
This article was downloaded by: [Institute Of Atmospheric Physics]
On: 09 December 2014, At: 15:16
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Click for updates

Journal of Coordination Chemistry
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gcoo20

N,N′,X-bidentate versus N,N′,X-
tridentate N-substituted 2-
iminomethylpyridine- and 2-
iminomethylquinoline-coordinated
palladium(II) complexes
Dongil Kima, Yujin Songa, Sunghoon Kima, Ha-Jin Leebc & Hyosun
Leea

a Department of Chemistry and Green-Nano Materials Research
Center, Kyungpook National University, Daegu, Republic of Korea
b Jeonju Center, Korea Basic Science Institute (KBSI), Jeonju,
Republic of Korea
c Department of Chemistry, Chonbuk National University, Jeonju,
Republic of Korea
Accepted author version posted online: 24 Jul 2014.Published
online: 18 Aug 2014.

To cite this article: Dongil Kim, Yujin Song, Sunghoon Kim, Ha-Jin Lee & Hyosun Lee (2014)
N,N′,X-bidentate versus N,N′,X-tridentate N-substituted 2-iminomethylpyridine- and 2-
iminomethylquinoline-coordinated palladium(II) complexes, Journal of Coordination Chemistry,
67:13, 2312-2329, DOI: 10.1080/00958972.2014.947971

To link to this article:  http://dx.doi.org/10.1080/00958972.2014.947971

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the
“Content”) contained in the publications on our platform. However, Taylor & Francis,
our agents, and our licensors make no representations or warranties whatsoever as to
the accuracy, completeness, or suitability for any purpose of the Content. Any opinions
and views expressed in this publication are the opinions and views of the authors,
and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content
should not be relied upon and should be independently verified with primary sources
of information. Taylor and Francis shall not be liable for any losses, actions, claims,
proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or
howsoever caused arising directly or indirectly in connection with, in relation to or arising
out of the use of the Content.

http://crossmark.crossref.org/dialog/?doi=10.1080/00958972.2014.947971&domain=pdf&date_stamp=2014-07-24
http://www.tandfonline.com/loi/gcoo20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00958972.2014.947971
http://dx.doi.org/10.1080/00958972.2014.947971


This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden. Terms &
Conditions of access and use can be found at http://www.tandfonline.com/page/terms-
and-conditions

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

16
 0

9 
D

ec
em

be
r 

20
14

 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


N,N′,X-bidentate versus N,N′,X-tridentate N-substituted
2-iminomethylpyridine- and 2-iminomethylquinoline-

coordinated palladium(II) complexes

DONGIL KIM†, YUJIN SONG†, SUNGHOON KIM†, HA-JIN LEE‡§ and
HYOSUN LEE*†

†Department of Chemistry and Green-Nano Materials Research Center, Kyungpook National
University, Daegu, Republic of Korea

‡Jeonju Center, Korea Basic Science Institute (KBSI), Jeonju, Republic of Korea
§Department of Chemistry, Chonbuk National University, Jeonju, Republic of Korea

(Received 11 June 2014; accepted 7 July 2014)

C       C

H COOMe

MeH H

H

C

COOMe

Me n

poly (etalyrcahtemlyhtem) (PMMA) 

Modified Methylaluminoxane (MMAO)/Toluene, 60oC

[LnPdCl]ClO4 (Ln= L1-L3) or [LnPdCl2] (Ln= L4, L5)

methyl methacrylate

A new series of N,N′,X-tridentate complexes, [LnPdCl]ClO4 (Ln = L1, L2, L3) and N,N′,X-bidentate
complexes, [LnPdCl2] (Ln = L4, L5) containing N-functional group-substituted 2-iminomethylpyri-
dine and 2-iminomethylquinoline ligands (Ln) were synthesized and characterized by X-ray crystal-
lography. It showed that the coordination geometry around the palladium center of all Pd(II)
complexes was slightly distorted square planar. The catalytic activity of Pd(II) complexes for methyl
methacrylate polymerization was investigated.

The reaction of [Pd(CH3CN)2Cl2] with N-functional group-substituted 2-iminomethylpyridine and
2-iminomethylquinoline can produce N,N′,X-bidentate Pd(II) complexes and N,N′,X-tridentate Pd(II)
complexes depending on the functional group substitution on the nitrogen of the imine moiety. For
example, N,N-dimethyl-3-((pyridin-2-ylmethylene)amino)propan-1-amine (L1), N,N-dimethyl-3-
((quinolin-2-ylmethylene)amino)propan-1-amine (L2), and N-(3-(methylthio)propyl)-1-(pyridin-2-yl)
methanimine (L3) were coordinated to palladium as N,N′,X-tridentate mode in the presence of
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NaClO4 to yield two fused ring metallacyclic [(NN′X)PdCl]ClO4 complexes with high yield, i.e.
[LnPdCl]ClO4 (Ln = L1, L2, L3), respectively. However, N-methyl-N-(3-((pyridin-2-ylmethylene)
amino)propyl)aniline (L4) and N-(3-methoxypropyl)-1-(pyridin-2-yl)methanimine (L5) yield (in the
absence of NaClO4) N,N′,X-bidentate metallacyclic [(NN′)PdCl2] complexes with high yield,
i.e. [L4PdCl2] and [L5PdCl2], respectively. The X-ray crystal structure of Pd(II) complexes revealed
that the palladium in [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L4, L5) formed a
slightly distorted square planar geometry involving two nitrogens of iminomethylpyridine ligand,
one X, and one or two chlorides. The N,N′,X-tridentate complex [L2PdCl]ClO4 and the N,N′,X-
bidentate complex [L5PdCl2] showed high catalytic activity for polymerization of methyl methacry-
late in the presence of co-catalyst, modified methylaluminoxane at 60 °C compared to the reference
complex anhydrous [PdCl2]. Specifically, the activities of [L2PdCl]ClO4 and [L4PdCl2] were
1.43 × 105 and 1.08 × 105 g PMMAM−1 Pd h, respectively. The syndiotacticity of poly(methylmeth-
acrylate) (PMMA), which was characterized using 1H NMR spectroscopy, was about 0.70 for the
[L2PdCl]ClO4 and [L4PdCl2] complexes.

Keywords: Pyridylimines; Palladium(II) complex; Methyl methacrylate polymerization; Syndiotacticity

1. Introduction

Transition metal complexes containing pyridylimines and N-substituted 2-iminoalkylpyri-
dines have attracted attention in the areas of synthetic, spectroscopic, and kinetic studies
[1–12], as catalysts for organic transformation [13–18], electrochemistry [19–22],
bioinorganic chemistry [23, 24], and olefin polymerization [25–37]. This is likely due to their
structural variations in coordination modes from N,N′-bidentate to N,N′,X-tridentate, and even
to N,N′,X,X′-tetradentate, in which coordination of X is determined by substitution on the
pyridine ring and imine moiety. For example, by introducing various functional groups on
the nitrogen of the imine moiety, N,N′,X-tridentate complexes can be efficiently generated.
These variations include the presence of N-substituted 2-iminoalkylpyridines and correspond-
ing analogs, such as N-substituted iminoquinoline, in transition metal complexes. Thus,
according to their steric and electronic properties, structural variations in pyridylimines vary
due to the polydentate characteristics of N,N′,X-tridentate pyridylimine ligands. In this study,
we explore structural variations in Pd(II) complexes of pyridylimines to manipulate the coor-
dination mode of pyridylimines to palladium [38–52]. The coordination modes for Pd(II)
complexes are discussed in regards to a third appended donor X (X = N, S, O) group on the
ligand. The appended 2-iminoalkylpyridine donor in ligands governs hapticity of Pd(II)
complexes. The Pd(II) complexes mainly exist in monomeric square planar geometry.

