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Abstract The preparation, structural characterization,

luminescence, and catalytic activity of three palladium(II)

complexes bearing imino phenoxide ligands are reported.

The X-ray studies revealed that the complexes are

mononuclear with palladium centres coordinated in a

square-planar coordination environment. Two of the com-

plexes are emissive in solution at room temperature. The

catalytic activities towards the ring-opening polymeriza-

tion of rac-lactide (rac-LA) were tested. Polymers with

moderate molecular weights and relatively broad dispersity

(Ð) were obtained. Kinetic studies revealed that the poly-

merization followed first-order kinetics.
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Introduction

Tetradentate salen-type ligands are omnipresent in coor-

dination chemistry. They are easy to synthesize and they

exhibit a high structural variability due to a large number

of commercial available building blocks which can be used

as starting materials. In many cases, they form highly

stable metal complexes throughout the whole periodic

table and a plethora of metal complexes have been reported

in the past [1, 2]. Related imino phenoxide ligands could be

considered as half salen-type ligands and are somewhat

less frequently used as ligands. They also exhibit similar

advantageous coordination modes, i.e. the combination of a

moderate hard and a hard donor atom with an anionic

nature of the ligand. Hence, reports from almost all areas of

coordination chemistry have been published up to now.

Such complexes have found applications in catalysis or

biochemistry or feature interesting structural, magnetic,

photophysical or electrochemical properties [3–12].

Besides ubiquitous applications in catalysis for coupling

reactions, palladium complexes were intensively investi-

gated due to their interesting luminescence properties

[13, 14]. However, only limited number of papers has been
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published investigating emissive properties using salen-

type or imino phenoxide ligands [15]. Palladium in its

oxidation state ?2 has a d8 configuration and hence prefers

a square-planar coordination. It is well known that such

complexes form polymeric columnar structures, often with

infinite and close Pd–Pd bonds. Contrary to their platinum

congeners [16], such complexes usually do not feature

luminescence from excited states based on these metal-

lophilic interactions. However, Pd(II) complexes bearing

ligands with energetic low-lying p*-accepting orbitals

exhibit phosphorescence from either metal-to-ligand

charge transfer (3MLCT) or intraligand (3IL) excited states

[17].

In recent publications we have shown that main group

as well as transition metal imino phenoxide complexes

can be used as polymerization catalysts, e.g. for the

preparation of polyesters like poly(lactic acid) (PLA) and

poly(caprolactone) (PCL) [18–23]. They constitute an

interesting family of environmentally benign biodegrad-

able polymers with a wide variety of potential

applications in the biomedical area or as alternatives to

persistent polyolefin materials [24–29]. Usually, aliphatic

polyesters are prepared by the ring-opening polymeriza-

tion (ROP) of cyclic esters using metal-based initiators,

particularly of toxic tin containing compounds. In the past

years, much effort has been spent in studies with alter-

native catalyst systems containing other, partly less toxic

metals [30–37].

In this contribution, we report on the synthesis, struc-

tural characterization, photophysical, and catalysis studies

of some square-planar Pd(II) complexes bearing imino

phenoxide ligands with different structural modifications.

Furthermore, although similar Pd(II) complexes have been

prepared previously, to the best of our knowledge, the

catalysis for the ROP of rac-LA using Pd(II) complexes

containing the imino phenoxide backbone is still unre-

ported [38–43].

Results and discussion

Synthesis and characterization

The ligands were prepared following a reported literature

procedure [44, 45]. The complexes were synthesized by

mixing an ethanolic solution of the Schiff base and Pd(II)

acetate in refluxing ethanol (Scheme 1).

Complexes 1–3 were isolated in high yields. Their

identity and purity are supported by elemental analysis,

NMR spectroscopy, and mass spectrometry. In the ESI-MS

spectra, signals representing the ions [L2PdH]
? and [L2-

PdNa]? are detected. The IR spectra of the free ligands

show intense signals in the region from 1623 to 1632 cm-1

(Fig. S10). In the complexes, the spectra are shifted

towards lower frequencies (1607–1624 cm-1), which

eventually revealed the coordination of imine nitrogen

atoms to the metal (Fig. S11). In the 1H NMR spectra, the

formation of the metal complexes is shown by the disap-

pearance of the phenol –OH signals of the ligands. In

addition, the signals corresponding to the protons of the

CH=N groups appear low field shifted (7.52–7.59 ppm)

compared to those of the ligands (8.4–8.6 ppm) which

indicates the coordination of nitrogen and oxygen atoms of

the ligands to the metal.

