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Introduction

Over the past few decades biodegradable polymers have at-
tracted increasing interest in fundamental research and in
the chemical industry. Polylactides (PLA) have proven to be
the most attractive and useful class of biodegradable polyes-

ters among the numerous polyesters studied so far. Due to
their favourable and sustainable material properties, as well
as their broad range of applications reaching from packaging
(bottles, films), fibres for tissue and clothes, to use in medi-
cal and pharmaceutical fields (retarding drugs, biodegrad-
able screws and sutures) and the fact that they can be pro-
duced from inexpensive renewable raw materials like corn,
sugar beets or even agricultural waste, PLAs are qualified to
be a viable alternative to petrochemical-based plastics. To
achieve high molecular weight, PLAs are obtained by
metal-catalysed ring-opening polymerisation (ROP) of lac-
tide, the cyclic diester of lactic acid (Scheme 1).[1–10]
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and [Zn ACHTUNGTRENNUNG(TMGqu)2ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]
(C10) is reported. These zinc com-
plexes were completely characterised
and screened regarding their activity in
the ring-opening polymerisation of d,l-
lactide. They proved to be active initia-
tors in lactide bulk polymerisation, and

polylactides with molecular weights
(Mw) up to 176 000 g mol�1 could be ob-
tained. They combine high activity with
robustness towards moisture and air.
The influence of reaction temperature
and of the anionic component of the
zinc salt on the activity of the catalyst,
as well as the occurrence of undesired
side reactions, was investigated. By cor-
relating these findings with the struc-

tural study on the zinc complexes we
could deduce a structure–reactivity re-
lationship for the zinc catalysts. This
study was accompanied by DFT calcu-
lations. The bis-chelate triflate com-
plexes C9 and C10, supported by quin-
oline–guanidine ligands L3 and L4, ex-
hibit by far the highest reactivity. Sys-
tematic comparison of these complexes
with their mono-chelate counterparts
and their bis-guanidine analogues
allows the attributes that promote
polymerisation by neutral guanidine
ligand systems to be elucidated: acces-
sibility to the zinc centre and Lewis
acidity.
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Today, PLA is produced by more than ten chemical com-
panies worldwide and has already left the niche of exotic
polymers. For industrial production the most widely used in-
itiator is tin(II) ethylhexanoate (SnOct2), but the fact that
all tin compounds are cytotoxic[1,11] is forcing the develop-
ment of alternative initiators, especially when PLAs are in-
tended for pharmaceutical, medical or food applications.
Non-toxic options are zinc salts or complexes.[1] Because
they are mostly colourless, inexpensive and non-toxic[2,3]

zinc complexes with N-donor-functionalised ligands, for in-
stance, b-diketiminates[12,13] and Schiff bases,[14] were intro-
duced as active catalysts for the ROP of lactide to enhance
the polymerisation process and to replace the common Sn-
based catalysts. Besides the cationic portion, the influence
of the anionic component is important as well.[15] In spite of
great efforts in this field, there is still demand for highly
active, non-toxic and stable complexes which can be easily
handled.[16]

As we reported recently,[17] zinc guanidine complexes
combine great potential as active catalysts in the ROP of
d,l-lactide with acceptable stability. Several examples of
zinc guanidine complexes have already been reported,[18]

whereof some complexes have catalytic activity in selected
processes, which makes guanidines a very promising ligand
class leading to catalytically active zinc complexes.[19] The
anionic guanidinate ligands have already been shown to sta-
bilise lactide-polymerising complexes, but they are sensitive
to moisture and air.[20, 21] A related ligand class is represent-
ed by the 2-iminoimidazolines[22] which offer good donor
properties and stabilise catalytically active complexes as
well.[23]

To improve the activity of guanidine-based zinc com-
plexes we modified the ligand system by substituting one
guanidine moiety by an amine group. This changes the elec-
tronic environment by replacing
one “hard” guanidine function
by a “soft” pyridine donor and
simultaneously increases acces-
sibility to the zinc centre by
substituting one bulky guani-
dine by a non-bulky pyridine
unit. These guanidine–amine
hybrid ligands combine the ex-
cellent donor properties of gua-
nidines with additional coordi-
nation space for pre-coordina-

tion of substrates, and their modular synthesis protocol,
which combines different spacer and guanidine groups, per-
mits flexible ligand design.[24,25] The use of pyridyl and qui-
nolyl units leads to the guanidine–pyridine hybrid ligands N-
(1,3-dimethylimidazolidin-2-yliden)pyridin-8-amine
(DMEGpy, L1), 1,1,3,3-tetramethyl-2-[(pyridin-2-yl)methyl]-
guanidine (TMGpy, L2), N-(1,3-dimethylimidazolidin-2-yli-
den)quinolin-8-amine (DMEGqu, L3) and 1,1,3,3-tetra-ACHTUNGTRENNUNGmethyl-2-(quinolin-8-yl)guanidine (TMGqu, L4), which are
depicted in Scheme 2.[26]

Herein we report on the synthesis and characterisation of
the first zinc complexes of guanidine–pyridine hybrid ligands
DMEGpy (L1), TMGpy (L2), DMEGqu (L3) and TMGqu
(L4). These zinc complexes were screened for their catalytic
activities in the polymerisation of lactide. The study exten-
sively correlates experimental results with DFT calculations
to rationalise the reactivity. Furthermore, we show that the
classical conflict between stability and activity can be com-
pensated by an integrated approach.

Results and Discussion

Synthesis of the zinc complexes : Guanidine–pyridine hybrid
ligands L1–L4 were synthesised by condensation of N,N’-di-
methylethylenechloroformamidinium chloride (DMEG) and
N,N,N’,N’-tetramethylchloroformamidinium chloride (TMG)
(analogues of Vilsmeier salts) with 2-picolylamine and 8-
aminoquinoline in high yields of up to 98 %.[26] Their reac-
tion with zinc salts (ZnCl2, ZnACHTUNGTRENNUNG(CH3COO)2, ZnACHTUNGTRENNUNG(CF3SO3)2) in
a dry, aprotic solvent (MeCN, THF) resulted in straightfor-
ward formation of zinc complexes C1–C10 (see Table 1).
They could be isolated as colourless (C1, C2, C5, C6) or
yellow crystals (C3, C4, C7–C10) in yields of 64–99 %.

Scheme 2. Guanidine–pyridine hybrid ligands.[26]

Table 1. Overview of the synthesised zinc complexes of guanidine–pyridine hybrid ligands.

ZnCl2 ZnACHTUNGTRENNUNG(CH3COO)2 ZnACHTUNGTRENNUNG(CF3SO3)2

DMEGpy
(L1)

[ZnACHTUNGTRENNUNG(DMEGpy)Cl2]
(C1)

[ZnACHTUNGTRENNUNG(DMEGpy) ACHTUNGTRENNUNG(CH3COO)2]
(C5)

–[a]

TMGpy
(L2)

[ZnACHTUNGTRENNUNG(TMGpy)Cl2]
(C2)

[ZnACHTUNGTRENNUNG(TMGpy) ACHTUNGTRENNUNG(CH3COO)2]
(C6)

–[a]

DMEGqu
(L3)

[ZnACHTUNGTRENNUNG(DMEGqu)Cl2]
(C3)

[ZnACHTUNGTRENNUNG(DMEGqu) ACHTUNGTRENNUNG(CH3COO)2]
(C7)

[ZnACHTUNGTRENNUNG(DMEGqu)2 ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]
(C9)

TMGqu
(L4)

[ZnACHTUNGTRENNUNG(TMGqu)Cl2]
(C4)

[ZnACHTUNGTRENNUNG(TMGqu) ACHTUNGTRENNUNG(CH3COO)2]
(C8)

[ZnACHTUNGTRENNUNG(TMGqu)2 ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]ACHTUNGTRENNUNG(C10)

[a] These complexes could not be structurally characterised.
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Single crystals of the complexes were obtained either by
cooling a saturated solution slowly to room temperature or
by slow diffusion of diethyl ether into the solution. The re-
sulting crystals have high stability towards moisture and air.
They can be handled and stored in air, whereas the corre-
sponding guanidine–pyridine hybrid ligands and zinc salts
are sensitive towards hydrolysis or rather hygroscopic.

The molecular structures of C1–C10 (Figures 1–6 and Fig-
ures S1–S4 in the Supporting Information) were determined
by X-ray crystallography. In the complexes with zinc chlo-
ride and zinc acetate, the zinc atom is fourfold coordinated
by the two N-donor atoms of the guanidine–pyridine hybrid
ligands and two chlorine ions or two acetate ions, respective-
ly. However, in the complexes with zinc triflate, the zinc
atom is fourfold coordinated by two chelate ligands
(Scheme 3). The above-described zinc complexes formed in-
dependently of the molar ratio of the starting materials.

Due to their structural similarity the groups of complexes
containing zinc chloride, zinc acetate and zinc triflate will be
discussed in groups.

Complexes with zinc chloride : The structures of the zinc
chloride complexes [Zn ACHTUNGTRENNUNG(DMEGpy)Cl2] (C1), [Zn-ACHTUNGTRENNUNG(TMGpy)Cl2] (C2), [Zn ACHTUNGTRENNUNG(DMEGqu)Cl2] (C3) and [Zn-ACHTUNGTRENNUNG(TMGqu)Cl2] (C4) are very similar to each other (Figures 1
and 2 and Figures S1 and S2 in the Supporting Information).
Selected bond lengths and angles of the compounds are col-
lected in Table 2.

In all complexes each zinc atom is fourfold coordinated,
whereby two coordination sites are occupied in a chelating
manner by the N-donor atoms of the guanidine–pyridine
hybrid ligands to form a five-membered heterocycle. The
two Zn�Cl bonds in C1 are equal in length (av 2.240 �), but
in C2, C3 and C4 one bond is longer than the other. In
these complexes the longer Zn�Cl bond measures 2.236 �
(av) and the shorter one 2.215 � (av). The distances be-

tween the zinc atom and the N-
donor atoms of the guanidine–
pyridine hybrid ligands differ
due to the different coordina-
tion properties of the N-donor
atoms. In C1, C3 and C4 the
corresponding lengths are equal
and amount to 2.045 � (av) for
Zn�Npy and 2.036 � (av) for
Zn�Ngua, but in C2 the Zn�Npy

bond is 0.02 � (2.065(2) �)
longer and the Zn�Ngua bond
0.27 � (2.009(2) �) shorter
than the average values of the
other complexes. The Cgua�Ngua

double bonds range in length
from 1.317(1) to 1.335(2) � and
show the tendency of being
slightly shorter for pyridine li-
gands. Remarkably, in all four
complexes the ligands have the

Scheme 3. General complex synthesis.