Recently, we explored transition metal complexes as catalysts for homogeneous
polymerization of methyl methacrylate (MMA) to produce highly syndiotactic poly(methyl-
methacrylate) (PMMA) with high conversion of MMA to PMMA. Studies on non-radical-
mediated MMA polymerization, which can increase glass transition temperature (Tg) up to
140 °C, have been performed, and some transition metal complexes have been applied to this
process [53–65]. Previously, we reported that N,N′-bidentate Pd(II) complex with N-substituted
2-iminoalkylpyridines [66] and N,N′,N-tridentate Pd(II) complex with N,N-di(2-picolyl)cyclo-
alkylamine [67] have a very high activity for MMA polymerization. Thus, we report the
synthesis and structural characterization of N,N′,X-tridentate N-functional group-substituted
2-iminomethylpyridine and 2-iminomethylquinoline ligands, i.e. N,N-dimethyl-3-((pyridin-2-
ylmethylene)amino)propan-1-amine (L1), N,N-dimethyl-3-((quinolin-2-ylmethylene)amino)
propan-1-amine (L2), N-(3-(methylthio)propyl)-1-(pyridin-2-yl)methanimine (L3), and their Pd
(II) complexes. In addition, although they are N,N′,X-tridentate N-functional group-substituted
2-iminomethylpyridine ligands, N-methyl-N-(3-((pyridin-2-ylmethylene)amino)propyl)aniline
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(L4) and N-(3-methoxypropyl)-1-(pyridin-2-yl)methanimine (L5), as well as their N,N′,
X-bidentate Pd(II) complexes, were prepared. Moreover, the catalytic activity of N,N′,X-triden-
tate [LnPdCl]ClO4 (Ln = L1, L2, L3) and N,N′,X-bidentate [LnPdCl2] (Ln = L4, L5) for MMA
polymerization in toluene was compared to the reference complex [PdCl2] at 60 °C.

2. Experimental

2.1. Physical measurement

Anhydrous [PdCl2], 2-pyridine aldehyde, 3-methoxypropan-1-amine, N-methyl-N-phenyl-
propane-1,3-diamine, 4-methoxyaniline, 2,6-diethylaniline, magnesium sulfate, and MMA
were purchased from Sigma-Aldrich (St. Louis, MO) and anhydrous solvents such as
C2H5OH, DMF, diethyl ether, and dichloromethane were purchased from Merck (Darms-
tadt, Germany) and used without purification. Modified methylaluminoxane (MMAO) was
purchased from Tosoh Finechem Corporation (Tokyo, Japan) as 6.9% aluminum (by
weight) in a toluene solution and used without purification. Elemental analyses (C, H, N) of
the prepared complexes were performed on an elemental analyzer (EA 1108; Carlo-Erba,
Milan, Italy). 1H NMR (operating at 400 MHz) and 13C NMR (operating at 100 MHz)
spectra were recorded on an Advance Digital 400 NMR spectrometer (Bruker, Billerica,
MA); chemical shifts were recorded in ppm units (δ) relative to SiMe4 as the internal stan-
dard. Infrared (IR) spectra were recorded on a Bruker FT/IR-Alpha (neat) and the data were
reported in reciprocal centimeters. The molecular weight and molecular weight distribution
of the obtained polymethylmethacrylate (PMMA) were determined using gel permeation
chromatography (GPC) (CHCl3, Alliance e2695; Waters Corp., Milford, MA). Tg was deter-
mined using a thermal analyzer (Q2000; TA Instruments, New Castle, DE).

2.2. Preparation of ligands and Pd(II) complexes

2.2.1. N,N-dimethyl-3-((pyridin-2-ylmethylene)amino)propan-1-amine (L1). Although
L1 has been reported previously, in this report we provide full spectroscopic data [22, 68].
N,N-Dimethylpropane-1,3-diamine (2.52 mL, 0.0200 M) in dichloromethane (20.0 mL) was
added to 2-pyridine aldehyde (1.90 mL, 0.0200 M) in dichloromethane (20.0 mL). After
24 h of stirring at room temperature, the reaction solution was dried over MgSO4 and fil-
tered. The filtrate was removed under reduced pressure and vacuum distilled to give an
orange oil (3.26 g, 85%). Analysis calculated for C11H17N3: C, 69.1%; H, 8.96%;
N, 22.0%. Found: C, 69.1%; H, 9.01%; N, 22.1%. 1H NMR (DMSO-d6, 400 MHz): δ 8.63
(d, 1H, J = 5.6 Hz), 8.34 (s, 1H), 7.94 (d, 1H, J = 6.8 Hz), 7.84 (t, 1H, J = 4.4 Hz), 7.43
(t, 1H, J = 4.8 Hz), 3.71 (t, 2H, J = 6.8 Hz), 2.52 (t, 2H, J = 6.8 Hz), 2.16 (s, 6H), 1.90
(m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ 162.7, 154.5, 149.6, 137.1, 125.4, 120.7,
59.7, 58.7, 45.7, 45.4. IR (liquid neat; cm−1): 3054 (w), 2939 (m), 2856 (m), 2871 (m),
2771 (m), 1649 (s), 1582 (m), 1517 (w), 1459 (s), 1276 (m), 1038 (s), 992 (s), 855 (s).

2.2.2. N,N-dimethyl-3-((quinolin-2-ylmethylene)amino)propan-1-amine (L2). L2 was
prepared using an analogous method as described for L1, except utilizing N,N-dimethylpro-
pane-1,3-diamine (2.52 mL, 0.0200 M) and quinoline-2-carbaldehyde (3.14 g, 0.0200 M).

2314 D. Kim et al.
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The product was obtained by vacuum distillation as light red oil (4.46 g, 92%). Analysis
calculated for C15H19N3: C, 74.7%; H, 7.94%; N, 17.4%. Found: C, 74.6%; H, 7.94%; N,
17.4%. 1H NMR (DMSO-d6, 400 MHz): δ 8.49 (s, 1H), 8.39 (d, 1H, J = 8.4 Hz), 8.08
(d, 2H, J = 8.4 Hz), 8.00 (d, 1H, J = 8.0 Hz), 7.79 (t, 1H, J = 7.2 Hz), 7.64 (t, 1H,
J = 6.8 Hz), 3.69 (t, 2H, J = 6.8 Hz), 2.28 (t, 2H, J = 7.4 Hz), 2.12 (s, 6H), 1.79 (m, 2H).
13C NMR (DMSO-d6, 100 MHz): δ 162.4, 154.8, 147.6, 137.1, 130.4, 129.5, 128.7, 128.4,
127.9, 118.2, 58.8, 57.1, 45.4, 28.6. IR (liquid neat; cm−1): 3057 (w), 2939 (m), 2859 (m),
2816 (m), 2769 (m), 1645 (s), 1598 (s), 1503 (m), 1455 (s), 1371 (s), 1308 (s), 1216 (s),
1040 (s), 959 (s), 886 (s).

