
Similarly, considerable thermal stable complexes that intro-
duced bulky groups have been reported during the polymer-
ization of olefin, such as bulky steric a-diimine nickel/
palladium catalysts’® and bis(imino)pyridine iron/cobalt
catalysts.”"

To the best of our knowledge, this iron complex has the best
thermal stability in isoprene polymerization. Expectedly, the
molecular weights of polymers decreased when the reaction
temperature was increased. It might be attributed to the
increased rate of chain propagation being lower than the rate of
the transfer and termination reaction when the temperature
was enhanced.”” With regard to the stereoselectivity and
regioselectivity of the obtained polymer prepared under
higher-temperature conditions, it could be found that a higher
temperature had a weak influence on the regioselectivity of
monomer insertion, while 9—13% trans-1,4-selectivity ap-
peared at different high temperatures (Figure S). This result
could be explained by anti—syn isomerization through 7—o
rearrangement.'*'”>* At high temperatures, the anti (kinetic)
active species conformer gradually transformed into the
thermodynamically stable syn isomer, increasing the quantity
of trans-1,4-regularity of the corresponding polyisoprene.

In addition, when the IP/Fe ratio was increased to 10000,
although the conversion of monomer was reduced, the activity
was improved to 2.34 X 10° polymer mol™" h™! within 10 min
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Figure 5. 'H and DEPT-Q NMR spectra of polyisoprene (Table 1,
entry 10) obtained with Fe-Pr and MAO at 100 °C.

(Table 1, entry 11), which indicated that the capacity of
Fe-Pr-catalyzed isoprene polymerization was superior to that
of secondary aminopyridine iron(II) complexes with a
max1mum value of 1.9 x 10° polymer MO~ "'h™! previously
reported.'’ Next, the Al/Fe ratio was investigated (Table 1,
entries 12 and 13). It was noted that the activity and selectivity
were nearly invariant as the Al/Fe ratio decreased from 500 to
200. Furthermore, different types of co-catalysts were
subsequently tested. It could be found that when MMAO or
DMAO was utilized as a co-catalyst, no obvious differences
have been observed in terms of selectivity, activity, and
molecular weight.

Polymerization of Biodienes. At present, due to the
unsustainable renewable nature of petroleum resources and the
energy crisis, it is greatly important to search for biobased
monomers to replace petroleum-based monomers, to prepare
biobased green rubber materials, and to alleviate the current
severe energy crisis and environmental problems. Thus, the
highest-catalytic activity Fe-Pr iron(II) complex has also been
investigated with respect to polymerizations of several
biodienes, such as ocimene, myrcene, and f-farnesene (Table
2). As shown in Table 2, the Fe-Pr complex cannot promote
ocimene polymerization but exhibits outstanding performance
in the polymerization of myrcene with an activity of 6.0 X 10*

Table 2. Polymerization of Several Biomass Monomers
Using Fe-'Pr and MAO“

microstruc-
ture” (%)
y1e1d ) ne
entry monomer (%) activity® 1,4 34 (x107%) b

1 ocimene 0 0 - - - -
2 myrcene 89 6.0 59 41 3.1 19
3 p-farnesene >99 10.2 68 32 3.4 1.9
4" p-farnesene 68 13.7 75 25 4.9 1.9

“Conditions: solvent consisting of 5 mL of toluene, 10 ygmol of Fe-Pr
as the catalyst, and 10 mmol of monomer, 25 °C, MAO as the co-
catalyst (s mrnol) 2 h. *With 20 mmol of §-farnesene. “At 10* polymer
mol™' h™!. “Determined by 'H nuclear magnetic resonance.
Determlned by gel permeation chromatography (GPC).

Spolymer mol™ h™% This indicated that the catalyst displayed
excellent chemoselectivity and isomerselectivity. In other
words, the polymerization approach could afford only poly-f-
isomers. It is expected that the long-chain group from ocimene
covers more space around the metal center during the
polymerization, leading to large steric hindrance between the
monomer and active species (Chart 3). By contrast, the

Chart 3. Proposed Mechanistic Models for Coordination
and Insertion of Ocimene and Myrcene

N @ N @ N,,
ocimene myrcene

Potential steric hindrance of ocimene and myrcene

direction of the long-chain group from myrcene is away from
the metal center. Hence, it is much easier for myrcene to
coordinate or insert than ocimene during polymerization.
Furthermore, the Fe-Pr catalyst also showed appreciable
catalytic potentlal with a maximum value of 1.37 X 10° 8polymer
mol™ h™! for polymerization of S-farnesene, which bears a tail
that is longer than that of myrcene. With regard to the
microstructure of the polymer, 1,4-selectivity microstructure
(59%) is the dominant component of the polymyrcene
catalyzed by Fe-"Pr, while the poly-S-farnesene is composed
of a larger amount of 1,4-regularity (75%) and a smaller
amount of 3,4-regularity (25%) (Figure 6). In comparison with