Figure 1. Molecular structure of [Zn ACHTUNGTRENNUNG(TMGpy)Cl2] (C2) as determined at
153 K.

Figure 2. Molecular structure of [Zn ACHTUNGTRENNUNG(DMEGqu)Cl2] (C3) as determined
at 120 K.
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same bite angle of 82.808 (av), which differs considerably
from the tetrahedral angle (109.478). This leads to a distort-
ed tetrahedral coordination geometry of the zinc atom. This
is also reflected in the dihedral angle between the ZnCl2

and ZnN2 planes. In ideal tetrahedral coordination geometry
it is 908, but in the present complexes these angles are
83.40(3) (C1), 85.07(5) (C2), 84.39(3) (C3) and 79.31(3)8
(C4).

To evaluate the influence of the guanidine–pyridine
hybrid ligands on the structure, complexes C1–C4 were com-
pared with the already reported bipyridine compounds [Zn-ACHTUNGTRENNUNG(bipy)Cl2] (bipy=2,2’-bipyridine)[27] and [Zn ACHTUNGTRENNUNG(phen)Cl2]
(phen =1,10-phenanthroline)[28] as well as the bis-guanidine
complex [Zn ACHTUNGTRENNUNG(DMEG2e)Cl2] (DMEG2e=N1,N2-bis(1,3-di-ACHTUNGTRENNUNGmethylimidazolidin-2-ylidene)ethane-1,2-diamine).[17] The
Zn�Cl bonds in the bipyridine complexes are of different
length, as in C2, C3 and C4. The longer ones ([Zn ACHTUNGTRENNUNG(bipy)Cl2]:
2.210(1) �, [Zn ACHTUNGTRENNUNG(phen)Cl2]: 2.207(3) �) conform to the short-
er bond of C2, C3 and C4, whereas the short ones are
0.017 � shorter [ZnACHTUNGTRENNUNG(bipy)Cl2]: 2.198(1) �, [Zn ACHTUNGTRENNUNG(phen)Cl2]:
2.198(3) �]. The Zn�Cl bonds in the bis-guanidine complex
are equal, and with values of 2.260(1) � they are longer
than those in all the other complexes. The Zn�Ngua distances
of [Zn ACHTUNGTRENNUNG(DMEG2e)Cl2] (2.038(2) �) correspond to those in
C1, C3 and C4, and the Zn�Npy bond lengths in [Zn-ACHTUNGTRENNUNG(bipy)Cl2] (2.064(2), 2.053(2) �) and [Zn ACHTUNGTRENNUNG(phen)Cl2]
(2.072(7) and 2.050(7) �) to those of C1–C4. The bite angles
of the bipyridine ligands are slightly smaller ([ZnACHTUNGTRENNUNG(bipy)Cl2]:
80.3(1)8, [ZnACHTUNGTRENNUNG(phen)Cl2]: 80.4(3)8), and the bite angle of the
guanidine ligand ([Zn ACHTUNGTRENNUNG(DMEG2e)Cl2]: 86.18(10)8 slightly
widened. The Cgua�Ngua bond length of the bis-guanidine
complex of 1.309(3) � is smaller than the average length of
the corresponding bond in the complexes C1–C4.

Complexes with zinc acetate : The molecular structures of
[Zn ACHTUNGTRENNUNG(DMEGpy) ACHTUNGTRENNUNG(CH3COO)2] (C5), [Zn ACHTUNGTRENNUNG(TMGpy)-ACHTUNGTRENNUNG(CH3COO)2] (C6), [Zn ACHTUNGTRENNUNG(DMEGqu) ACHTUNGTRENNUNG(CH3COO)2] (C7) and
[Zn ACHTUNGTRENNUNG(TMGqu) ACHTUNGTRENNUNG(CH3COO)2] (C8), obtained by reaction of
zinc acetate with L1–L4, are shown in Figures 3, 4 and the
Supporting Information (Figure S3 and S4), and Table 3 lists
selected bond lengths and angles. The crystal of C5 contains

Table 2. Selected bond lengths [�] and angles [8] of C1–C4.

C1 C2 C3 C4

Zn�Npy 2.047(1) 2.065(2) 2.045(1) 2.044(1)
Zn�Ngua 2.036(1) 2.009(2) 2.039(1) 2.034(1)

Zn�Cl 2.237(1) 2.215(1) 2.212(1) 2.217(1)
2.243(1) 2.235(1) 2.234(1) 2.238(1)

Cgua�Ngua 1.317(2) 1.317(3) 1.327(2) 1.335(2)
Cgua�N 1.375(2) 1.356(3) 1.355(2) 1.347(2)

1.362(2) 1.360(3) 1.352(2) 1.357(2)
N�Zn�N 83.74(5) 82.57(7) 82.56(5) 82.34(5)
a(ZnCl2, ZnN2) 83.40(3) 85.07(5) 84.39(3) 79.31(3)
a(CguaN3, ZnN2) 18.92(4) 48.57(8) 53.38(6) 55.92(5)
a(CguaN3, NC3) (av) 9.8 33.7 12.6 29.5
1 0.96 0.97 0.98 0.99

Figure 3. Molecular structures of [Zn ACHTUNGTRENNUNG(DMEGpy) ACHTUNGTRENNUNG(CH3COO)2] (C5 a and
C5 b) as determined at 120 K.

Figure 4. Molecular structure of [Zn ACHTUNGTRENNUNG(TMGqu)ACHTUNGTRENNUNG(CH3COO)2] (C8) as deter-
mined at 120 K.
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two crystallographically independent molecules per asym-
metric unit with the same molecular composition but differ-
ent structural properties, denoted by C5 a and C5 b.

The zinc atoms of all complexes are fourfold coordinated
by the N-donor atoms of the guanidine–pyridine hybrid li-
gands and by the oxygen atoms of two acetate ions. The co-
ordination geometry of the zinc centre can be best described
as a distorted tetrahedron. The bite angles of the coordinat-
ed ligands, which range from 80.94 to 83.578, are notably
smaller than the tetrahedral angle. The distorted geometry
is also reflected in the dihedral angles between the ZnO2

and ZnN2 planes, which exhibit on average a deviation of
118 from the ideal tetrahedral arrangement. In C5 a and C8
the two Zn�O bond lengths are equal (av 1.949 and
1.955 �), whereas the other complexes contain one shorter
(C5 b : 1.952(1); C6 : (1.934(2); C7: 1.950(1) �) and one
longer bond (C5 b : 2.005(1); C6 : 1.978(2); C7: 2.021(1) �).
The Zn�N bonds show no apparent influence of the kind of
N-donor, as was found for the chlorido complexes. In C5 a
the two bond lengths are equal (av 2.037 �). In the com-
plexes with a DMEG guanidine
unit the Zn�Ngua bond is longer
than the Zn�Npy bond, whereas
in those with a TMG guanidine
unit the Zn�Ngua bond is short-
er than the Zn�Npy bond. The
Cgua=Ngua double bond lengths
range from 1.310(2) to
1.344(2) �. By trend the Cgua=

Ngua bonds in the quinoline li-
gands are apparently 0.02 �
longer than those in the pyri-
dine ligands.

Complexes C5–C8 can be
compared with the already re-
ported bipyridyl complex
[Zn2(1,1,2,2-tetrakis(2-pyridyl)-
ethane) ACHTUNGTRENNUNG(CH3COO)4]

[29] and the
bis-guanidine complex diaceta-
to[N1,N2-bis(1,3-di ACHTUNGTRENNUNGmethylimid-
azolidin-2-ylidene)ethane-1,2-

diamine]zinc(II)[17] to quantify the influence of the guani-
dine–pyridine hybrid ligands on the structure of the com-
plex. The Zn�O distances of the pyridyl complex (1.946(2),
1.974(2) �) and the bis-guanidine complex (1.969(2),
1.956(2) �) lie in the same range as those in C5–C8. One
Zn�Npy bond of the pyridyl complex (2.119(2) �) is slightly
longer than the average bond length of the zinc acetato
complexes stabilised by guanidine–pyridine hybrid ligands,
whereas the other (2.094(2) �) lies in the same range. One
of the Zn�Ngua bonds in the bis-guanidine complex
(2.011(2) �) is slightly shorter than the average in C5–C8,
whereas the other (2.038(2) �) fits well to the average. The
Cgua�Ngua bonds do not differ much (1.308(2), 1.305(2) �).

All tetrahedrally coordinated zinc complexes with guani-
dine–pyridine hybrid ligands show twisting of the guanidine
plane (CN3) with respect to the coordination plane (N-Zn-
N) to avoid steric interactions. The dihedral angles increase
with increasing steric demand of the guanidine–pyridine
hybrid ligand in the order DMEGpy!TMGpy!
DMEGqu!TMGqu. Complex C5 b also fits the trend, al-
though it differs by about 278 from C5 a.

Complexes with zinc triflate : The molecular structures of
zinc triflate complexes [Zn ACHTUNGTRENNUNG(DMEGqu)2ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]
(C9) and [Zn ACHTUNGTRENNUNG(TMGqu)2ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3] (C10) exhibit a
different coordination of the zinc atom to the complexes of
zinc chloride and zinc acetate (Figures 5 and 6). Each Zn
atom is sixfold coordinated, whereby four coordination sites
are occupied in a bis-chelating manner by the N-donor
atoms of two guanidine–pyridine hybrid ligands. The re-
maining coordination sites are occupied by two oxygen
atoms of one triflate anion, while the other triflate anion is
far away from the complex centre and acts as counterion.
The asymmetric unit contains L and D isomers of the com-
plex cation of C10 ; thus, in the following only one structure

Table 3. Selected bond lengths [�] and angles [8] of C5–C8.