2.2.3. 3-(Methylthio)-N-((pyridin-2-yl)methylene)propan-1-amine (L3). L3 was pre-
pared by analogous method as described for L1, except utilizing 3-(methylthio)propan-1-
amine (2.24 mL, 0.0200 M) and 2-pyridine aldehyde (1.90 mL, 0.0200 M). The product
was obtained by vacuum distillation as light red oil (3.23 g, 83%). Analysis calculated for
C10H14N2S: C, 61.8%; H, 7.26%; N, 14.4%. Found: C, 61.8%; H, 7.26%; N, 14.4%. 1H
NMR (DMSO-d6, 400 MHz): δ 8.62 (d, 1H, J = 7.6 Hz), 8.35 (s, 1H), 7.96 (d, 1H,
J = 8.0 Hz), 7.81 (t, 1H, J = 7.6 Hz), 7.39 (t, 1H, J = 7.2 Hz), 3.67 (t, 2H, J = 6.4 Hz),
2.51 (t, 2H, J = 7.2 Hz), 2.02 (s, 3H), 1.88 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ
162.4, 154.5, 149.6, 136.9, 125.2, 120.7, 59.4, 31.4, 30.0, 15.0. IR (liquid neat; cm−1):
3285 (w), 3047 (w), 2911 (w), 1677 (w), 1593 (s), 1501 (s), 1427 (m), 1384 (m), 1325 (m),
1228 (m), 1173 (m), 1089 (s), 988 (s), 869 (s).

2.2.4. N-methyl-N-(3-((pyridin-2-ylmethylene)amino)propyl)aniline (L4). L4 was pre-
pared by analogous method as described for L1, except utilizing N-methyl-N-phenylpro-
pane-1,3-diamine (3.29 mL, 0.0200 M) and 2-pyridine aldehyde (1.90 mL, 0.0200 M). The
product was obtained by vacuum distillation as light red oil (3.86 g, 76%). Analysis calcu-
lated for C16H19N3: C, 75.9%; H, 7.56%; N, 16.6%. Found: C, 76.4%; H, 7.61%; N,
16.4%. 1H NMR (DMSO-d6, 400 MHz): δ 8.65 (d, 1H, J = 7.6 Hz), 8.39 (s, 1H), 8.02
(d, 1H, J = 6.8 Hz), 7.84 (t, 1H, J = 8.0 Hz), 7.41 (t, 1H, J = 6.0 Hz), 7.15 (t, 2H,
J = 7.2 Hz), 6.70 (d, 2H, J = 8.8 Hz), 6.60 (t, 1H, J = 6.8 Hz), 3.63 (t, 2H, J = 6.8 Hz),
3.40 (t, 2H, J = 6.8 Hz), 2.85 (s, 3H), 1.85 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ
162.3, 154.6, 149.7, 149.3, 137.1, 129.3, 125.3, 120.7, 115.9, 112.3, 58.3, 50.0, 38.2, 27.8.
IR (liquid neat; cm−1): 3060 (w), 2920 (s), 2854 (m), 1660 (m), 1584 (m), 1437 (m),
1362 (s), 1239 (s), 1122 (w), 1047 (w), 984 (s), 830 (s).

2.2.5. 3-Methoxy-N-((pyridin-2-yl)methylene)propan-1-amine (L5). L5 was prepared by
analogous method as described for L1, except utilizing 3-methoxypropan-1-amine (2.05
mL, 0.0200 M) and 2-pyridine aldehyde (1.90 mL, 0.0200 M). The product was obtained
by vacuum distillation as light red oil (2.78 g, 78%). Analysis calculated for C10H14N2O:
C, 67.4%; H, 7.92%; N, 15.7%. Found: C, 67.7%; H, 7.47%; N, 15.6%. 1H NMR (DMSO-
d6, 500 MHz): δ 8.64 (d, 1H, J = 7.6 Hz), 8.34 (s, 1H), 7.96 (d, 1H, J = 10.1 Hz), 7.85
(t, 1H, J = 8.2 Hz), 7.43 (t, 1H, J = 7.3 Hz), 3.65 (t, 2H, J = 7.7 Hz), 3.38 (t, 2H,
J = 6.3 Hz), 3.22 (s, 3H), 1.85 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ 161.9, 154.2,
149.3, 136.7, 124.9, 120.3, 69.6, 57.8, 57.1, 30.3. IR (liquid neat; cm−1): 3057 (w), 2939
(m), 2859 (m), 2769 (m), 1645 (m), 1598 (m), 1503 (s), 1371 (w), 1308 (s), 1216 (s),
1154 (s), 1100 (s), 1040 (m), 959 (s), 886 (s).
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2.2.6. N,N-dimethyl-3-((pyridin-2-ylmethylene)amino)propan-1-amine(chloro)palladium
(II) perchlorate ([L1PdCl]ClO4). A solution of L1 (956 mg, 0.500 mM) in anhydrous etha-
nol (10.0 mL) was added to a solution of [Pd(CH3CN)2Cl2] [69] (130 mg, 0.500 mM) and
NaClO4 (600 mg, 0.500 mM) (caution: it is very flammable solid and oxidizing. It should
be carefully handled.) CAS registry number: 7601-89-0) in anhydrous ethanol (10.0 mL) at
room temperature. Precipitation of yellow material occurred while stirring at room tempera-
ture for 12 h. The yellow solid was filtered and washed with ethanol (25.0 mL × 2), fol-
lowed by washing with diethyl ether (25.0 mL × 2) (0.190 g, 88%). Crystals suitable for X-
ray study of [L1PdCl]ClO4 were obtained within three days from diethyl ether (10.0 mL)
diffusion into a DMF solution (10.0 mL) of [L1PdCl]ClO4 (0.0500 g). Analysis calculated
for C11H17N3Cl2O4Pd: C, 30.5%; H, 3.96%; N, 9.71%. Found: C, 30.6%; H, 3.99%;
N, 9.63%. 1H NMR (DMSO-d6, 400 MHz): δ 8.83 (d, 1H), 8.65 (s, 1H), 8.54 (d, 1H,
J = 8.0 Hz), 8.03 (t, 1H, J = 7.8 Hz), 7.88 (t, 1H, J = 7.6 Hz), 2.64 (t, 2H, J = 16.2 Hz),
2.22 (s, 6H), 1.98 (t, 2H, J = 15.2 Hz), 1.43 (m, 2H). 13C NMR (DMSO-d6, 100 MHz):
δ 161.3, 158.3, 145.0, 136.7, 129.2, 124.2, 58.9, 48.1, 46.5, 33.9. IR (solid neat; cm−1):
3054 (w), 2937 (m), 2874 (m), 1592 (m), 1146 (m), 1116 (w), 1085 (s), 1075 (m), 1025
(w), 988 (s), 961 (m), 871 (s).