Structural studies

Single crystals suitable for X-ray diffraction of all three

complexes were grown by slow evaporation of the solvent

from their solutions in dichloromethane over a period of

1 week. All complexes were obtained as red crystalline

solids. The crystallographic data are summarized in

Table 4. Molecular structures and selected bond lengths

and bond angles are displayed in Fig. 1 and Table 1,

respectively. Complex 1 crystallizes in the monoclinic

space group P21/n, complex 2 in the triclinic space group P
�1, both with one half formula units in the asymmetric unit

with the palladium atom as the inversion centre. Complex 2

is isostructural to the homologues copper(II) complex [12].

The palladium atom is coordinated by two nitrogen and

two oxygen atoms with an angular sum of exact 180�
indicative for a perfect planar coordination. The coordi-

nation geometry of 2 is further stabilized by C–Br/p-
interactions: the bromine atom points directly to p-system
of the phenyl-group of the aniline moiety with a distance

between the ring plane and the bromine atom of * 3.44 Å

which is typical for this kind of interactions [46, 47].

Similarly, for 1 the methyl-substituents are engaged in C–

H/p-interactions. 3 is monoclinic, P �1 with two complexes

per asymmetric unit. Contrary to 1 and 2, the palladium

atom in 3 exists in a strongly distorted square-planar

coordination environment [angular sum 362.0� (Pd1)/

361.1� (Pd2)]. This might be due to steric reasons and

packing effects. The palladium atoms in all complexes are

not engaged in any further Pd–Pd interactions.

Electronic spectra

The electronic spectra of all the complexes were recorded

in solution at room temperature (Fig. 2). The data are

summarized in Table 2. The absorption spectra are very

similar to the reported ones [39, 40, 42]. The presence of

bands below 300 nm is assigned to p–p* transition of the

ligands. The long wavelength absorptions can be assigned

to an MLCT. Related Pd(II) complexes bearing salen-type

ligands are sometimes only weakly emissive. An recent
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Scheme 1

Fig. 1 Molecular structures of 1–3; thermal ellipsoids were drawn at 50% probability level. Hydrogen atoms were removed for clarity
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theoretical study on Pd(II) salen complexes explains the

poor emissive behaviour by a low energy gap between

emissive MLCT and quenching dd excited states [15]. The

authors suggest a substitution of the ligands with strongly

electron-withdrawing ligands. Indeed, the ligand in com-

plex 2 carries the moderately electron-withdrawing

bromine substituent, whereas the ligand in the non-emis-

sive complex 1 is substituted by a strongly electron-

donating methoxy group. For 3, the ligand is substituted

with a very bulky t-butyl group which leads not only to a

strongly distorted coordination geometry as elucidated by

the solid state structure, but also to a more rigid structure

with respect to a distortion in the excited state. Minimizing

the excited state structural distortion has been found to be

effective in increasing the luminescence quantum yield. It

should be noted that analogous Pt-complexes often feature

intensive luminescence [14].

Polymerization studies

The complexes 1–3 were investigated as catalysts for

ROP of rac-LA (Scheme 2). The kinetics of polymer-

ization was examined by 1H NMR spectroscopy. The

polymerization was performed in a 200:1 ratio ([rac-

LA]0/[Cat]0 = 200:1) catalysed by complexes 1–3. The

plot of % conversion of rac-LA against time gives a

sigmoid curve meaning that initially the conversion rate

is high but decreases significantly at later stage (Fig. 3,

left). There is a linear correlation of the values in the

semi-logarithmic plot of ln([rac-LA]0/[rac-LA]t) vs. time

indicative for a first-order dependency on the monomer

concentrations with the absence of any induction period

(Fig. 3, right). This result suggests that the active species

remained unchanged and active during the entire course

of polymerization. The apparent rate constants (kapp)

were extracted from the linear plot of ln([rac-LA]0/[rac-

LA]t) vs. time and were found to be 3.47 9 10-2 min-1,

2.14 9 10-2 min-1, and 2.84 9 10-2 min-1 for 1–3,

respectively (Fig. 2, right), i.e. the activities of the cat-

alysts are slightly higher than those found for the

copper(II) homologue complexes we reported previously

[12].