C5 a C5 b C6 C7 C8

Zn�Npy 2.036(2) 2.058(2) 2.062(2) 2.048(1) 2.080(1)
Zn�Ngua 2.038(2) 2.075(2) 2.044(2) 2.106(1) 2.054(1)

Zn�O 1.946(1) 1.952(1) 1.934(2) 1.950(1) 1.951(1)
1.952(1) 2.005(1) 1.978(2) 2.021(1) 1.958(1)

Cgua�Ngua 1.313(2) 1.310(2) 1.321(4) 1.336(2) 1.344(2)
Cgua�N 1.367(2) 1.375(2) 1.365(4) 1.336(2) 1.343(2)

1.348(2) 1.368(2) 1.358(4) 1.364(2) 1.348(2)
N�Zn�N 83.57(6) 81.82(6) 82.68(10) 80.94(5) 81.33(5)
a(ZnO2, ZnN2) 76.32(6) 73.13(6) 82.8(1) 78.40(5) 85.83(5)
a(CguaN3, ZnN2) 14.3(1) 40.96(6) 43.0(1) 48.14(7) 55.44(6)
a(CguaN3, NC3) (av) 9.4 15.5 33.3 11.3 27.1

1 0.97 0.96 0.97 0.99 1.00

Figure 5. Molecular structure of [ZnACHTUNGTRENNUNG(DMEGqu)2 ACHTUNGTRENNUNG(CF3SO3)]+ in crystals of [Zn ACHTUNGTRENNUNG(DMEGqu)2ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]
(C9) as determined at 120 K, depicted from two different directions.
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is discussed as C10. Selected bond lengths and angles of the
compounds are collected in Table 4.

The distances between the zinc atom and the pyridine
donor atom are identical in each complex cation (C9 : av
2.090; C10 : av 2.062 �) and significantly longer than the
corresponding Zn�Ngua bond lengths (C9 : av 2.042; C10 : av
2.021 �). The Cgua=Ngua bonds are also identical and exhibit
an average value of 1.346 �. The distances between the zinc
and oxygen atoms in C10 (2.684(3) and 2.698(3) �) are very
long but smaller than the sum of the van der Waals radii of
2.79 �. The cationic complex unit of C9 exhibits one short
(2.452(7) �) and one long Zn�O bond (2.700(7) �). These
long bonds indicate weak coordination, which is a prerequi-
site for coordination of a lactide molecule. The coordination

geometry of the zinc centre can
be best described as a distorted
trigonal bipyramid in which the
apical positions are occupied by
the pyridine nitrogen atoms of
the ligands. The equatorial sites
are occupied by the guanidine
nitrogen donors and the oxygen
atoms of the triflate anion,
which act as one equatorial
donor. The metal atom lies in
the trigonal plane in both com-
plexes.

The fact that the N atoms of
the two aromatic systems reside
in the apical positions is in ac-
cordance with the properties of
the two types of N atoms. Gua-
nidine ligands have stronger s-
donating properties than pyri-
dine ligands, and this leads to a
decrease in the Zn�Ngua bond

length (bond to an equatorial side). The distortion of the co-
ordination geometry is reflected in the angle between two
axial sites: In trigonal-bipyramidal coordination the angle is
1808, but it is diminished to 172.0(1)8 in C9 and to 161.1(1)8
in C10. The angle between the two nitrogen atoms in equa-
torial position (C9 : 122.3(1)8, C10 : 128.0(1)8) is near to the
undistorted angle (1208). However, the angle between an
equatorial and an axial site differs from the ideal value (908)
because of the fixed value for the bite angle (av 81.508) and
leads to another slight distortion. This distortion minimises
the interactions between the sterically demanding guanidine
residues and the aromatic parts. The structural motif of a
trigonal bipyramid was already described for a cobalt com-
plex of the ligand DMEGqu (L3).[26] A further effect is tor-
sion of the ZnN2,ligand and ZnN2,ligand’ plane by 60.6(1)8 in C9
and 58.9(1)8 in C10 with respect to each other. The angles
between the CguaN3 and ZnN2 planes in C9 (55.0(2) and
59.4(1)8) are similar to those in C10 (56.0(1) and 52.9(2)8),
because in both complexes the metal centre is comparably
crowded and the steric interactions should be reduced.

Structural influence of the guanidine unit : In all reported
zinc complexes with guanidine–pyridine hybrid ligands twist-
ing within the guanidine moiety can be observed which is
characteristic for peralkylated guanidine units.[24,26] This
twisting is a result of the interplay between the electronic
effect of the intraguanidine conjugation (driving towards
planarity) and the evasion of the alkyl substituents.

The average angle between the CguaN3 and NC3 plane is
30.38 for TMG and 11.38 for DMEG. Twisting within TMG
is more distinct because of the free rotation of the methyl
groups connected to the amine function, whereas in DMEG
twisting is hindered by the rigid ethylene bridge between
the amine groups of the guanidine moiety.

Figure 6. Molecular structure of [Zn ACHTUNGTRENNUNG(TMGqu)2 ACHTUNGTRENNUNG(CF3SO3)]+ in crystals of [Zn ACHTUNGTRENNUNG(TMGqu)2 ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3]
(C10) as determined at 120 K. The L isomer is depicted from two different directions.

Table 4. Selected bond lengths [�] and angles [8] of C9 and C10.

C9 C10

Zn�Npy 2.089(3) 2.052(3)
2.091(3) 2.071(3)

Zn�Ngua 2.035(3) 2.031(3)
2.049(3) 2.011(3)

Zn�O 2.452(7) 2.684(3)
2.700(7) 2.698(3)

Cgua�Ngua 1.345(5) 1.357(5)
1.340(5) 1.342(5)

Cgua�N 1.344(5), 1.337(5) 1.329(5), 1.352(5)
1.340(5), 1.343(5) 1.344(5), 1.338(5)

N�Zn�N 81.4(1) 82.1(1)
80.5 (1) 81.9(1)

Npy�Zn�Npy 172.0(1) 161.3(1)
Ngua�Zn�Ngua 122.3(1) 128.0(1)
a(ZnN2, ZnN2) 60.6(1) 58.9(1)
a(CguaN3, ZnN2) 55.0(2), 59.4(1) 56.0(1), 52.9(2)
a(CguaN3, NC3) (av) 9.0 28.0
1 1.00 1.01
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Delocalisation of the positive charge within the guanidine
unit and the resultant levelling of the C�N bond lengths can
be expressed by the structural parameter 1 (see
Scheme 4).[30] A 1 value of 1 means complete delocalisation

of the positive charge and total bond levelling. The 1 values
of the chlorido complexes increase from C1 (0.96), C2
(0.97), C3 (0.98) to C4 (0.99). The general trend that delo-ACHTUNGTRENNUNGcalisation in complexes with quinoline ligands is higher than
in those with pyridine ligands is also found for the acetato
complexes. The 1 values for the corresponding pyridine
complexes are 0.96 (C5 b) and 0.97 (C5 a, C6), whereas
those of the quinoline complexes of 0.99 (C7) and 1.00 (C8)
are considerably higher. Besides this trend in the structural
parameter 1, the C=N bonds in quinoline containing com-
plexes are about 0.02 � longer than those in the pyridine-
containing complexes. The bis-chelate complexes C9 and
C10 show complete delocalisation of the positive charge in
the guanidine unit. Altogether these complexes show a high
degree of delocalisation.

We have found a correlation between the twisting of the
guanidine unit with respect to the chelate plane and the lev-
elling of the C�N bonds. Interestingly, the only exception is
C5 b. The more the guanidine unit twists out of the chelate
plane to minimise the disadvantageous interaction with ster-
ically demanding groups, the higher the 1 value and the
greater the delocalisation and bond levelling. A possible ex-
planation is that the guanidine unit leaves the conjugation
of the aromatic system (quinoline or pyridine) by twisting
and acts as isolated donor.

DFT calculations : The structural trends described above
were investigated by gas-phase DFT calculations. The elec-
tronic structures of zinc complexes C1–C10 were examined
by using B3LYP density functional theory and the 6-31G(d)
and 6-31G + (d) basis sets, implemented in the Gaussian 03
suite of programs.[31] Geometry optimisations were per-
formed by using the coordinates from X-ray data as starting
point in case of C1–C10. The results of the optimisations are
presented in Tables S1–S6 (see Supporting Information).

For the 6-31G(d) basis set, the computed structures of the
complexes are in good agreement with their solid-state
structures, whereas the 6-31G+ (d) basis set generally yields
too long bond lengths. The soft donating character of pyri-
dine and guanidine units is significantly overestimated by
this diffuse basis set, as has been observed in several
cases.[32] For most complexes, the predicted Zn�N distances
are about 0.03 � too long, which is a known tendency for

such systems.[32, 33] Hence, ligands L1–L4 and the model
ligand HGqu were examined with B3LYP density functional
theory and only the 6-31G(d) basis set (Table S6 in the Sup-
porting Information and Figure 7).

The tetrahedral coordination environments in C1–C8 are
correctly described by both basis sets. Special emphasis is
placed on the angles between the ZnN2 and the ZnX2

planes, which are in good accordance with those found in
the solid state. The coordination of the acetate ions in the
complexes C5–C8 is in good agreement as well. Interesting-
ly, for the acetato complexes, contacts of the benzyl or quin-
oline spacer hydrogen atoms to the acetate oxygen atoms
are found, which were confirmed by DPFGSE-NOE NMR
measurements in solution. For acetato complex C5, two con-
formers were found in the solid state. Their differences in
Zn�Npy and Zn�Ngua bond lengths are reflected qualitatively
in the DFT calculations, too. Their calculated energy differ-
ence of 1.4 kcal mol�1 explains their coexistence in the single
crystal.

The bis-chelate complexes C9 and C10 are correctly de-
scribed as well : the trigonal-bipyramidal coordination is well
reflected in the Npy-Zn-Npy angles (169.5 for C9 and 167.88
for C10) which describe the apical sites. Moreover, the h2

binding mode of the triflate anion and the Zn�O bond
lengths are in good agreement with the X-ray structures.

In comparison with the solid-state structures, the calculat-
ed C=N guanidine “double-bond” lengths are extremely
close to the X-ray data. Especially the differences between
the four coordinating ligands are well reflected: for TMGqu
and DMEGqu complexes this bond is generally about
1.335 � long, whereas for TMGpy and DMEGpy complexes
it is shortened to about 1.317 �. Concomitantly, the tenden-
cy for the structural parameter 1 is correctly predicted: the
quinoline-containing systems exhibit a slightly higher 1

Scheme 4. Calculation of the structural parameter 1.

Figure 7. Comparison of the calculated structure of TMGqu (L3) with
model ligand HGqu [RB3LYP/6-31G(d))]
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(0.98–0.99) than the pyridine systems (0.94–0.96), which is in
good accordance with the solid-state structures.