2.2.7. N,N-dimethyl-3-((quinolin-2-ylmethylene)amino)propan-1-amine(chloro)palladium
(II) perchlorate ([L2PdCl]ClO4). [L2PdCl]ClO4 was prepared according to the procedure
described for [L1PdCl]ClO4, except utilizing L2 (120 mg, 0.500 mM) and [Pd
(CH3CN)2Cl2] (130 mg, 0.500 mM). The yellow solid was filtered and washed with ethanol
(25.0 mL × 2), followed by washing with diethyl ether (25.0 mL × 2) (0.180 g, 75%). Crys-
tals suitable for X-ray study of [L2PdCl]ClO4 were obtained within five days from diethyl
ether (10.0 mL) diffusion into a DMF solution (10.0 mL) of [L2PdCl]ClO4 (0.0500 g).
Analysis calculated for C15H19Cl2N3O4Pd: C, 37.3%; H, 3.97%; N, 8.71%. Found: C,
37.3%; H, 3.95%; N, 8.71%. 1H NMR (DMSO-d6, 400 MHz): δ 9.04 (s, 1H), 9.01 (d, 1H,
J = 8.0 Hz), 8.93 (d, 1H, J = 8.4 Hz), 8.21 (t, 2H, J = 8.4 Hz), 7.97 (t, 1H, J = 8.4 Hz),
7.87 (t, 1H, J = 6.8 Hz), 3.78 (t, 2H, J = 4.4 Hz), 2.84 (s, 6H), 2.68 (t, 2H, J = 5.2 Hz),
2.12 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ 162.9, 155.1, 148.1, 136.9, 130.1, 129.9,
129.1, 128.1, 127.7, 118.7, 59.9, 57.9, 45.8, 29.2. IR (solid neat; cm−1): 3096 (w), 2985
(w), 2888 (w), 2806 (m), 2751 (m), 2372 (m), 1833 (m), 1699 (m), 1650 (m), 1541 (s),
1518 (s), 1456 (m), 1367 (s), 1216 (s), 1077 (s), 997 (s), 933 (s), 860 (s).

2.2.8. 3-(Methylthio)-N-((pyridin-2-yl)methylene)propan-1-amine(chloro)palladium(II)
perchlorate ([L3PdCl]ClO4). [L3PdCl]ClO4 was prepared according to the procedure
described for [L1PdCl]ClO4, except utilizing L3 (97.2 mg, 0.500 mM) and [Pd
(CH3CN)2Cl2] (130 mg, 0.500 mM). The yellow solid was filtered and washed with ethanol
(25.0 mL × 2), followed by washing with diethyl ether (25.0 mL × 2) (0.190 g, 98%). Crys-
tals suitable for X-ray study of [L3PdCl]ClO4 were obtained within five days from diethyl
ether (10.0 mL) diffusion into a DMF solution (10.0 mL) of [L2PdCl]ClO4 (0.0500 g).
Analysis calculated for C10H14Cl2N2O4SPd: C, 27.6%; H, 3.24%; N, 6.43%. Found: C,
27.6%; H, 3.22%; N, 6.46%. 1H NMR (DMSO-d6, 400 MHz): δ 8.95 (s, 1H), 8.94 (d, 1H,
J = 4.8 Hz), 8.45 (t, 1H, J = 7.6 Hz), 8.24 (d, 1H, J = 6.8 Hz), 7.98 (t, 1H, J = 5.6 Hz),
3.76 (broad, 2H), 2.77 (broad, 2H), 2.61 (s, 3H), 2.26 (broad, 2H). 13C NMR (DMSO-d6,
100 MHz): δ 172.9, 154.4, 150.3, 142.8, 129.6, 129.1, 56.4, 30.1, 27.4, 18.9.
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IR (solid neat; cm-1): 3116(w), 2926 (w), 2850 (w), 2366 (m), 1451 (m), 1399 (m),
1278 (m), 1164 (m), 1059 (s), 973 (s), 895 (s).

2.2.9. N-methyl-N-(3-((pyridin-2-ylmethylene)amino)propyl)aniline(dichloro)palladium
(II) ([L4PdCl2]). A solution of L4 (127 mg, 0.500 mM) in anhydrous ethanol (10.0 mL)
was added to a solution of [Pd(CH3CN)2Cl2] (130 mg, 0.500 mM) in anhydrous ethanol
(10.0 mL) at room temperature. Precipitation of yellow solid occurred while stirring at room
temperature for 12 h. The yellow solid was filtered and washed with ethanol (25.0 mL × 2),
followed by washing with diethyl ether (25.0 mL × 2) (0.170 g, 79%). Crystals suitable for
X-ray analysis of [L4PdCl2] were obtained within five days from diethyl ether (10.0 mL)
diffusion into a DMF solution (10.0 mL) of [L4PdCl2] (0.0500 g). Analysis calculated for
C16H19Cl2N3Pd: C, 44.6%; H, 4.45%; N, 9.76%. Found: C, 44.6%; H, 4.18%; N, 9.66%.
1H NMR (DMSO-d6, 400 MHz): δ 8.95 (d, 1H, J = 5.6 Hz), 8.56 (s, 1H), 8.32 (t, 1H,
J = 7.6 Hz), 8.00 (d, 1H, J = 8.0 Hz), 7.84 (t, 1H, J = 5.6 Hz), 7.13 (t, 2H, J = 7.2 Hz),
6.71 (d, 2H, J = 8.0 Hz), 6.59 (t, 1H, J = 7.2 Hz), 3.75 (t, 2H, J = 6.8 Hz), 3.39 (t, 2H,
J = 7.2 Hz), 2.91 (s, 3H), 2.04 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ 171.5, 156.2,
150.3, 149.2, 141.6, 129.4, 128.7, 128.5, 116.1, 112.5, 57.5, 49.2, 38.1, 27.7. IR (solid
neat; cm−1): 3212 (w), 2919 (m), 2844 (m), 2371 (m), 2311 (m), 1694 (m), 1549 (s),
1462 (s), 1385 (s), 1289 (m), 1225 (w), 1126 (m), 1039 (s), 981 (s), 855 (s).

2.2.10. 3-(Methylthio)-N-((pyridin-2-yl)methylene)propan-1-amine(dichloro)palladium
(II) ([L5PdCl2]). [L5PdCl2] was prepared according to the procedure described for
[L4PdCl2], except utilizing L5 (89.1 mg, 0.500 mM) and [Pd(CH3CN)2Cl2] (130 mg,
0.500 mM). The yellow solid was filtered and washed with ethanol (25.0 mL × 2), followed
by washing with diethyl ether (25.0 mL × 2) (0.150 g, 84%). Crystals suitable for X-ray
study of [L5PdCl2] were obtained within five days from diethyl ether (10.0 mL) diffusion
into a DMF solution (10.0 mL) of [L5PdCl2] (0.0500 g). Analysis calculated for
C10H14Cl2N2OPd: C, 33.8%; H, 3.97%; N, 7.88%. Found: C, 33.6%; H, 4.06%; N, 7.55%.
1H NMR (DMSO-d6, 400 MHz): δ 8.97 (d, 1H, J = 5.2 Hz), 8.59 (s, 1H), 8.35 (t, 1H,
J = 7.6 Hz), 8.12 (t, 1H, J = 8.0 Hz), 7.87 (t, 1H, J = 7.6 Hz), 3.77 (t, 2H, J = 6.8 Hz),
3.39 (t, 2H, J = 6.4 Hz), 2.24 (s, 3H), 2.02 (m, 2H). 13C NMR (DMSO-d6, 100 MHz): δ
172.0, 156.2, 150.4, 141.7, 128.9, 128.6, 69.1, 58.2, 57.0, 30.1. IR (solid neat; cm−1): 3024
(w), 2985 (w), 2886 (m), 2764 (m), 2315 (m), 1649 (m), 1516 (m), 1463 (m), 1163 (s),
1077 (s), 929 (s), 859 (s).