Furthermore, bulk polymerizations were performed in a

200:1 (monomer:catalyst) ratio at a temperature of 140 �C
and the polymerization was terminated once the rise in the

viscosity was observed and the stirring finally ceased. In

these experiments, all complexes exhibits a comparable

activity to that already found for the kinetic studies above.

The representative results are displayed in Table 3. All

complexes yielded polymers with moderate molecular

weight (Mn) and relatively broad dispersities (Mw/

Mn = 1.91–1.98). The large difference between the

experimental and theoretic values and broad Ð compared

to literature values [48] are thought to be due to the

occurrence of polymerization side reactions such as inter-

molecular or intra-molecular transesterification as well as a

slow initiation rate compared with a fast propagation

[49–52].

Conclusion

In conclusion, we have synthesized three new palladium

complexes containing imino phenoxide ligands. The sin-

gle-crystal X-ray analysis revealed that the palladium atom

Table 1 Selected bond lengths/Å and bond angles/� for 1–3

1 2 3

Pd–N 2.021(2) 2.020(12) 2.028(6)

2.035(7)

1.996(5)

2.021(5)

Pd–O 1.975(2) 1.986(11) 1.982(5)

1.982(5)

1.996(5)

2.005(5)

O–Pd–Na 92.22(9) 92.8(5) 90.6(2)/90.4(2) (Pd1)

90.4(2)/89.6(2) (Pd2)

O–Pd–N 87.78(9) 87.2(5) 90.1(2)/90.4(2) (Pd1)

90.9(2)/89.7(2) (Pd2)
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Fig. 2 UV–Vis absorption and emission spectra of 1–3 in DCM at

room temperature
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is surrounded by two ligands in a square-planar coordina-

tion environment. Complex 2 and 3 are emissive in

solution at room temperature. These compounds have

catalytic activity towards the polymerization of rac-LA.

The Mn of the polymers is moderate with relatively broad

Mw/Mn values.

Experimental

All manipulations were carried out in an atmosphere of

dry nitrogen using standard Schlenk techniques. CDCl3
used for NMR spectral measurements was dried over

calcium hydride for 48 h, distilled and stored in a glove

box. 1H and 13C{1H} NMR spectra were recorded in

Bruker Digital Avance III (300 MHz) instrument.

Chemical shifts for 1H was referenced to residual solvent

resonances and are reported as parts per million relative

to SiMe4. IR spectroscopy was performed on a Shimadzu

IRAffinity-1 FTIR spectrophotometer that was equipped

with a Specac Golden GateTM single-reflection diamond

ATR accessory. Mass spectra were collected on a Fin-

nigan LCQ DecaXPPlus ion trap mass spectrometer with

Table 2 UV/Vis spectroscopic

data of the complexes 1–3
Compound Absorption k/nm [log(e/dm3 mol-1 cm-1)] Emission/nm

1 247 (4.77), 293(4.41), 423 (3.84) –

2 252 (4.79), 267 (sh, 4.73), 295 (sh, 4.38), 420 (3.83), 431 (3.82) 522

3 261 (4.75), 289 (sh, 4.37), 334 (3.72), 385 (3.66) 487

Scheme 2

Fig. 3 rac-LA conversion vs. time (left) and ln ([rac-LA]0/[rac-LA]t) vs. time plot (right) using 1–3: [rac-LA]0:[Cat]0 = 200:1 at 140 �C

Table 3 Polymerization data

for rac-LA using 1–3 in 200:1

(monomer:catalyst) ratio at

140 �C

Entry Catalyst Yield/% Timea/min Mn
obs/kg mol-1 Mw/Mn kapp/10

-2 min-1

1 1 99 109 12.89 1.91 3.47

2 2 97 153 10.02 1.98 2.14

3 3 98 128 10.54 1.94 2.84

aTime of polymerization measured by quenching the polymerization reaction when stirring ceased
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an ESI ion source. Elemental analyses were carried out

at the Institute for Chemical Technology of Organic

Materials at Johannes Kepler University Linz. MALDI-

TOF measurements were performed on a Bruker Dal-

tonics instrument in a dihydroxybenzoic acid matrix. For

photophysical characterization, spectroscopic grade sol-

vents were used throughout all measurements.

Absorption spectra were recorded with a Varian Cary 50

Conc spectrophotometer. All e values are given in dm3

mol-1 cm-1.