Moreover, particularly the fact that the guanidine units
twist with respect to the chelate plane in dependence on the
ligand in complexes C1–C8 could be reproduced by DFT
calculations. The following trend could be deduced: quino-
line systems exhibit a contact between the guanidine sub-
stituents and the ortho position. To avoid steric hindrance,
the whole guanidine unit twists by 458 with respect to the
chelate plane. Simultaneously, the levelling within the guani-
dine unit increases up to 1=1 because the guanidine moiety
leaves conjugation with the aromatic system. In the pyridine
systems, the spacer is more flexible and allows other ways of
avoiding steric hindrance between guanidine substituents
and the rest of the ligand molecule, which results in a small-
er twist angle accompanied by a smaller 1 value. As the
same trend was found experimentally, it can not be related
to packing effects but to intrinsic forces within the com-
plexes.

The DFT analysis of the ligands and a model ligand with-
out substituents (HGqu) shows that the focus on the steric
interactions is only one aspect of this twisting effect
(Figure 7). Even without substituents, twisting of up to 508
occurs. The aromatic influence is crucial for the guanidine
system: the analysis of the Mulliken charges of the ligands
(Table 8) reveals that the guanidine N imine atom is signifi-
cantly more negatively charged in quinoline ligands and
complexes than in pyridine ones. Furthermore, the guani-
dine double bonds in the quinoline ligands are calculated to
have a mean length of 1.287 � (pyridine–guanidine ligands:
1.283 �), which is longer than the values for reported ali-
phatic guanidines (1.277 �)[34] but in the range of aromatic
guanidines (1.282 �).[35] In aromatic guanidines, rotation
around the C=N bonds is facilitated by the interaction with
the aromatic system, which is manifested in coalescence be-
haviour for the corresponding guanidine substituents.[25]

Thus, it is understandable that the C=N bonds are longer
and the C�N bonds shorter than in the pyridine systems
where the guanidine moiety is bound to the benzyl group
and not directly to the aromatic ring. Hence, in the quino-
line systems the 1 value must be higher than in the pyridine
systems for electronic reasons.

For a more detailed analysis of the electronic structure
the Mulliken charges were determined for the ligands and
their complexes (Tables 5–8). These do not represent abso-

lute charges but the trends among the complexes give an im-
pression of electronic effects. A pronounced effect is the dif-
ference between the DMEG and TMG groups. As the ge-
ometry optimisations predict, the intra-guanidine twist is sig-
nificantly smaller in the DMEG groups (128) because of the
ethylene backbone, which geometrically restricts intra-gua-
nidine torsion. In all analysed complexes, the imine N atom
in DMEG groups is around 0.05 more negatively charged
than that in TMG groups. At the same time, the correspond-
ing amine N atoms in the DMEG-containing systems are
slightly more negatively charged, and the central guanidine
C atoms are considerably more positively charged than
those in the TMG-containing systems. This result is in good
accordance with the theoretical calculations on TMG- and
DMEG-containing ligands performed by Tamm et al.[23a]

An important result of this analysis is the remarkable pos-
itive charge on the zinc atom in the bis-chelate complexes of
1.004 (C9) and 0.994 (C10) in comparison to around 0.68 for
the chlorido complexes and about 0.87 for the acetato com-
plexes. This finding documents the higher Lewis acidity of
the zinc atom in C9 and C10 compared to C1–C8.

NMR spectroscopy: Since we found twisting of the guani-
dine plane relative to the coordination plane in the solid

Table 5. Mulliken charges in electron units (charge of electron is equal
to �1) of C1, C2, C5 and C6 (RB3LYP, 6-31G(d)).

C1 C2 C5 a C5 b C6

Zn 0.682 0.667 0.860 0.872 0.862
Npy �0.571 �0.566 �0.579 �0.598 �0.580
Ngua �0.675 �0.622 �0.659 �0.673 �0.615
Cgua 0.823 0.696 0.796 0.811 0.680
Namine �0.458 �0.404 �0.449 �0.449 �0.422

�0.475 �0.423 �0.469 �0.478 �0.405
X =Cl, OAc �0.516 �0.494 �0.600 �0.608 �0.618

�0.518 �0.530 �0.618 �0.612 �0.597

Table 6. Mulliken charges in electron units (charge of electron is equal
to �1) of C3, C4, C7 and C8 (RB3LYP/6-31G(d)).

C3 C4 C7 C8

Zn 0.692 0.697 0.881 0.886
Npy �0.644 �0.641 �0.657 �0.650
Ngua �0.781 �0.745 �0.788 �0.755
Cgua 0.806 0.684 0.812 0.706
Namine �0.451 �0.403 �0.434 �0.411

�0.458 �0.409 �0.454 �0.392
X =Cl, OAc �0.502 �0.501 �0.610 �0.606

�0.536 �0.530 �0.602 �0.606

Table 7. Mulliken charges in electron units (charge of electron is equal
to �1) of C9 and C10 (RB3LYP/6-31G(d)).

C9 C10

Zn 1.004 0.994
Npy �0.638, �0.641 �0.655, �0.619
Ngua �0.811, �0.792 �0.736, �0.771
Cgua 0.800, 0.757 0.648, 0.645
Namine �0.447, �0.448 �0.399, �0.399

�0.443, �0.448 �0.395, �0.392
O �0.617 �0.601

�0.621 �0.668

Table 8. Mulliken charges of ligands L1–L4 (RB3LYP, 6-31G(d)).

DMEGpy (L1) TMGpy (L2) DMEGqu (L3) TMGqu (L4)

Npy �0.473 �0.460 �0.501 �0.490
Ngua �0.544 �0.469 �0.598 �0.525
Cgua 0.722 0.606 0.756 0.613
Namine �0.478 �0.417 �0.455 �0.419

�0.454 �0.424 �0.461 �0.421
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state and in the gas-phase DFT calculations we investigated
the existence of a preferred configuration in solution. Tem-
perature-dependent 1H NMR spectra of complexes C3, C4
and C7–C10 and the free ligands L3 and L4 were measured
to determine whether it is possible to stop rotation of the
C=N bond. In the case of a frozen rotation, DPFGSE-NOE
NMR spectra should determine whether there is a NOE
contact between the hydrogen atom of the quinoline carbon
atom in ortho position to the guanidine moiety and a hydro-
gen atom of the methyl groups of the guanidine unit. How-
ever, even at �90 8C the rotation of the C=N bond is still
present, so no preferred configuration is ascertainable.

Polymerisation activity : We reported recently[17] that bis-
guanidine zinc complexes have catalytic activity in the ring-
opening polymerisation of d,l-lactide and offer the advant-
age of acceptable stability towards air and moisture. Thus,
zinc complexes of guanidine–pyridine hybrid ligands C1–
C10 were investigated for their activity in bulk polymeri-
sation of d,l-lactide. The ligand design strategy focuses on
two points. First, improving accessibility to the zinc centre
for the pre-coordination of substrates requires the substitu-
tion of one bulky guanidine by a non-bulky pyridine unit.
Second, the electronic environment is modified by replacing
one “hard” guanidine N-donor group by the “soft” N donor
of the pyridine unit.

For the polymerisation procedure the monomer d,l-lac-
tide and the zinc initiator (I/M ratio 1:500 or 1:1000) were
heated at 130 or 150 8C. After a reaction time of 24 h or
48 h, the melt was dissolved in dichloromethane, and then
the PLA was precipitated in cold ethanol, isolated and dried
under vacuum at 50 8C. To rate the catalytic activity of the
complexes, the polymer yield was determined, and the mo-
lecular weights and polydispersity of the obtained PLA were
investigated by gel permeation chromatography (see
Table 9). As reference experiments, the polymerisation ac-
tivity of zinc salts, the pure ligands and tin octoate were
tested (see Table 10).

The polymerisation activities of zinc complexes with gua-
nidine–pyridine hybrid ligands C1–C10 depend on the
nature of the anionic component of the zinc salt in the com-
plex and on whether the coordinated ligand contains a pyri-
dine or a quinoline unit.

The zinc chloride complexes C3 and C4, both containing a
quinoline unit, show no ability to catalyse the polymeri-
sation of d,l-lactide, but the corresponding complexes C1
and C2, both exhibiting a pyridine unit, demonstrate good
or very good polymerisation properties. In the case of ace-
tate-containing complexes C5–C8 the beneficial effect of a
pyridine unit in the coordinated ligand on the ability to act
as initiator in the ROP of lactide is also detected. Though
the catalytic properties of the complexes with a coordinated
pyridine ligand that additionally contain chlorido ligands are
more favourable than those that contain acetate instead of
chloride, in the case of complexes with a coordinated quino-
line ligand it is the other way round. However the most aus-
picious candidates for highly active catalysts in the ROP of

d,l-lactide are triflate-containing complexes C9 and C10.
They combine almost quantitative yields with high molecu-
lar weight up to 176 000 g mol�1. Their outstanding catalytic
activities result presumably from their structural properties
(accessibility to the zinc centre) and enhanced Lewis acidity.
Seemingly, the weak coordination of the triflate anion fa-
vours attachment of lactide and therefore accelerates the re-
action. The comparison of the guanidine–pyridine zinc
system with the bis-guanidine zinc system to evaluate the
strategy of substitution of one guanidine by a pyridine unit
reveals at first sight no obvious trend. The zinc bis-guani-
dine complexes [Zn ACHTUNGTRENNUNG(DMEG2e)Cl2], [Zn ACHTUNGTRENNUNG(DMEG2e)-ACHTUNGTRENNUNG(CH3COO)2] and [ZnACHTUNGTRENNUNG(DMEG2e)2]ACHTUNGTRENNUNG[CF3SO3]2

[17] exhibit
higher polymerisation activities than C3–C8, but C1 and C2
show higher and C9 and C10 much higher activities.

To classify the polymerisation activity of the guanidine–
pyridine zinc system, the standard catalyst for industrial
PLA production, tin octoate, was examined under the same
reaction conditions. The tin compound leads to almost quan-
titative yields but the molecular weights of the obtained
polymers (47 000–80 000 g mol�1, see Table 10) are lower
than those for C2 and significantly smaller than those for C9
and C10.

In addition, not only the structure of the used catalyst is
important for the polymerisation process but also the reac-

Table 9. Polymerisation of d,l-lactide initiated by C1–C10.