2.3. X-ray crystallographic studies

A crystal was isolated with paratone oil and mounted on a Bruker SMART CCD diffrac-
tometer equipped with graphite-monochromated Mo-Kα (λ = 0.71073 Å) radiation source
under a nitrogen cold stream (200 K). Data collection and integration were performed with
SMART and SAINT-Plus software packages [70]. Semi-empirical absorption corrections
based on equivalent reflections were applied using SADABS [71]. Structures were solved
using direct methods and refined using a full-matrix least-squares method on F2 using
SHELXTL [72]. All non-hydrogen atoms were refined anisotropically. Hydrogens were
added to their geometrically ideal positions. Crystallographic and structural data are summa-
rized in table 1.
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2.4. Catalytic activity for MMA polymerization

In a Schlenk line, the complex (15.0 μM: 6.50 mg for [L1PdCl]ClO4, 7.20 mg for
[L2PdCl]ClO4, 6.50 mg for [L3PdCl]ClO4, 6.50 mg for [L4PdCl2], and 5.30 mg for
[L5PdCl2]) was dissolved in dried toluene (10.0 mL) followed by the addition of modified
MMAO (6.90 wt% in toluene, 3.25 mL, and 7.50 mM, [MMAO]0/[Pd(II) catalyst]0 = 500)
as a co-catalyst [63–65]. The solution was stirred at 60 °C for 20 min. The MMA (5.00 mL,
47.1 mM, [MMA]0/[Pd(II) catalyst]0 = 3100) was added to the above reaction mixture and
stirred at 60 °C for 2 h to obtain a viscous solution. Methanol (2.00 mL) was added to ter-
minate the polymerization. The reaction mixture was poured into a large quantity of MeOH
(500 mL) and 35% HCl (5.00 mL) was injected to remove the remaining co-catalyst
(MMAO). The resulting polymer was filtered and washed with methanol (250 mL × 2) to
yield poly(methylmethacrylate) (PMMA), which was vacuum-dried at 60 °C.

3. Results and discussion

3.1. Synthesis and chemical properties

The syntheses of L1–L5 were performed in different reaction solvents as described previ-
ously with minor modifications [12, 36, 73–75]. High purity of ligands by vacuum distilla-
tion were obtained at yields of L1 (85%), L2 (92%), L3 (92%), L4 (76%), and L5 (78%)
from the condensation reaction between the appropriate X-amine (X = N,N-dimethylpro-
pane-1,3-diamine, 3-(methylthio)propan-1-amine, N-methyl-N-phenylpropane-1,3-diamine,
3-methoxylamine) and 2-pyridine aldehyde or quinoline-2-carbaldehyde in dichlorometh-
ane, respectively. L1 has been reported previously and applied to yield N,N′,N-tridentate
copper [22, 76], zinc [77], and platinum complexes [68]. Pd(II) complexes, [L1PdCl]ClO4

(88%), [L2PdCl]ClO4 (75%), and [L3PdCl]ClO4 (98%), were obtained from [Pd
(CH3CN)2Cl2] with the corresponding ligands in the presence of NaClO4 in anhydrous eth-
anol. However, [L4PdCl2] (79%) and [L5PdCl2] (84%) complexes were obtained from the
corresponding ligands with [Pd(CH3CN)2Cl2] in the absence of NaClO4 in anhydrous etha-
nol (scheme 1). The N,N′,X-tridentate complexes [LnPdCl]ClO4 (Ln = L1, L2, L3) did not
form the N,N′,X-bidentate complexes [LnPdCl2] (Ln = L1, L2, L3) in the absence of Na-
ClO4. Alternatively, N,N′,X-bidentate complexes [LnPdCl2] (Ln = L4, L5) were decomposed
in the presence of NaClO4 to synthesize N,N′,X-tridentate complexes [LnPdCl]ClO4

(Ln = L4, L5).
1H NMR, 13C NMR, and elemental analyses were consistent with ligand and Pd(II) com-

plex formulation. 1H NMR peaks of the N,N′,X-tridentate complexes [LnPdCl]ClO4

(Ln = L1, L2, L3) shifted to lower field by approximately δ 0.2–0.7 compared with corre-
sponding ligands, while 13C NMR peaks of the [LnPdCl]ClO4 (Ln = L1, L2, L3) shifted to
lower field by approximately δ 3–11 compared with ligands. Similarly, 1H NMR peaks of
the N,N′,X-bidentate complexes [LnPdCl2] (Ln = L4, L5) shifted to lower field by approxi-
mately δ 0.1–0.5 compared with ligands, while 13C NMR peaks of the [LnPdCl2] (Ln = L4,
L5) complexes shifted to lower field by approximately δ 2–10 compared with corresponding
ligands. In addition, the absorption band at 1639–1652 cm–1 for the imine moiety in ligands
was identified as 1638–1650 cm–1 for both [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2]
(Ln = L4, L5).
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3.2. Description of X-ray crystal structures

The ORTEP drawings of complexes are shown in figure 1 ([L1PdCl]ClO4), figure 2
([L2PdCl]ClO4), figure 3 ([L3PdCl2]ClO4), figure 4 ([L4PdCl2]) and figure 5 ([L5PdCl2]).
Selected bond lengths and angles are listed in table 2. A single crystal suitable for X-ray
crystallography was obtained from diethyl ether solution diffusion into DMF solution for all
Pd(II) complexes.

If the X is nitrogen such as L1, L2, and L4, a bulky phenyl group on X (case of L4) may
hamper X atom coordination to palladium; thus, [L1PdCl]ClO4 and [L2PdCl]ClO4 are sta-
bilized as N,N′,X-tridentate complexes rather than N,N′,X-bidentate complexes. In contrast,
[L4PdCl2] formed as N,N′,X-bidentate complex. Moreover, based on the crystal packing of

Scheme 1. Representation of [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L1, L2).

2320 D. Kim et al.
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Pd(II) complexes of L1 and L4, the phenyl group on the nitrogen in L4 induces π–π
stacking interaction compared to the methyl group on nitrogen in L1 (figure 6). The ben-
zene ring involving C13 is π–π stacked with an offset π–π interaction with the pyridine
group involving N1 (axis: 2 − x, 1/2 + y, 1/2 − z). Benzene ring including C13 has a face-
to-face π–π interaction with pyridine. The length of centroid–centroid was calculated as
3.695 Å and dihedral angle between benzene ring and pyridine ring was 9.039°. The pKa of
dimethylamine and methylphenylamine were 10.73 and 4.85, respectively, in L1 and L2,
which contain a dimethylamine moiety as the X donor and act as a stronger base and better
nucleophile than L4, which has methylphenylamine as the X donor [78]. The soft sulfur as
X donor in L3 is coordinated to palladium to generate N,N′,X-tridentate [L3PdCl]ClO4, and
the oxygen as X donor in L5 is a hard base, which is not coordinated to soft palladium

Figure 1. ORTEP drawing of [L1PdCl]ClO4 with thermal ellipsoids at 50% probability. All hydrogens are
omitted for clarity.