Dichloromethane was dried and distilled over K2CO3,

and ethanol was dried and distilled over sodium. Pd(OAc)2
(Sigma-Aldrich) was used without further purification. rac-

LA (Sigma-Aldrich) was sublimed under an argon atmo-

sphere repeatedly for further purification and stored in a

glove box. All other solvents and reagents were commer-

cially available and used as received. Ligands L1–L3 were

prepared according to literature-reported procedures

[44, 45]. Polymerization experiments and characterization

of the polymers were performed according to described

procedures [12].

General procedure for the synthesis of 1–3

The ethanolic solution (10 cm3) of the Schiff base

(1 mmol) and the palladium acetate (0.5 mmol) in 10 cm3

ethanol were mixed thoroughly and the mixture was heated

under reflux for 2 h and then cooled to room temperature.

After filtration the resulting solution was evaporated to

dryness and the residue was recrystallized from

dichloromethane.

Bis[2-[(4-methoxyphenyl)iminomethyl]-4,6-dimethylphe-

nolato-j2N,O1]palladium(II) (1, C32H32N2O4Pd)

Yield: 0.07 g (79%); 1H NMR (300 MHz, CDCl3):

d = 1.26 (s, CH3, 6H), 2.12 (s, CH3, 6H), 3.84 (s, Ar–O–

CH3, 6H), 6.76 (s, Ar–H, 2H), 6.83 (s, Ar–H, 2H), 6.90-

6.93 (d, J = 9 Hz, Ar–H, 4H), 7.33–7.36 (d, J = 9 Hz, Ar–

H, 4H), 7.59 (s, CH=N, 2H) ppm; 13C{1H} NMR (75 MHz,

CDCl3): d = 15.77 (CH3), 20.10 (CH3), 55.88 (Ar–O–

CH3), 114.26 (Ar–C), 114.74 (Ar–C), 119.05 (Ar–C),

123.60 (Ar–C), 125.48 (Ar–C), 129.59 (Ar–C), 131.23

(Ar–C), 137.09 (Ar–C), 144.06 (Ar–C), 158.37 (Ar–O),

Table 4 Crystal structure data

for 1–3
Complex 1 2 3

Empirical formula C32H32N2O4Pd C38H40Br4N2O2Pd C40H48N2O4Pd

Formula weight 615.00 982.76 727.20

Crystal system Monoclinic Triclinic Triclinic

Space group P21/n P �1 P �1

a/Å 12.7329 (12) 9.35 (2) 14.9031 (15)

b/Å 9.3575 (10) 9.46 (2) 15.4962 (16)

c/Å 12.7447 (12) 12.40 (2) 17.2469 (16)

a/� 90 112.25 (2) 72.462 (3)

b/� 12.7447 (12) 95.71 (2) 77.170 (3)

c/� 90 99.12 (2) 80.781 (3)

V/Å3 1382.7 (2) 987 (4) 3684.4 (6)

Z 2 1 4

Temp/K 260 (2) 300 (2) 300 (2)

Dcalc/g cm-3 1.477 1.654 1.311

Reflns collected 24,978 3725 32,284

Unique reflns 2444 1628 12,644

Observ. reflns [I C 2r(I)] 1949 1192 7636

Param. refined/restraints 181/0 220/0 868/0

Absorption correction Multi-scan Multi-scan Multi-scan

Tmin/Tmax 0.68/0.85 0.61/0.74 0.24/0.89

R1/wR2 0.032/0.086 0.056/0.160 0.094/0.237

Drfin(max/min)/eÅ-3 0.29/- 0.71 0.17/- 0.15 1.49/- 1.22

CCDC 1585795 1585796 1585797

R1 =
P

|F0| - |Fc|/
P

|F0|, wR2 = [
P

(F0
2 - Fc

2)2/
P

w(F0
2)2]1/2
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163.35 (CH=N) ppm; IR (ATR): �m = 1617 (–CH=N), 1506

(Ar-OMe) cm-1; MS (ESI): m/z calculated for C32H32N2-

O4PdNa ([M ? Na]?) 637.13, found 637.33.