Initiator T [8C] t [h] M/I Yield [%] Mw [g mol�1] PDI

C1 130 24 500 55 67000 1.95
C1 150 24 500 74 44000 2.15
C1 150 48 500 88 46000 2.09
C2 130 24 500 73 94000 2.19
C2 150 24 500 83 54000 2.11
C2 150 24 1000 67 62000 2.32
C2 150 48 500 91 48000 2.20
C3 130 24 500 0 – –
C3 150 24 500 0 – –
C3 150 48 500 0 – –
C4 130 24 500 0 – –
C4 150 24 500 0 – –
C4 150 48 500 0 – –
C5 130 24 500 58 22000 2.51
C5 150 24 500 76 21000 2.37
C5 150 48 500 73 19000 2.48
C6 130 24 500 78 27000 2.07
C6 150 24 500 73 13000 1.99
C6 150 48 500 63 11000 2.26
C7 130 24 500 7 14000 2.73
C7 150 24 500 36 12000 2.36
C7 150 48 500 58 17000 1.96
C8 130 24 500 0 – –
C8 150 24 500 2 12000 2.00
C8 150 48 500 41 19000 2.14
C9 130 24 500 67 176 000 1.99
C9 150 24 500 92 162 000 2.05
C9 150 24 1000 80 154 000 2.25
C9 150 48 500 93 157 000 1.96
C10 130 24 500 95 106 000 1.91
C10 150 24 500 93 155 000 2.16
C10 150 24 1000 94 153 000 2.30
C10 150 48 500 93 102 000 2.06
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tion conditions are relevant. In most cases the lower temper-
ature of 130 8C leads to higher molecular masses but slightly
lower yields. Increasing the reaction time from 24 to 48 h
often does not improve the conversion, nor does it increase
the molecular weight of the obtained polymers. On the con-
trary, a decrease in yield and molecular weight can be ob-
served in several cases. We already reported this effect for
polymerisation experiments conducted with bis-guanidine
complexes,[17] which may be caused by side reactions such as
interchain or intrachain transesterification resulting in a
chain-transfer reaction.[36]

To exclude the possibility that the complexes decompose
in the polymer melt and the single components are the real
initiators in the ring-opening polymerisation of lactide, the
catalytic properties of the guanidine–pyridine hybrid ligands
L1–L4 and zinc salts ZnCl2, Zn ACHTUNGTRENNUNG(CH3COO)2 and Zn-ACHTUNGTRENNUNG(CF3SO3)2 were tested (Table 10). The catalytic activities of

the guanidine–pyridine hybrid ligands are markedly lower
than those of the examined complexes. In a different con-
text, guanidines have already been reported as effective or-
ganocatalysts for the ring-opening polymerisation of cyclic
esters.[37] Ligand L1 is almost inactive and L2–L4 reach an
average yield of only 35 % with molecular weights of
9000 g mol�1 at 1508C and 48 h polymerisation time; under
the other conditions they show no polymerisation activity at
all.

It is noteworthy that zinc chloride is inactive at 130 8C but
at 150 8C gives results that are comparable to or worse than
those of C1. Complex C2 always shows better polymeri-
sation activity than zinc chloride. On the other hand, the

catalytic performance of zinc acetate is higher than those of
all examined complexes containing zinc acetate. Interesting-
ly, zinc triflate shows no catalytic activity at all in the ROP
of lactide although the most active zinc complexes of guani-
dine–pyridine hybrid ligands contain this zinc salt. Neverthe-
less, all results show no indication that the complexes de-
compose in the polymer melt and that the single compo-
nents may be the true initiators in the ring-opening polymer-
isation of lactide.

The structural characteristics of the synthesised polymers
were studied by correlating their intrinsic viscosities with
the molecular weight M. For large polymers this is described
by the Mark–Houwink equation (1).[38]

½h� ¼ KMa ð1Þ

Figure 8 shows Mark–Houwink plots of selected PLAs ob-
tained by ROP with C1, C2, C5–C10, ZnCl2, ZnACHTUNGTRENNUNG(CH3COO)2,
Sn ACHTUNGTRENNUNG(Oct)2 and bis-guanidine complexes [Zn ACHTUNGTRENNUNG(DMEG2e)Cl2],

[Zn ACHTUNGTRENNUNG(DMEG2e)] ACHTUNGTRENNUNG[CH3COO]2 and [Zn ACHTUNGTRENNUNG(DMEG2e)2]-ACHTUNGTRENNUNG[CF3SO3]2.
[17] All plots show linear behaviour and the identi-

cal trends for all examined polymers indicate that the ob-
tained PLA samples are structurally homogeneous and
linear. Hence, the structure of the examined polymer is in-
dependent of the used initiator. The averaged values for the
Mark–Houwink constants of polymers obtained by using the
new ligands at 35 8C in THF were calculated to a= 0.59 and
K=0.067. These values agree with those published earlier
for PLAs obtained with bis-guanidine zinc complexes.[17]

Comparable values for different temperatures and solvents
have already been reported.[7,39]

Especially complexes C9 and C10 are highly active poly-
merisation catalysts in step with current industrial practice.
They tolerate air, moisture and impurities in lactide and are
soluble in organic solvents and molten lactide. The obtained
polymers have high molecular masses and a relatively
narrow molecular weight distribution. Intriguingly, the ROP

Table 10. Polymerisation of d,l-lactide initiated by L1–L4, ZnCl2, Zn-ACHTUNGTRENNUNG(CH3COO)2, Zn ACHTUNGTRENNUNG(CF3SO3)2 and SnOct2.

Initiator T [8C] t [h] M/I Yield [%] Mw [g mol�1] PDI

None 165 24 – 0 – –
L1 130 24 500 0 – –
L1 150 24 500 0 – –
L1 150 48 500 <1 – –
L2 130 24 500 0 – –
L2 150 24 500 0 – –
L2 150 48 500 26 9000 2.00
L3 130 24 500 0 – –
L3 150 24 500 0 – –
L3 150 48 500 47 9000 1.93
L4 130 24 500 0 – –
L4 150 24 500 0 – –
L4 150 48 500 32 9000 2.40
ZnCl2 130 24 500 0 – –
ZnCl2 150 24 500 42 34000 2.36
ZnCl2 150 48 500 85 45000 2.42
Zn ACHTUNGTRENNUNG(CH3COO)2 130 24 500 42 134 000 2.11
Zn ACHTUNGTRENNUNG(CH3COO)2 150 24 500 69 130 000 2.09
Zn ACHTUNGTRENNUNG(CH3COO)2 150 48 500 84 117 000 2.17
Zn ACHTUNGTRENNUNG(CF3SO3)2 130 24 500 0 – –
Zn ACHTUNGTRENNUNG(CF3SO3)2 150 24 500 0 – –
Zn ACHTUNGTRENNUNG(CF3SO3)2 150 48 500 0 – –
SnOct2 130 24 500 100 80000 1.91
SnOct2 150 24 500 98 47000 1.86
SnOct2 150 48 500 93 37000 2.01

Figure 8. Mark–Houwink plot of selected PLAs obtained by ROP with
zinc-based catalysts and stannous octoate. The calculated mean values of
a and K in THF at 35 8C are 0.588 and 0.0674, respectively.
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of lactide is catalysed without the presence of a co-initiator
such as alcohols.[2,6] Furthermore, no alkoxide groups are re-
quired to attack the carbonyl group of lactide. The enhanced
Lewis acidity of the zinc atoms is presumably the more im-
portant factor for the coordination and activation of lactide.

The reported class of zinc complexes offers a number of
advantages: straightforward catalyst synthesis, easy and
robust handling, high polymer yields and homogeneous
polymers with high molecular mass.

Conclusion

We have reported on the synthesis and complete characteri-
sation of the first examples of zinc complexes stabilised by
guanidine–pyridine hybrid ligands. They proved to be active
initiators in the ring-opening polymerisation of d,l-lactide
with only few exceptions. Polylactides with molecular
weights (Mw) up to 176 000 g mol�1 could be obtained. This
value represents a significant augmentation over bis-guani-
dine zinc complexes. These results corroborate our strategy
of building up N-donor ligands with different donor
strengths and substituents with varied steric demand. In
complexes with the same ligand the activity of the initiator
depends on the anionic component of the zinc salt. We
found that the zinc triflate complexes are excellent catalysts
for ROP of lactide. A possible explanation is that flexible
coordination of one triflate anion to the zinc centre facili-
tates pre-coordination of the lactide molecule, while the
higher positive charge at the zinc centre in comparison to
the tetrahedral complexes offers higher Lewis acidity for ac-
tivation of lactide. In addition, we could confirm the effect
observed for bis-guanidine zinc complexes that lower tem-
peratures allow side reactions to be avoided during polymer-
isation and thus give higher molecular masses. Moreover,

the Mark–Houwink correlation demonstrates that the poly-
mers obtained with the guanidine zinc complexes and the in-
dustrial standard SnOct2 are linear and structurally indistin-
guishable. With regard to sustainability, the zinc complexes
of guanidine–pyridine hybrid ligands have an advantageous
combination of properties: they are non-toxic, can be stored
in air without loss of activity and give PLAs with high Mw

values under industrially attractive conditions. This bundle
of properties makes the guanidine/zinc systems an excellent
and application-oriented class of catalysts for the ring-open-
ing polymerisation of lactide. Further investigations will
focus on the kinetics of the polymerisation process and a
mechanism of d,l-lactide activation and polymerisation.

Experimental Section

Materials and methods : All manipulations were performed under nitro-
gen (99.996%) dried with P4O10 granulate by using Schlenk techniques.
Solvents were purified according to literature procedures and kept under
nitrogen. Zinc chloride (99.99 %, Acros), zinc acetate (99.99 %, Acros),
zinc trifluoromethanesulfonate (98 %, Aldrich), stannous octoate (95 %,
Aldrich) and d,l-lactide (3,6-dimethyl-1,4-dioxane-2,5-dione, Aldrich)
were used as purchased. Guanidine–pyridine hybrid ligands L1–L4 were
prepared according to literature procedures.[26]

Physical measurements : Spectra were recorded on the following spec-
trometers: NMR: Bruker Avance 500. The NMR signals were calibrated
to the residual signals of the deuterated solvents (dH ACHTUNGTRENNUNG(CDCl3)=7.26 ppm,
dH ACHTUNGTRENNUNG(CD3CN)=1.94 ppm, dH ACHTUNGTRENNUNG(CD2Cl2)=5.32 ppm). The DPFGSE-NOE
spectra[40] were recorded with a mixing time of 0.5 s and Gaussian-shaped
pulses for selective excitation. The temperature ranged from 0 to �90 8C.
IR: Nicolet P510. MS (EI, 70 eV): Finnigan MAT 95; MS (CI, 100 8C, iso-
butane): Finnigan MAT 8200. Elemental analyses: Perkin-Elmer analysa-
tor type 2400. Microanalyses of C9 and C10 were performed at the Mik-
roanalytisches Labor, Ilse Beetz, Kronach, Germany.