Figure 2. ORTEP drawing of [L2PdCl]ClO4 with thermal ellipsoids at 50% probability. All hydrogens are
omitted for clarity.
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producing stable N,N′,X-bidentate [L5PdCl2]. In addition, according to the crystal packing
of [L5PdCl2], [L5PdCl2] crystallizes in the lattice to hamper coordination of oxygen in L5

to palladium. The distance between two molecules was calculated as 2.896 Å with no room
for coordination.

The bond lengths of Pd–Npyridine [Pd(1)–N(1)] in N,N′,X-tridentate [LnPdCl]ClO4

(Ln = L1, L2, L3) and N,N′,X-bidentate [LnPdCl2] (Ln = L4, L5) were 2.047(5)–2.092(6) Å
and 2.027(5)–2.039(7) Å, respectively. Those of Pd–Nimine [Pd(1)–N(2)] ranged from 2.019
(5) to 2.030(5) Å and 1.996(7) to 2.020(5) Å, respectively, which was similar to the Pd–N
bond length of square planar imine-Pd(II) complexes. The bond length of Pd–Npyridine

increased by approximately 0.03–0.07 Å compared to the bond length of Pd–Nimine for
N,N′,X-tridentate complexes [LnPdCl]ClO4 (Ln = L1, L2, L3), while the bond length of
Pd–Nimine and Pd–Nimine were virtually the same for N,N′,X-bidentate complexes [LnPdCl2]
(Ln = L4, L5). In general, the bond lengths of Pd–Npyridine were shorter than those of
Pd–Nimine due to different basicities between imine and pyridine. The Pd–Cl bond lengths

Figure 3. ORTEP drawing of [L3PdCl]ClO4 with thermal ellipsoids at 50% probability. All hydrogens are
omitted for clarity.

Figure 4. ORTEP drawing of [L4PdCl2] with thermal ellipsoids at 50% probability. All hydrogens are omitted for
clarity.
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in [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L4, L5) ranged from 2.2878(19) to
2.2948(14) Å. The bond distances of imine [N(2)–C(6) and N(2)–C(10)] were 1.271(9) Å
([L1PdCl]ClO4), 1.262(10) Å ([L2PdCl]ClO4), 1.247(10) Å ([L3PdCl]ClO4), 1.278(10) Å
([L4PdCl2]), and 1.269(9) Å ([L5PdCl2]). These values were in the range of accepted car-
bon–nitrogen double bonds. The C(5)–C(6) bond distances of the complexes ranged from
1.440(11) to 1.467(8) Å, reflecting delocalized π-electrons in the imino-pyridine moiety.
Thus, the bond lengths of synthesized Pd(II) complexes were not affected by coordination
mode of N,N′,X-bidentate or N,N′,X-tridentate. The bond angles of five-membered rings N
(1)–Pd(1)–N(2) in N,N′,X-tridentate [LnPdCl]ClO4 (Ln = L1, L2, L3) and N,N′,X-bidentate
[LnPdCl2] (Ln = L4, L5) ranged from 79.7(3)° to 80.9(3)°, bent due to ring strain, and were
not affected by the coordination mode of ligands. This trend was observed in related pyr-
idylimine Pd(II) [40, 42, 47, 51, 79] and Pt(II) [80, 81] systems. The bond angles of six-
membered rings N(2)–Pd(1)–X(1) in N,N′,X-tridentate [LnPdCl]ClO4 (Ln = L1, L2, L3) and
N,N′,X-bidentate [LnPdCl2] (Ln = L4, L5) ranged from 95.6(3)° to 99.02(19)° and 94.6(2)°
to 95.30(15)°, respectively, indicating that coordination mode of ligands did not relieve ring
strain. N(2)–Pd(1)–Cl(1) angles in N,N′,X-tridentate [LnPdCl]ClO4 (Ln = L1, L2, L3) and N,

Figure 5. ORTEP drawing of [L5PdCl2] with thermal ellipsoids at 50% probability. All hydrogens are omitted for
clarity.

Figure 6. The view of crystal packing of [L4PdCl2]. The benzene ring involving C13 is π–π stacked with an
offset π–π interaction (dashed line) with the pyridine group involving N1 (2 − x, 1/2 + y, 1/2 − z).
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N′,X-bidentate [LnPdCl2] (Ln = L4, L5) ranged from 166.0(2)° to 174.85(2)°, showing that
the coordination geometry around the Pd(II) center of all complexes could be described as a
slightly distorted square plane.

3.3. MMA polymerization

N,N′,X-tridentate [LnPdCl]ClO4 (Ln = L1, L2, L3) and N,N′,X-bidentate [LnPdCl2] (Ln = L4,
L5) were activated by co-catalyst MMAO to polymerize MMA [53, 54, 57], yielding
PMMA with Tgs ranging from 123° to 130 °C [56]. Since N,N′,X-tridentate [LnPdCl]ClO4

(Ln = L1, L2, L3) complexes are cationic complexes, they were also used for MMA

Table 2. Selected bond lengths (Å) and angles (°) of [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L1, L2).

[L1PdCl]ClO4 [L2PdCl]ClO4 [L3PdCl]ClO4 [L4PdCl2] [L5PdCl2]

Bond lengths
Pd(1)-N(2) 2.019

(5)
Pd(1)-N(2) 2.020

(7)
Pd(1)-N(2) 2.030

(5)
Pd(1)-N(2) 1.996

(7)
Pd(1)-N(2) 2.020

(5)
Pd(1)-N(1) 2.047

(5)
Pd(1)-N(1) 2.092

(6)
Pd(1)-N(1) 2.076

(8)
Pd(1)-N(1) 2.039

(7)
Pd(1)-N(1) 2.027

(6)
Pd(1)-N(3) 2.080

(6)
Pd(1)-N(3) 2.093

(7)
Pd(1)-S(1) 2.282

(2)
Pd(1)-Cl(2) 2.269

(2)
Pd(1)-Cl(2) 2.282

(2)
Pd(1)-Cl

(1)
2.2927
(19)

Pd(1)-Cl(1) 2.292
(2)

Pd(1)-Cl
(1)

2.2878
(19)

Pd(1)-Cl(1) 2.292
(2)

Pd(1)-Cl(1) 2.2948
(14)

N(1)-C(1) 1.333
(9)

N(1)-C(9) 1.333
(10)

N(1)-C(1) 1.290
(10)

N(1)-C(1) 1.319
(11)

N(1)-C(1) 1.346
(9)

N(1)-C(5) 1.362
(8)

N(1)-C(1) 1.357
(10)

N(1)-C(5) 1.370
(10)

N(1)-C(5) 1.351
(11)

N(1)-C(5) 1.364
(8)

N(2)-C(6) 1.271
(9)

N(2)-C(10) 1.262
(10)

N(2)-C(6) 1.247
(10)

N(2)-C(6) 1.278
(10)

N(2)-C(6) 1.269
(9)

N(2)-C(7) 1.455
(9)

N(2)-C(11) 1.460
(10)

N(2)-C(7) 1.467
(9)

N(2)-C(7) 1.468
(11)

N(2)-C(7) 1.472
(7)

C(5)-C(6) 1.446
(10)