B HC HB | Hc
HB\
Ha, H 3
A, FiC HB HAm n

A

e
S ™
g @
— >

3 7 6 5 4 3 2 1 0

Figure 6. '"H NMR spectra of polymyrcene (Table 2, entry 2) and
polyfarnesene (Table 2, entry 4) obtained with Fe-Pr and MAO.

polyisoprene, polymers catalyzed by the same Fe-Pr catalyst
exhibited higher 1,4-regularity as the steric hindrance of the
monomer increased, which indicated that the selectivity was
highly dependent on the monomer. In the crowded environ-
ment around the iron center, the incoming monomers favor
insertion at the active site of C1 rather than C3 (Scheme 2),
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which suppresses the formation of 3,4-regularity resulting in a
higher content of cis-1,4-regularity.”” As for myrcene and f-
farnesene polymerization, the longer tail of the monomer
promoted the steric effects that control the regiochemistry of
insertion.

B CONCLUSION

A library of well-defined aminopyridine iron(Il) precatalysts
were synthesized via the introduction of bulky alkyl groups
instead of active hydrogen [N(H)]. The Fe-Me, Fe-Et, and
Fe-Pr complexes showed a similar structure, which has
chloride-bridged centrosymmetric binuclear geometry verified
by single-crystal X-ray diffraction. These precatalysts showed
excellent activities toward isoprene polymerization (<2.34 X
10° 8polymer mol™ h™') upon activation by MAO, delivering
polyconjugated dienes with high M, values (1.5—4.4 X 10° g/
mol) and a narrow D range (1.8—2.0). More importantly, the
Fe-'Pr catalyst is a highly thermally stable bidentate iron(II)
complex, which could efficiently promote the polymerization
even at 100 °C. In addition, two renewable biodienes, myrcene
and f-farnesene, were also efficiently polymerized by Fe-"Pr to
produce the poly-f-isomer with high-molecular weight “green
rubber”. Further insightful explorations of Fe-catalyzed
polyolefin synthesis are under progress in our laboratory.

B EXPERIMENTAL SECTION

General Procedure. The standard Schlenk technique was used to
deal with all water and oxygen sensitive reagents and complexes. All
solvents and monomers need to be purified according to standards
used previously. CDCl; was selected as a deuterated reagent, and the
Bruker Avance III 400 MHz spectrometer was utilized to record NMR
spectra. The Shanghai Institute of Organic Chemistry carried out an
elemental analysis test under anhydrous and oxygen-free conditions
on a Vario EL III elemental analyzer. Shanghai Jiao Tong University
recorded mass spectra under anhydrous and oxygen-free conditions
by maXis II of Bruker Daltonics Corp. and ACQUITYTM UPLC and
Q-TOF MS Premier. The Bruker Smart diffractometer with a Mo Ka
X-ray source was used to collect data at 298 K. M, and D values of
polymers were collected at PL-GPC 220 of Agilent Technologies.
DMAO was obtained by removing the solvent and residual
trimethylaluminum of MAO. Other chemical materials were
purchased without further purification before use.

Synthesis of Ligands. N-Benzyl-N-methyl-1-(pyridin-2-yl)-
methanamine (3a). At room temperature, the raw materials 2-
(chloromethyl)pyridine hydrochloride (20 mmol, 1 equiv), sodium
iodide (2.0 mmol, 0.1 equiv), and potassium carbonate (100 mmol, S
equiv) were added in sequence in a 50 mL two-neck flask, and S0 mL
of CH;CN was used as the solvent. After 5 min, the N-
methylbenzylamine (50 mmol, 2.5 equiv) was added dropwise, and
the solution was kept stirring for 12 h until thin layer chromatography
showed that the reaction was over. Product 3a was achieved as a
yellow oil (3.63 g, 86% yield) purified by filtration, concentration, and
silica gel column purification (1:1 PE:EtOAc). '"H NMR (400 MHz,
CDCI,, 298 K): 6 8.54 (d, J = 4.8 Hz, 1H), 7.64 (t, ] = 7.6 Hz, 1H),
7.51 (d, J=7.8 Hz, 1H), 7.37 (d, ] = 7.6 Hz, 2H), 7.31 (t, ] = 7.6 Hz,
2H), 7.24 (d, J = 7.2 Hz, 1H), 7.16—7.10 (m, 1H), 3.70 (s, 2H), 3.59
(s, 2H), 2.24 (s, 3H). *C NMR (100 MHz, CDCl,, 298 K): § 159.79,
149.02, 139.04, 136.42, 128.98, 128.28, 127.04, 122.97, 121.94, 63.50,
62.15, 42.55. HRMS-ESI (m/z): [M + H]" caled for C;;H;,N,,
213.1392; found, 213.1392.