Crystal structure analyses : Crystal data for C1–C10 are presented in
Tables 11 and 12. Data were collected on a Bruker-AXS SMART[41]

APEX CCD with MoKa radiation (l= 0.71073 �) and a graphite mono-
chromator. Data reduction and absorption correction were performed

Table 11. Crystallographic data for C1–C5.

C1 C2 C3 C4 C5

empirical formula C11H16Cl2N4Zn C11H18Cl2N4Zn C14H16Cl2N4Zn C14H18Cl2N4Zn C15H22N4O4Zn
formula weight 340.55 342.56 376.58 378.59 387.74
crystal system monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/c P21/n P21/c P21/c P1̄
a [�] 9.2042(5) 7.5199(10) 13.0695(5) 7.9147(3) 8.1756(4)
b [�] 7.5147(4) 11.8762(15) 8.9289(3) 14.5789(6) 14.9245(6)
c [�] 19.8308(12) 16.811(2) 14.6674(6) 14.1063(6) 14.9446(6)
a [8] 101.979(1)
b [8] 99.770(1) 93.763(3) 110.625(1) 100.883(1) 102.284(1)
g [8] 97.146(1)
V [�]3 1351.74(13) 1498.1(3) 1601.93(10) 1598.42(11) 1715.63(13)
Z 4 4 4 4 4
1calcd [g cm�3] 1.673 1.519 1.561 1.573 1.501
m [mm�1] 2.199 1.984 1.864 1.869 1.458
T [K] 120(2) 153(2) 120(2) 120(2) 120(2)
Vmax [8] 2.08 to 27.88 2.10 to 27.87 1.66 to 28.08 2.03 to 27.88 1.42 to 27.10
reflns collected 11344 12 963 13895 13946 14373
independent reflns 3217 3569 3875 3818 7501
R1 [I�2s(I)] 0.0218 0.0320 0.0226 0.0242 0.0308
wR2 (all data) 0.0571 0.0831 0.0599 0.0636 0.0846
largest diff. peak, hole [e��3] 0.455, �0.241 0.494, �0.279 0.391, �0.217 0.369, �0.262 0.386, �0.256
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with SAINT and SADABS.[41] The structures were solved by direct and
conventional Fourier methods, and all non-hydrogen atoms refined aniso-
tropically by full-matrix least-squares techniques based on F2

(SHELXTL[41]). Hydrogen atoms were derived from difference Fourier
maps and placed at idealised positions, riding on their parent C atoms,
with isotropic displacement parameters Uiso(H) =1.2Ueq(C) and 1.5Ueq-ACHTUNGTRENNUNG(Cmethyl). All methyl groups were allowed to rotate but not to tip. Struc-
tures of C5 and C10 exhibit two independent molecules per asymmetric
unit each. CCDC-699072 (C1), CCDC-699077 (C2), CCDC-699070 (C3),
CCDC-699071 (C4), CCDC-699075 (C5), CCDC-699076 (C6), CCDC-
699074 (C7), CCDC-699073 (C8), CCDC-699078 (C9) and CCDC-699079
(C10·THF) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif

Computational details : Density functional theory (DFT) calculations
were performed with the program suite Gaussian 03.[31] The geometries
of the complexes and ligands were optimised (Tables S1–S6 in the Sup-
porting Information) by using the B3LYP[42] hybrid DFT functional and
the 6-31g(d) and 6-31g+ (d) basis sets implemented in Gaussian on all
atoms. Tight conversion criteria were applied. The starting geometries of
complexes C1–C10 were generated from their crystal structures, whereas
the starting geometries of ligands L1–L4 were derived from their opti-
mised complexes.

Frequency calculations confirmed the stationary points to be minima.
Electronic energies for gas-phase optimised structures C5 a and C5 b
were computed by using the BLYP functional and a 6-311g(d) basis set
on the Zn, O and N atoms and a 6-31g(d) basis set on the remaining
atoms. The Mulliken charge of each atom was calculated by a Mulliken
population analysis.

Gel permeation chromatography : To obtain Mark–Houwink constants of
the PLA samples obtained by ROP with SnOct2 and the zinc complexes
of guanidine–pyridine hybrid ligands, GPC measurements were per-
formed on a Waters GPC 2000 instrument equipped with a precolumn
(10 mm) and a combination of three PSS-SDV columns (106, 105, 103 �).
The detection system included an integrated refractive index (RI) detec-
tor and an integrated viscosity detector H502B (Viscotek). All measure-
ments were performed at 35 8C with THF as eluent. The flow rate was
1 mL min�1. Sample concentrations were 2–3 g L�1. Molecular weight
analysis was based on a universal calibration, carried out with polysty-ACHTUNGTRENNUNGrene standards (Polymer Standard Service) in THF at 35 8C. Use of the
universal calibration gave absolute values for the molecular weight,
which are discussed as weight-average molar mass values Mw and as the

polydispersity index (PDI =Mw/Mn where Mn is the number-average
molar mass) which measures the width of the molecular weight distribu-
tion. The data are summarised in Table S7 (see the Supporting Informa-
tion).

The whole series of polymers was investigated with a different GPC set-
up: A combination of PSS SDV columns with porosities of 105 and 103 �
was used together with a HPLC pump (L6200, Merck Hitachi) and a re-
fractive index detector (Smartline RI Detector 2300, Knauer). THF was
used as mobile phase at a flow rate of 1 mL min�1. The instrument was
calibrated with standard polystyrene samples, for which the following
Mark–Houwink constants could be taken from the literature (KPS =

0.011 mL g�1, aPS = 0.725).[43] Hence, the obtained values for the molecular
weight and molecular weight distribution are polystyrene-analogous. To
obtain absolute values, KPLA =0.053 mL g�1, aPLA =0.610 were chosen
from Table S7 (see Supporting Information) as representative Mark–
Houwink constants for PLA. Combination of these two sets of data en-ACHTUNGTRENNUNGables equalisation[38] of the hydrodynamically effective volumes of PS
and PLA, Vh,PS and Vh,PLA, at any elution volume according to Equa-
tion (2)

Vh,PS ¼ KPSMaðPSÞM ¼ KPSMaðPSÞþ1 ¼ Vh,PLA ¼ KPLAMaðPLAÞþ1 ð2Þ

General synthesis of zinc complexes with guanidine–pyridine hybrid li-
gands : A solution of the ligand (1.1 mmol) in MeCN or THF was added
to a suspension of 1 mmol of (ZnCl2, Zn ACHTUNGTRENNUNG(CH3COO)2 or Zn ACHTUNGTRENNUNG(CF3SO3) in a
dry aprotic solvent (MeCN, THF), with stirring. The resulting reaction
mixture was stirred for 20 min. In the case of a clear solution (C5–C8,
C10), single crystals could be obtained by diffusion of diethyl ether or
diisopropyl ether. When the complex precipitated (C1–C4, C9), the reac-
tion mixture was slowly heated under reflux to give a clear solution.
Crystals could be obtained by slowly cooling to room temperature.

[Zn ACHTUNGTRENNUNG(DMEGpy)Cl2] (C1) Colourless crystals (0.32 g, 94%); m.p. 258 8C;
1H NMR (500 MHz, CD3CN, 25 8C): d= 3.09 (s, 6 H; CH3), 3.50 (s, 4 H;
CH2), 4.89 (s, 2H; CH2), 7.56 (m, 2 H; 2CH), 8.04 (m, 1 H; CH),
8.55 ppm (m, 1 H; CH); 13C NMR (125 MHz, CD3CN, 25 8C): d =37.5
(CH3), 50.5 (CH2), 52.2 (CH2), 123.7 (CH), 125.0 (CH), 141.3 (CH), 147.7
(CH), 158.9 (C), 164.7 (Cgua); IR (KBr): ñ= 2935 m (n ACHTUNGTRENNUNG(C�Haliph)), 2870 m
(n ACHTUNGTRENNUNG(C�Haliph)), 1610 m, 1587 vs (n ACHTUNGTRENNUNG(C=N)), 1570 s, 1514 m, 1489 m, 1458 m,
1441 m, 1412 m, 1388 m, 1369 m, 1300 m, 1284 m, 1215 w, 1157 vw, 1107
vw, 1088 vw, 1045 m, 1026 w, 970 vw, 793 m, 762 m, 725 m, 714 w, 646 w,
577 vw, 474 vw, 415 cm�1 w; EIMS: m/z (%, assignment): 339 (2, [M+]),

Table 12. Crystallographic data for C6–C10.

C6 C7 C8 C9 C10·THF

empirical formula C15H24N4O4Zn C18H22N4O4Zn C18H24N4O4Zn C30H32F6N8O6S2Zn C34H44F6N8O7S2Zn
formula weight 389.75 423.77 425.78 844.13 920.26
crystal system triclinic monoclinic monoclinic monoclinic orthorhombic
space group P1 P21/c P21/c P21/n Pca21

a [�] 8.1208(12) 16.0992(7) 15.4699(6) 15.4611(19) 18.2063(17)
b [�] 8.1387(12) 8.4523(4) 7.9664(3) 13.7377(17) 14.7468(13)
c [�] 8.3914(13) 14.1361(6) 17.1668(7) 16.910(2) 29.956(3)
a [8] 72.865(3)
b [8] 65.409(3) 109.804(1) 115.422(1) 98.624(3)
g [8] 62.144(3)
V [�3] 442.40(12) 1809.81(14) 1910.77(13) 3551.1(8) 8042.7(13)
Z 1 4 4 4 8
1calcd [g cm�3] 1.463 1.555 1.480 1.579 1.520
m [mm�1] 1.414 1.390 1.317 0.895 0.799
temperature [K] 120(2) 120(2) 120(2) 120(2) 120(2)
Vmax [8] 2.69 to 26.37 1.34 to 27.88 1.46 to 27.88 1.66 to 27.88 1.36 to 27.88
reflns collected 3403 15 384 16261 30999 69596
independent reflns 2794 4304 4531 8471 18098
R1 [I�2s(I)] 0.0263 0.0282 0.0267 0.0622 0.0471
wR2 (all data) 0.0633 0.0791 0.0749 0.1712 0.1126
largest diff. peak, hole [e��3] 0.319, �0.293 0.468, �0.340 0.390, �0.225 1.197, �1.079 0.535, �0.390
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304 (10, [M+�35Cl]), 302 (8, [M+�37Cl]), 204 (89, [M+�ZnCl2]), 126
(100, [M+�C5H4N�ZnCl2]), 112 (32, [M+�C6H6N�ZnCl2]), 92 (18,
[C6H6N

+]), 56 (14); elemental analysis calcd (%) for C11H16N4ZnCl2: C
38.76, H 4.70, N 16.44; found: C 39.76, H 4.70, N 16.44.