C(9)-C(10) 1.457
(11)

C(5)-C(6) 1.440
(11)

C(5)-C(6) 1.456
(11)

C(5)-C(6) 1.467
(7)

Bond angles
N(1)-Pd

(1)-N(2)
80.2
(2)

N(1)-Pd
(1)-N(2)

79.7
(3)

N(1)-Pd
(1)-N(2)

80.9
(3)

N(1)-Pd
(1)-N(2)

80.5
(3)

N(1)-Pd
(1)-N(2)

80.3
(2)

N(2)- Pd
(1)-N(3)

96.5
(2)

N(2)- Pd
(1)-N(3)

95.6
(3)

N(2)-Pd
(1)-S(1)

99.02
(19)

N(2)-Pd
(1)-Cl(2)

94.6
(2)

N(2)-Pd
(1)-Cl(2)

95.30
(15)

N(1)-Pd
(1)-N(3)

176.3
(3)

N(1)-Pd
(1)-N(3)

174.5
(3)

N(1)-Pd
(1)-S(1)

175.09
(19)

N(1)-Pd
(1)-Cl(2)

174.87
(19)

N(1)-Pd
(1)-Cl(2)

175.10
(17)

N(2)-Pd
(1)-Cl
(1)

172.54
(18)

N(2)-Pd
(1)-Cl(1)

166.0
(2)

N(2)-Pd
(1)-Cl(1)

175.25
(19)

N(2)-Pd
(1)-Cl(1)

174.8
(2)

N(2)-Pd
(1)-Cl(1)

174.45
(14)

N(1)-Pd
(1)-Cl
(1)

92.35
(17)

N(1)-Pd
(1)-Cl(1)

94.36
(19)

N(1)-Pd
(1)-Cl(1)

94.46
(19)

N(1)-Pd
(1)-Cl(1)

94.4
(2)

N(1)-Pd
(1)-Cl(1)

94.18
(17)

N(3)-Pd
(1)-Cl
(1)

90.91
(19)

N(3)-Pd
(1)-Cl(1)

89.6
(2)

S(1)-Pd
(1)-Cl(1)

85.71
(8)

Cl(1)-Pd
(1)-Cl(2)

90.42
(9)

Cl(1)-Pd
(1)-Cl(2)

90.17
(6)

C(1)-N(1)-
C(5)

119.3
(6)

C(9)-N(1)-
C(1)

120.2
(7)

C(1)-N(1)-
C(5)

121.4
(7)

C(1)-N(1)-
C(5)

119.3
(8)

C(1)-N(1)-
C(5)

118.3
(6)

C(1)-N(1)-
Pd(1)

127.6
(5)

C(9)-N(1)-
Pd(1)

108.7
(5)

C(1)-N(1)-
Pd(1)

128.1
(6)

C(1)-N(1)-
Pd(1)

128.0
(6)

C(1)-N(1)-
Pd(1)

127.5
(5)

C(6)-N(2)-
C(7)

119.9
(6)

C(10)-N
(2)-C(11)

120.7
(7)

C(6)-N(2)-
C(7)

120.8
(6)

C(6)-N(2)-
C(7)

119.0
(7)

C(6)-N(2)-
C(7)

118.7
(5)

C(6)-N(2)-
Pd(1)

113.7
(5)

C(10)-N
(2)-Pd(1)

111.3
(6)

C(6)-N(2)-
Pd(1)

112.8
(5)

C(6)-N(2)-
Pd(1)

115.0
(6)

C(6)-N(2)-
Pd(1)

113.7
(4)
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polymerization without activation by the MMAO and traceable amounts of PMMA were
obtained. To confirm catalytic activity of the Pd(II) complexes in MMA polymerization,
blank polymerization of MMA was performed with anhydrous [PdCl2] and MMAO,
respectively, at 60 °C. The polymerization yield by MMAO alone is very low (1.40 × 104 g
PMMAM−1 MMAO h). MMAO acts as co-catalyst probably to produce complex cation as
an active species and scavenger. We used 500 times of MMAO with respect to the amount
of catalyst. Due to poor solubility of Pd(II) complexes, we used an excess of MMAO. We
have conducted the MMA polymerization on reducing MMAO to 250 times during MMA
polymerization; however, the yield of PMMA was much lower than in case of using 500
times of MMAO. On the other hand, the reference complex [PdCl2] (1.97 × 104 g PMMA
M−1 MMAO h) was activated by MMAO and applied to the MMA polymerization to give
PMMA as low as co-catalyst MMAO. Poly(methylmethacrylate) (PMMA) was isolated as
white solids and their molecular weight (Mw) and molecular weight distribution (Mn) were
characterized by GPC in THF using standard polystyrene as the reference. The microstruc-
ture of PMMA was syndiotactic (rr, δ 0.85), heterotactic (mr, δ 1.02), and isotactic (mm, δ
1.21) as determined using 1H NMR spectroscopy [82, 83]. The resulting polymer data are
summarized in table 3.

Since increased optical quality of PMMA represents a higher Tg up to 140 °C, which
resulted from the increased syndiotacticity of PMMA, non-radical-mediated polymerization
of MMA using complex catalysts achieves a high Tg for processing or high content of syn-
diotactic PMMA [53, 56, 62–65]. On the other hand, isotactic PMMA, which is commer-
cially produced using conventional radical processes, has a Tg around 65 °C.

We previously reported that N,N′-bidentate Pd(II) complex with N-cyclopentyl substituted
2-iminomethylpyridines (1.45 × 105 g PMMAM−1 Pd h), N-cyclopentyl substituted 2-imi-
nomethylquinoline (1.41 × 105 g PMMAM−1 Pd h) [66], N,N′,N-tridentate Pd(II) complex

Table 3. Polymerization of MMA by [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L1, L2).

Entry Catalysta
Temp.
(time) Yieldb Activityc Tg

d
Tacticity

Mw
e

Mw/
Mn

f

°C (h) (%)
(g M−1cat h) ×

104 (°C)
%
mm

%
mr %rr

(g M−1) ×
105

1 [PdCl2]
g 60(2 h) 13 1.97 129 10.2 23.5 66.3 7.52 1.63

2 MMAOh 60(2 h) 9 1.40 120 37.2 10.9 51.9 0.61 2.20
3 [L1PdCl]

ClO4

60(2 h) 23 3.63 123 7.30 24.8 67.9 8.71 2.13

3 [L2PdCl]
ClO4

60(2 h) 92 14.3 130 6.90 26.1 67.0 6.38 2.31

4 [L2PdCl]
ClO4

25(2 h) 21 3.30 126 7.50 22.3 70.2 9.71 1.84

4 [L3PdCl]
ClO4

60(2 h) 21 3.33 130 7.40 23.7 68.9 9.71 1.84

6 [L4PdCl2] 60(2 h) 21 3.40 126 7.80 21.3 70.9 9.43 1.83
7 [L5PdCl2] 60(2 h) 69 10.8 128 7.60 23.3 69.1 9.63 2.12
7 [L5PdCl2] 25(2 h) 8 1.27 128 10.1 26.8 63.1 9.48 1.88