N-Benzyl-N-ethyl-1-(pyridin-2-yl)methanamine (3b). Product 3b
was achieved as a yellow oil (4.24 g 94% yield) by an approach
identical to that for the preparation of 3a using N-ethylbenzylamine as
the raw material (50.0 mmol, 2.5 equiv). "H NMR (400 MHz, CDCl,,
298 K): 5 8.49 (d, ] = 4.8, 1H), 7.61 (td, J = 7.6, 1.8 Hz, 1H), 7.55
(dt, J = 7.8, 1.2 Hz, 1H), 7.41-7.34 (m, 2H), 7.34—7.25 (m, 2H),
7.27—7.16 (m, 1H), 7.09 (dd, ] = 6.8, 4.8 Hz, 1H), 3.75 (s, 2H), 3.63

(s, 2H), 2.56 (q, ] = 7.2 Hz, 2H), 1.08 (t, J = 7.2 Hz, 3H). *C NMR
(100 MHz, CDCl,, 298 K): & 160.65, 148.82, 139.66, 136.34, 128.79,
128.20, 126.84, 122.73, 121.75, 59.74, 58.13, 47.71, 12.01. HRMS-ESI
(m/z): [M + H]" caled for C;sH 4N,, 227.1548; found, 227.1549.

N,N-Dibenzyl-1-(pyridin-2-yl)methanamine (3c). Product 3¢ was
produced as a yellow oil (1.21 g, 28% yield) by an approach identical
to that for the preparation of 3a by using 2-(chloromethyl)pyridine
hydrochloride (15.0 mmol, 1 equiv), sodium iodide (2.0 mmol, 1.3
equiv), potassium carbonate (100.0 mmol, 6.6 equiv), and dibenzyl-
amine (50.0 mmol, 3.3 equiv). "H NMR (400 MHz, CDCl;, 298 K):
5849 (d, J = 4.8 Hz, 1H), 7.70—7.60 (m, 2H), 7.41 (d, ] = 7.2 Hz,
4H), 7.32 (t, ] = 7.4 Hz, 4H), 7.23 (s, 2H), 7.13 (t, ] = 6.6 Hz, 1H),
3.74 (s, 2H), 3.62 (s, 4H). 3C NMR (100 MHz, CDCl,, 298 K): §
160.40, 14891, 139.45, 136.59, 128.91, 128.41, 127.10, 122.85,
122.02, 59.94, 58.40. HRMS-ESI (m/z): (M + HJ]" caled for
C,oH,,N,, 289.1705; found, 289.1695.

N-Benzyl-N-isopropyl-1-(pyridin-2-yl)methanamine (3d). Prod-
uct 3d was produced as a yellow oil (1.01 g 30% yield) by an
approach identical to that for the preparation of 3a using N-
isopropylbenzylamine as the raw material (22.5 mmol, 1.5 equiv). 'H
NMR (400 MHz, CDCl,, 298 K): § 8.47 (d, ] = 4.8 Hz, 1H), 7.62
(dd, J = 5.0, 1.6 Hz, 2H), 7.40 (d, ] = 7.2 Hz, 2H), 7.29 (t, ] = 7.4 Hz,
2H), 7.21 (t, ] = 7.4 Hz, 1H), 7.11-7.06 (m, 1H), 3.77 (s, 2H), 3.64
(s, 2H), 2.96 (hept, ] = 6.8 Hz, 1H), 1.10 (d, ] = 6.6 Hz, 6H). "*C
NMR (100 MHz, CDCL,, 298 K): § 161.65, 148.58, 140.61, 136.38,
128.53, 128.18, 126.69, 122.39, 121.62, 55.38, 53.97, 49.28, 17.81.
HRMS-ESI (m/z): [M + H]" caled for C;¢H,N,, 241.1705; found,
241.1706.