[Zn ACHTUNGTRENNUNG(TMGpy)Cl2] (C2): Colourless crystals (0.22 g, 64%); m.p. 190 8C;
1H NMR (500 MHz, CD3CN, 25 8C): d= 2.77 (s, 6 H; CH3), 2.98 (s, 6 H;
CH3), 4.59 (s, 2H; CH2), 7.54 (m, 2 H; 2 CH), 8.03 (m, 1H; CH),
8.50 ppm (m, 1 H; CH); 13C NMR (125 MHz, CD3CN, 25 8C): d =39.1
(CH3), 51.8 (CH2), 122.8 (CH), 123.9 (CH), 140.1 (CH), 147.0 (CH),
158.6 (C), 166.1 (Cgua); IR (KBr): ñ= 3302 vw (n ACHTUNGTRENNUNG(C�Harom)), 3122 vw (n-ACHTUNGTRENNUNG(C�Harom)), 2993 vw (n ACHTUNGTRENNUNG(C�Haliph)), 2945 w (n ACHTUNGTRENNUNG(C�Haliph)), 2891 w (n ACHTUNGTRENNUNG(C�
Haliph)), 2844 vw (n ACHTUNGTRENNUNG(C�Haliph)), 2796 vw (n ACHTUNGTRENNUNG(C�Haliph)), 1608 m (n ACHTUNGTRENNUNG(C=N)),
1574 s (n ACHTUNGTRENNUNG(C=N)), 1558 vs (n ACHTUNGTRENNUNG(C=N)), 1537 s (n ACHTUNGTRENNUNG(C=N)), 1483 m, 1473 m,
1441 m, 1425 m, 1410 m, 1396 m, 1356 m, 1286 m, 1238 m, 1221 w, 1163
m, 1140 m, 1105 w, 1078 w, 1063 w, 1053 w, 1026 m, 978 vw, 906 m, 839 w,
773 m, 760 m, 715 w, 650 w, 623 w, 594 w, 553 cm�1 vw; EIMS: m/z (%,
assignment): 342 (4, [M+]), 307 (2, [M+�35Cl]), 305 (4, [M+�37Cl]), 249
(73), 224 (80), 206 (35, [M+�ZnCl2]), 162 (23, [M+�ZnCl2�N ACHTUNGTRENNUNG(CH3)2]),
147 (15, [M+�ZnCl2�N ACHTUNGTRENNUNG(CH3)2�CH3]), 126 (73, [CH2NC{N ACHTUNGTRENNUNG(CH3)2}2

+

�2H]), 121 (36), 119 (100, [M+�ZnCl2�2N ACHTUNGTRENNUNG(CH3)2+H]), 108 (95, [M+

�ZnCl2�C{N ACHTUNGTRENNUNG(CH3)2}2+2H]), 107 (89, [M+�ZnCl2�C{N ACHTUNGTRENNUNG(CH3)2}2+H]), 92
(53, [M+�ZnCl2�NC{N ACHTUNGTRENNUNG(CH3)2}2]), 87 (51), 85 (39, [CH2NC(N ACHTUNGTRENNUNG(CH3)2)

+

+H]), 80 (96, [C5NH4
++2 H]), 79 (90, [C5NH4

++H]), 71 (38, [NCN-ACHTUNGTRENNUNG(CH3)2
++H]), 58 (78, [C(N ACHTUNGTRENNUNG(CH3)2)

++2 H]), 52 (71); elemental analysis
calcd (%) for C11H18N4ZnCl2: C 38.53, H 5.25, N 16.35; found: C 38.77,
H 5.20, N 15.90.

[Zn ACHTUNGTRENNUNG(DMEGqu)Cl2] (C3): Yellow crystals (0.36 g, 96%); m.p. 281 8C;
1H NMR (500 MHz, CD3CN, 25 8C): d=2.90 (s, 6H; CH3), 3.70 (m, 4 H;
CH2), 7.17 (dd, 1H; CH, 3J=7.7, 4J=1.1 Hz), 7.52 (dd, 1 H; CH, 3J =8.1,
4J=1.1 Hz), 7.62 (dd, 1H; CH, 3J =8.1, 3J=7.7 Hz), 7.74 (dd, 1H; CH,
3J=8.4, 3J =4.6 Hz), 8.57 (dd, 1 H; CH, 3J=8.4, 4J =1.5 Hz), 8.81 ppm
(dd, 1 H; CH, 3J =4.6, 4J=1.5 Hz); 13C NMR (125 MHz, CD3CN, 25 8C):
d=34.9 (CH3), 48.2 (CH2), 117.7 (CH), 118.5 (CH), 122.5 (CH), 128.7
(CH), 129.6 (C), 138.3 (C), 140.3 (CH), 142.8 (C), 147.7 (CH), 164.7 ppm
(Cgua); IR (KBr): ñ =3039 w (n ACHTUNGTRENNUNG(C�Harom)), 2976 w (n ACHTUNGTRENNUNG(C�Haliph)), 2945 w
(n ACHTUNGTRENNUNG(C�Haliph)), 2926 w (n ACHTUNGTRENNUNG(C�Haliph)), 2877 w (n ACHTUNGTRENNUNG(C�Haliph)), 1556 vs (n ACHTUNGTRENNUNG(C=

N)), 1500 s, 1469 m, 1415 m, 1410 m, 1394 m, 1383 m, 1325 m, 1284 m,
1236 w, 1200 vw, 1167 vw, 1138 vw, 1103 w, 1078 vw, 1045 vw, 1026 m, 978
w, 912 vw, 829 w, 816 w, 781 m, 760 w, 698 vw, 663 vw, 636 w, 611 vw, 579
w, 536 vw, 472 cm�1 vw; EIMS: m/z (%, assignment): 380 (2, [M+]:
C14H16N4

37Cl2
66Zn, C14H16N4

35Cl37Cl68Zn), 379 (1, [M+]:
C13

13CH16N4
35Cl37Cl66Zn, C14H16N4

35Cl37Cl67Zn, C13
13CH16N4

35Cl2
68Zn), 378

(5, [M+]: C14H16N4
35Cl2

68Zn), 377 (1, [M+]: C14H16N4
37Cl2

64Zn,
C14H16N4

35Cl37Cl66Zn), 376 (6, [M+]: C14H16N4
35Cl2

66Zn,
C14H16N4

35Cl37Cl64Zn), 375 (1, [M+]: C13
13CH16N4

35Cl2
64Zn), 374 (5, [M]+ :

C14H16N4
35Cl2

64Zn), 341 (28, [M+�35Cl]), 339 (34, [M+�37Cl]), 240 (100,
[M+�ZnCl2]), 197 (11, [M+� ACHTUNGTRENNUNG(CH3)NCH2�ZnCl2]), 183 (36, [M+

�C3H7N�ZnCl2]), 155 (70, [M+�CH3NCH2CH2NCH3�ZnCl2+H]), 144
(39, [M+�C5H10N2�ZnCl2]), 129 (50, [C9H6N

++H]), 98 (90, [C5H10N2
+]),

69 (23); elemental analysis calcd (%) for C14H16N4ZnCl2: C 44.60, H 4.25,
N 14.87; found: C 44.72, H 4.17, N 14.87.

[Zn ACHTUNGTRENNUNG(TMGqu)Cl2](C4) Yellow crystals (0.33 g, 87%); m.p. 292 8C;
1H NMR (500 MHz, CD3CN, 25 8C): d= 2.82 (s, 6 H; CH3), 3.05 (s, 6 H;
CH3), 7.03 (dd, 1H; CH, 3J=7.5, 4J=1.2 Hz), 7.61 (dd, 1 H; CH, 3J =8.2,
4J=1.2 Hz), 7.67 (dd, 1H; CH, 3J =8.2, 3J=7.5 Hz), 7.75 (dd, 1H; CH,
3J=8.4, 3J =4.6 Hz), 8.58 (dd, 1 H; CH, 3J=8.4, 4J =1.5 Hz), 8.82 ppm
(dd, 1 H; CH, 3J =4.6, 4J=1.5 Hz); 13C NMR (125 MHz, CD3CN, 25 8C):
d=39.9 (CH3), 117.9 (CH), 119.6 (CH), 122.6 (CH), 128.9 (CH), 129.5
(C), 138.8 (C), 140.2 (CH), 143.2 (C), 148.1 (CH), 165.5 ppm (Cgua); IR
(KBr): ñ=3041 w (n ACHTUNGTRENNUNG(C�Harom)), 3018 w (n ACHTUNGTRENNUNG(C�Harom)), 3008 w (n ACHTUNGTRENNUNG(C�
Harom)), 2951 w (nACHTUNGTRENNUNG(C�Haliph)), 2933 w (n ACHTUNGTRENNUNG(C�Haliph)), 2895 w (n ACHTUNGTRENNUNG(C�Haliph)),
1560 s (n ACHTUNGTRENNUNG(C=N)), 1525 vs (n ACHTUNGTRENNUNG(C=N)), 1500 s, 1466 s, 1442 m, 1417 s, 1387 s,
1336 m, 1273 w, 1236 m, 1163 m, 1140 w, 1103 w, 1065 w, 1018 m, 926 vw,
831 m, 818 m, 806 w, 785 m, 756 m, 704 w, 656 vw, 631 w, 582 vw, 542 vw,
478 vw, 438 cm�1 vw; EIMS: m/z (%, assignment): 382 (3, [M+]:
C14H18N4

37Cl2
66Zn, C14H18N4

35Cl37Cl68Zn), 381 (2, [M+]:
C13

13CH18N4
35Cl37Cl66Zn, C14H18N4

35Cl37Cl67Zn, C13
13CH18N4

35Cl2
68Zn), 380

(6, [M+]: C14H18N4
35Cl37Cl66Zn, C14H18N4

37Cl2
64Zn, C14H18N4

35Cl2
68Zn), 379

(2, [M+]: C14H18N4
35Cl2

67Zn, C13
13CH18N4

35Cl2
66Zn,

C13
13CH18N4

35Cl37Cl64Zn), 378 (8, [M+]: C14H18N4
35Cl2

66Zn,
C14H18N4

35Cl37Cl64Zn), 377 (1, [M+]: C13
13CH18N4

35Cl2
64Zn), 376 (6, [M+]:

C14H18N4
35Cl2

64Zn), 343 (39, {M+�35Cl]), 341 (47, [M+�37Cl]), 282 (17),
242 (38, [M+�ZnCl2]), 198 (92, [M+�N ACHTUNGTRENNUNG(CH3)2�ZnCl2]), 171 (91), 155
(95), 144 (66, [M+�C{N ACHTUNGTRENNUNG(CH3)2}2�ZnCl2]), 128 (54, [M+�C(N)(N-ACHTUNGTRENNUNG(CH3)2)2�ZnCl2]), 114 (9, [C(N)(N ACHTUNGTRENNUNG(CH3)2)2

+]), 100 (100, [C{N ACHTUNGTRENNUNG(CH3)2}2
+

]), 85 (37); elemental analysis calcd (%) for C14H18N4ZnCl2: C 44.36, H
4.75, N 14.79; found: C 44.68, H 4.82, N 14.77.