a[Pd(II) catalyst]0 = 15 μM, [MMA]0/[MMAO]0/[Pd(II) catalyst]0 = 3100 : 500 : 1.
bYield defined a mass of dried polymer recovered/a mass of monomer used.
cActivity is (g PMMA)/(M Pd·h).
dTg is glass transition temperature determined using a thermal analyzer.
eDetermined using gel permeation chromatography (GPC) eluted with THF at room temperature by filtration with polystyrene cali-
bration.
fMn refers to the number average of molecular weights of PMMA.
gIt is a blank polymerization in which anhydrous [PdCl2] was also activated by MMAO.
hIt is a blank polymerization which was done solely by MMAO.
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with N,N-di(2-picolyl)cyclohexylmethylamine (0.480 × 105 g PMMAM−1 Pd h) [67].
N,N′,X-tridentate [L2PdCl]ClO4 (1.43 × 105 g PMMAM−1 Pd h), and N,N′,X-bidentate
[L5PdCl2] (1.08 × 105 gM−1 Pd h) showed higher or comparable catalytic activities for
other Pd(II) complexes and produced syndiotactic PMMA of a narrower polydispersity
(PDI) at 60 °C. The PDIs of the Pd(II) complexes ranged from 1.83 to 2.31. In general, the
PDI range narrowed with increasing molecular weights of PMMA [84, 85]. For comparison,
bis(β-ketoamino)nickel(II) complexes were reported to have the highest activity of 4.20 ×
104 g PMMAM−1 Ni h with no detection of syndiotacticity and low conversion rates [53].
The Co(II) complex with phenoxy-imine was also used as a catalyst for MMA polymeriza-
tion with moderate activity and syndiotacticity of 78% [54]. In contrast, N,N′,X-tridentate
[L2PdCl]ClO4 and N,N′,X-bidentate [L5PdCl2] showed 92 and 69% conversion of MMA
to PMMA for polymerization, respectively.

Obviously, catalytic activity was affected by substituents on the imine moiety, the coordi-
nation mode of ligands (hapticity), and polymerization temperature as determined by the
relative amounts of PMMA yielded. The activity of MMA polymerization by Pd(II) com-
plexes should be considered a function of the electron density and steric hindrance around
palladium [86–88]. N,N′,X-tridentate [L2PdCl]ClO4, which has a quinoline on the imine
moiety showed four times higher activity compared to the N,N′,X-tridentate [L1PdCl]ClO4,
which has a pyridine on the imine moiety. Presumably, the electron-rich cloud around palla-
dium in N,N′,X-tridentate [L1PdCl]ClO4 and N,N′,X-tridentate [L2PdCl]ClO4 would not be
much different, the only difference is a little more steric inducement by quinoline moiety
around the palladium center in N,N′,X-tridentate [L2PdCl]ClO4. On the other hand, the
electronic effect around palladium during MMA polymerization may explain low activity of
N,N′,X-tridentate [L1PdCl]ClO4 and N,N′,X-tridentate [L3PdCl]ClO4, which has sulfur as
the third donor, compared to having same binding mode in N,N′,X-tridentate [L2PdCl]
ClO4. Alternatively, N,N′,X-bidentate [L5PdCl2] has a pyridine and the third donor oxygen
on the imine moiety; but, however, different coordination modes from N,N′,X-tridentate
[L1PdCl]ClO4 showed comparable high activity to [L2PdCl]ClO4. Presumably, the
electron-rich cloud around the palladium metal in N,N′,X-bidentate [L5PdCl2] increased
the activity compared to the electronic effect of the remaining Pd(II) complexes. Comparing
the activities by N,N′,X-bidentate [L4PdCl2] (0.127 × 105 gM−1 Pd h) and N,N′,X-bidentate
[L5PdCl2] (1.08 × 105 gM−1 Pd h), both of which have the same hapticity, there is more
steric bulkiness induced around palladium metal in N,N′,X-bidentate [L4PdCl2] than N,N′,
X-bidentate [L5PdCl2], judging from the crystal packing diagram. Moreover, N,N′,X-triden-
tate [L2PdCl]ClO4 (0.330 × 105 g PMMAM−1 Pd h), more crowded around palladium
metal and N,N′,X-bidentate [L5PdCl2] (0.127 × 105 g PMMAM−1 Pd h) and less crowded
than N,N′,X-tridentate [L2PdCl]ClO4, has shown poor activity in MMA polymerization at
25 °C, indicating that the steric effect, resulting from the coordination mode of ligands (hap-
ticity), along with electronic effect is important during MMA polymerization. Note that low
activity of MMA polymerization at 25 °C also resulted from poor solubility of Pd(II) com-
plexes. Thus, the activity of these Pd(II) complexes toward MMA polymerization is influ-
enced by electronic effect, steric effect, and coordination mode of ligands, which may
induce steric hindrance and electronic differences on the palladium. This result is compara-
ble with previous Pd(II) complexes containing the N,N′-bidentate N-substituted 2-iminom-
ethylpyridines and N,N′,N-tridentate N,N-di(2-picolyl)cycloalkylamine, which showed
N-substitution’s steric effects and electronic effects of ligands. To increase the syndiotactici-
ty with sacrificing activity, MMA polymerization was performed at 25 and 0 °C using two
highly active complexes: [L2PdCl]ClO4 and [L5PdCl2]. However, the obtained moderate
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syndiotacticity was not affected by the polymerization temperature and was similar to that
of [LnPdCl]ClO4 (Ln = L1, L2, L3) and [LnPdCl2] (Ln = L4, L5) at 60 °C. Although the
moderate syndiotacticity of Pd(II) complexes around ca. Seventy percent was not sufficient
to confer a mechanism of coordination polymerization, the experiment using five equiva-
lents of radical inhibitor TEMPO (2,2,6,6-tetramethylpiperidinyloxy) during MMA poly-
merization does not much reduce the yield of PMMA (ca. 5% yield), supporting the
mechanism of coordination polymerization is not a radical mechanism [54].

4. Conclusion

We investigated the synthesis and X-ray crystallographic structures of N,N′,X-tridentate
[LnPdCl]ClO4 (Ln = L1, L2, L3) and N,N′,X-bidentate [LnPdCl2] (Ln = L4, L5), which were
prepared through substitution of [Pd(CH3CN)2Cl2] with the corresponding potential N,N′,
X-tridentate or N,N′,X-bidentate (X = N, O, S) iminopyridine ligands Ln (Ln = L1 – L5) with
or without NaClO4. The coordination geometry around palladium in all Pd(II) complexes
were slightly distorted square planar. The catalytic activity of N,N′,X-tridentate [L2PdCl]
ClO4 and N,N′,X-bidentate [L5PdCl2] toward MMA polymerization in the presence of the
co-catalyst MMAO was highest at 1.43 × 105 g PMMAM−1 Pd h and 1.08 × 105 g PMMA
M−1 Pd h at 60 °C, respectively, showing moderate syndiotacticity of about 70%. The
catalytic activity in MMA polymerization depends on steric and electronic effects of X
substituents on the imine moiety, the coordination mode of ligands, and polymerization
temperatures.

Supplementary material

CCDC 992007–992011 contain the supplementary crystallographic data for [L1PdCl]ClO4,
[L2PdCl]ClO4, [L3PdCl]ClO4, [L4PdCl2], and [L5PdCl2], respectively. These data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44 1223 336 033; or Email: deposit@ccdc.cam.ac.uk.
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