Synthesis of Ferrous Chloride Complexes. N-Benzyl-N-
methyl-1-(pyridin-2-yl)methanamine Ferrous Chloride (Fe-Me).
Under anhydrous and oxygen-free conditions, anhydrous FeCl,
(1.00 mmol, 1.0 equiv) and a dichloromethane (10 mL) solution of
ligand 3a (1.00 mmol, 1.0 equiv) were added in sequence to a 25 mL
Schlenk tube, and the heterogeneous solution was kept stirring for 48
h at room temperature. Finally, the compound was obtained by
filtration, concentration, washing with distilled hexane (2 X 10 mL),
and evaporation under vacuum. Fe-Me was afforded as a pale yellow
powder (2722 mg, 81% yield). ATR-IR (ecm™): 3098, 3012, 2924,
1605, 1508, 1455, 1444, 1213, 1156, 970, 850, 753, 703. '"H NMR
(400 MHz, CDCl,, 298 K): § 124.5 (Av,,, = 1100 Hz), 105.9, 83.3,
73.1, 58.5 (Av,), = 480 Hz), 52.0 (Av, ), = 450 Hz), 38.3 (Av,, =
500 Hz), 7.9 (Av,,, = 150 Hz), —9.6 (Av, ), = 457 Hz). HRMS (ES],
m/z): [M — FeCl]* caled for C,gH;,ClFeN,, 515.166S; found,
515.1666. Anal. Calcd for C,,H,,CL,FeN,: C, 49.60; H, 4.76; N, 8.26.
Found: C, 49.09; H, 4.88; N, 8.26.

N-Benzyl-N-ethyl-1-(pyridin-2-yl)methanamine Ferrous Chloride
(Fe-Et). Fe-Et was afforded by an approach identical to that for the
preparation of Fe-Me by using ligand 3b as a yellow powder (302.3
mg, 85% yield). ATR-IR (cm™"): 3098, 2971, 2912, 1608, 1470, 1448,
1296, 1215, 1104, 1021, 993, 872, 752. "H NMR (400 MHz, CDCI,,
298 K): 8 165.6 (Av,,, = 450 Hz), 124.2 (Au,), = 457 Hz), 89.7,
75.4, 59.5 (Av,,, = 387 Hz), 49.4 (Av,), = 468 Hz), —1.7 (Avy, =
230 Hz), —9.4 (Av,), = 295 Hz), —33.4 (Av,,, = 750 Hz). HRMS
(ESIL, m/z): [M — FeCl, + H]* calcd for C;oH;,CLFeN,, 579.1745;
found, 579.1746. Anal. Calcd for C,sH,;CL,FeN,: C, 51.03; H, 5.14;
N, 7.93. Found: C, 50.99; H, 5.39; N, 7.83.

N,N-Dibenzyl-1-(pyridin-2-yllmethanamine Ferrous Chloride
(Fe-Bn). Fe-Bn was afforded by an approach identical to that for
the preparation of Fe-Me by using ligand 3c as a yellow powder
(176.0 mg, 85% yield). ATR-IR (cm™'): 3048, 3024, 2931, 1607,
1490, 1451, 1301, 1203, 1160, 1053, 965, 749. '"H NMR (400 MHz,
CDCl,;, 298 K): § 61.0 (Av,;, = 175 Hz), 53.9 (Av,,, = 153 Hz),
10.2 (Av, ), = 360 Hz), 7.5 (Av, ), = 67 Hz), —8.73 (A, , = 90 Hz).
Anal. Calcd for C,,H,,Cl,FeN,: C, 57.86; H, 4.86; N, 6.75. Found: C,
57.70; H, 491; N, 6.94.

N-Benzyl-N-isopropyl-1-(pyridin-2-yllmethanamine Ferrous
Chloride (Fe-'Pr). Fe-'Pr was afforded by an approach identical to
that for the preparation of Fe-Me by using ligand 3d as a yellow
powder (310.0 mg, 84% yield). ATR-IR (cm™): 3102, 2965, 2830,
1608, 1571, 1469, 1444, 1397, 1298, 1150, 1023, 845, 784. 'H NMR
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(400 MHz, CDCI,, 298 K): & 152.2, 1082, 82.3, 69.3 (A, ), = 565
Hz), 65.0 (Av,), = 925 Hz), 49.6 (Av, ), = 528 Hz), 13.5 (A, =
518 Hz), 9.1 (Av,;, = 298 Hz), —10.2 (Av,), = 216 Hz), —38.6.
HRMS (ESI, m/z): [M — FeCl + 2H]" caled for C;,H,,CLFeN,,
643.1824; found, 643.1824. Anal. Calcd for C,H,,CL,FeN,: C, 52.35;
H, 5.49; N, 7.63. Found: C, 51.43; H, 5.51; N, 7.27.
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