Bis[2,4-dibromo-6-[(2,6-diisopropylphenyl)imi-

nomethyl]phenolato-j2N,O1]palladium(II)

(2, C38H40Br4N2O2Pd)

Yield: 0.07 g (73%); 1H NMR (300 MHz, CDCl3):

d = 1.17–1.20 (d, J = 9 Hz, CH(CH3)2, 12H), 1.29–1.32

(d, J = 9 Hz, CH(CH3)2, 12H), 3.52–3.66 (m, CH(CH3)2,

4H), 7.15–7.16 (d, J = 3 Hz, Ar–H, 2H), 7.18-7.19 (d,

J = 3 Hz, Ar–H, 2H), 7.21 (s, Ar–H, 3H), 7.28–7.29 (d,

J = 3 Hz, Ar–H, 1H), 7.44 (s, Ar–H, 2H), 7.52–7.53 (d,

J = 3 Hz,CH = N, 2H) ppm; 13C{1H} NMR (75 MHz,

CDCl3): d = 23.48 (CH(CH3)2), 24.42 (CH(CH3)2), 28.81

(CH(CH3)2), 105.27 (Ar–C), 114.32 (Ar–C), 120.93 (Ar–

C), 124.70 (Ar–C), 127.54 (Ar–C), 135.44 (Ar–C), 140.31

(Ar–C), 142.02 (Ar–C), 145.07 (Ar–C), 159.98 (Ar–O),

163.25 (CH=N) ppm; IR (ATR): �m = 1607(–CH=N) cm-1;

MS (ESI): m/z calculated for C38H41Br4N2O2Pd

([M ? H]?) 983.780, found 983.497.

Bis[2-[(4-methoxybenzyl)iminomethyl]-4-methyl-6-(tert-

butyl)phenolato-j2N,O1]palladium(II)

(3, C40H48N2O4Pd)

Yield: 0.06 g (75%); 1H NMR (300 MHz, CDCl3):

d = 1.37 (s, C(CH3)3, 18H), 2.18 (s, CH3, 6H), 3.84 (s,

Ar–O–CH3, 6H), 4.98 (s, Ar–CH2, 4H), 6.79–6.80 (d,

J = 3 Hz, Ar–H, 2H), 6.86–6.89 (d, J = 9 Hz, Ar–H, 4H),

7.06–7.07 (d, J = 3 Hz, Ar–H, 2H), 7.48 (s, Ar–H, 2H),

7.53–7.56 (d, J = 9 Hz, CH=N, 2H) ppm; 13C{1H} NMR

(75 MHz, CDCl3): d = 20.40 (CH3), 29.52 (C(CH3)3),

35.22 (C(CH3)3), 55.38 (Ar–O–CH3), 60.87 (Ar–CH2),

114.31 (Ar–C), 122.32 (Ar–C), 123.14 (Ar–C), 129.35 (Ar–

C), 130.23 (Ar–C), 131.16 (Ar–C), 131.83 (Ar–C), 133.35

(Ar–C), 139.33 (Ar-C), 159.12 (Ar–O), 165.95 (CH=N)

ppm; IR (ATR): �m = 1624 (–CH=N), 1512 (Ar–OMe)

cm-1; MS (ESI): m/z calculated for C40H49N2O4Pd

([M ? H]?) 727.27, found 727.60.

X-ray structure determination of compounds 1–3

Suitable single crystals for X-ray diffraction were grown

from concentrated dichloromethane solution of the

respective compounds over a period of 7 days. Single

crystal analysis were carried out on a Bruker SMART

APEX and a Bruker Smart X2S diffractometer operating

with Mo Ka radiation (k = 0.71073 Å). The structures

were solved by direct methods (SHELXS-97, SIR-97)

[53, 54] and refined by full-matrix least squares on F2

(SHELXL-97) [55]. The H atoms were calculated geo-

metrically, and a riding model was applied in the

refinement process. These data were deposited with CCDC

with the following numbers: CCDC 1585795–1585797.

These data can be obtained free of charge from the Cam-

bridge Crystallographic Data Centre at http://www.ccdc.

cam.ac.uk. The crystal data are given in Table 4.
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44. Kasumov VT, Köksal F, Sezer A (2005) Polyhedron 24:1203

45. Bhunora S, Mugo J, Bhaw-Luximon A, Mapolie S, Wyk JV,

Darkwa J, Nordlander E (2011) Appl Organomet Chem 25:133

46. Swierczynski D, Luboradzki R, Dolgonos G, Lipkowski J, Sch-

neider H-J (2005) Eur J Org Chem:1172

47. Nagels N, Hauchecorne D, Herrebout WA (2013) Molecules

18:6829

48. Masutani K, Yoshiharu K (2015) PLA Synthesis and Polymer-
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