[Zn ACHTUNGTRENNUNG(DMEGpy)ACHTUNGTRENNUNG(CH3COO)2] (C5): Colourless crystals (0.37 g, 96%); m.p.
133 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d =1.86 (s, 6H; CH3), 2.98
(s, 6H; CH3), 3.45 (s, 4H; CH2), 4.82 (s, 2H; CH2), 7.48 (m, 2H; 2 CH),
7.97 (m, 1H; CH), 8.76 ppm (m, 1H; CH); 13C NMR (125 MHz, CD3CN,
25 8C): d =21.8 (CH3), 35.8 (CH3), 49.4 (CH2), 51.2 (CH2), 122.1 (CH),
123.2 (CH), 139.6 (CH), 148.0 (CH), 158.5 (C), 165.0 (Cgua), 177.2 ppm
(Cac); IR (KBr): ñ=3072 vw (n ACHTUNGTRENNUNG(C�Harom)), 3033 vw (n ACHTUNGTRENNUNG(C�Harom)), 2960 w
(n ACHTUNGTRENNUNG(C�Haliph)), 2910 m (n ACHTUNGTRENNUNG(C�Haliph)), 2873 m (n ACHTUNGTRENNUNG(C�Haliph)), 1616 vs, 1591 vs
(n ACHTUNGTRENNUNG(C=N)), 1518 m, 1493 m, 1437 m, 1412 m, 1379 s, 1327 m, 1302 m, 1290
m, 1215 w, 1163 vw, 1082 vw, 1057 w, 1041 w, 1007 w, 970 vw, 924 vw, 895
vw, 795 w, 768 m, 725 w, 675 m, 619 vw, 580 cm�1 vw; EIMS: m/z (%, as-
signment): 386 (19, [M+]), 345 (3), 288 (6, [M+�C5H10N2]), 257 (9, [M+

�CH3NCH2CH2�CH3COO+H]), 204 (79, [M+�ZnACHTUNGTRENNUNG(CH3COO)2]), 132
(13), 126 (100, [M+�Zn ACHTUNGTRENNUNG(CH3COO)2�C5H4N]), 112 (31, [C5H10N2

+]), 98
(7, [C5H10N2

+]), 92 (28, [C6H6N
+]), 78 (11, [C5H4N

+]), 69 (21, [C3H5N2
+

]), 56 (28, [CH3NCH2CH2
+�H]); elemental analysis calcd (%) for

C15H22N4O4Zn: C 46.42, H 5.67, N 14.44; found: C 46.14, H 5.43, N 14.17.

[Zn ACHTUNGTRENNUNG(TMGpy) ACHTUNGTRENNUNG(CH3COO)2] (C6) Colourless crystals (0.30 g, 76%); m.p.
160 8C; 1H NMR (500 MHz, CDCl3, 25 8C): d=1.99 (s, 6 H; CH3), 2.79 (s,
6H; CH3), 2.94 (s, 6H; CH3), 4.56 (s, 2H; CH2), 7.29 (m, 1 H; CH), 7.34
(t, 1H; CH, 3J=5.6, 3J =6.3 Hz), 7.79 (t, 1 H; CH, 3J =7.0, 3J =7.5 Hz),
8.78 ppm (m, 1 H; CH); 13C NMR (125 MHz, CDCl3, 25 8C): d=22.7
(CH3), 39.3 (CH3), 39.8 (CH3), 52.5 (CH2), 122.6 (CH), 123.2 (CH), 138.9
(CH), 148.6 (CH), 158.1 (C), 165.8 (Cgua), 178.9 ppm (Cac); IR (KBr): ñ=

3068 w (n ACHTUNGTRENNUNG(C�Harom)), 3024 w (n ACHTUNGTRENNUNG(C�Harom)), 2995 w (n ACHTUNGTRENNUNG(C�Haliph)), 2941 w
(n ACHTUNGTRENNUNG(C�Haliph)), 2902 w (n ACHTUNGTRENNUNG(C�Haliph)), 2893 w (n ACHTUNGTRENNUNG(C�Haliph)), 2862 w (n ACHTUNGTRENNUNG(C�
Haliph)), 2833 w (nACHTUNGTRENNUNG(C�Haliph)), 1618 s, 1608 s, 1593 m, 1574 s, 1560 vs (n ACHTUNGTRENNUNG(C=

N)), 1541 m, 1489 m, 1473 m, 1441 m, 1427 m, 1396 s, 1354 m, 1327 m,
1296 m, 1254 w, 1236 w, 1165 w, 1147 w, 1109 vw, 1078 w, 1057 w, 1026 w,
987 vw, 918 vw, 908 w, 833 vw, 779 w, 769 vw, 742 vw, 717 vw, 675 m, 650
w, 617 w, 594 cm�1 w; EIMS: m/z (%, assignment): 388 (36, [M+]), 329
(9, [M+�CH3COO]), 206 (81, [M+�Zn ACHTUNGTRENNUNG(CH3COO)2]), 162 (88, [M+�Zn-ACHTUNGTRENNUNG(CH3COO)2�N ACHTUNGTRENNUNG(CH3)2)], 147 (69, [M+�Zn ACHTUNGTRENNUNG(CH3COO)2�N ACHTUNGTRENNUNG(CH3)2�CH3]),
93 (90, [M+�ZnACHTUNGTRENNUNG(CH3COO)2�NC{N ACHTUNGTRENNUNG(CH3)2}2+H]), 92 (100, [M+�Zn-ACHTUNGTRENNUNG(CH3COO)2�NC{N ACHTUNGTRENNUNG(CH3)2}2]), 85 (86, [CH2NC(N ACHTUNGTRENNUNG(CH3)2)

++2H]), 65
(77); elemental analysis calcd (%) for C15H24N4O4Zn: C 46.18, H 6.16, N
14.37; found: C 46.23, H 6.25, N 14.30.

[Zn ACHTUNGTRENNUNG(DMEGqu) ACHTUNGTRENNUNG(CH3COO)2] (C7): Yellow crystals (0.42 g, 99%); m.p.
197 8 ; 1H NMR (500 MHz, CD3CN, 25 8C): d =1.86 (s, 6H; CH3), 2.82 (s,
6H; CH3), 3.61 (m, 2H; CH2), 3.75 (m, 2H; CH2), 7.03 (dd, 1H; CH,
3J=7.7, 4J =1.1 Hz), 7.42 (dd, 1 H; CH, 3J =8.2, 4J =1.1 Hz), 7.55 (dd,
1H; CH, 3J=8.2, 3J =7.7 Hz), 7.68 (dd, 1 H; CH, 3J=8.3, 3J =4.6 Hz),
8.48 (dd, 1H; CH, 3J =8.3, 4J=1.6 Hz), 8.96 ppm (dd, 1H; CH, 3J =4.6,
4J=1.6 Hz); 13C NMR (125 MHz, CD3CN, 25 8C): d=21.4 (CH3), 34.1
(CH3), 48.0 (CH2), 116.1 (CH), 117.3 (CH), 122.1 (CH), 128.4 (CH),
129.4 (C), 138.3 (C), 139.6 (CH), 143.7 (C), 148.3 (CH), 164.9 (Cgua),
178.0 ppm (Cac); IR (KBr): ñ= 3060 w (n ACHTUNGTRENNUNG(C�Harom)), 3043 w (n ACHTUNGTRENNUNG(C�
Harom)), 2987 w (nACHTUNGTRENNUNG(C�Haliph)), 2960 w (n ACHTUNGTRENNUNG(C�Haliph)), 2929 w (n ACHTUNGTRENNUNG(C�Haliph)),
2891 w (n ACHTUNGTRENNUNG(C�Haliph)), 1576 vs (n ACHTUNGTRENNUNG(C=N)), 1568 vs (n ACHTUNGTRENNUNG(C=N)), 1502 s, 1483
m, 1466 m, 1417 s, 1392 vs, 1327 m, 1300 m, 1240 m, 1209 w, 1173 vw,
1134 vw, 1103 w, 1043 w, 1026 m, 978 w, 930 vw, 910 vw, 820 m, 806 m,
785 m, 773 w, 756 w, 673 m, 640 w, 617 w, 580 w, 534 cm�1 w; EIMS: m/z
(%, assignment): 424 (2, [M++H]), 394 (3, [M+�2 CH3]), 389 (24), 387
(19), 365 (5), 341 (2), 287 (2), 256 (9), 240 (100, [M+�ZnACHTUNGTRENNUNG(CH3COO)2]),
198 (18, [M+�ACHTUNGTRENNUNG(CH3)NCH2�ZnACHTUNGTRENNUNG(CH3COO)2+H]), 183 (12, [M+

�C3H7N�ZnACHTUNGTRENNUNG(CH3COO)2]), 155 (39, [M+�CH3NCH2CH2NCH3�Zn-ACHTUNGTRENNUNG(CH3COO)2+H]), 144 (13, [M+�C5H10N2�ZnACHTUNGTRENNUNG(CH3COO)2]), 129 (21,
[C9H6N

++H]), 98 (27, [C5H10N2]
+), 60 (8, [CH3COO�+H]); elemental
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analysis calcd (%) for C18H22N4O4Zn: C 50.97, H 5.19, N 13.21; found: C
51.01, H 5.21, N 13.02.

[Zn ACHTUNGTRENNUNG(TMGqu) ACHTUNGTRENNUNG(CH3COO)2] (C8): Yellow crystals (0.42 g, 99%); m.p.
204 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d =1.86 (s, 6H; CH3), 2.76
(s, 6 H; CH3), 3.01 (s, 6H; CH3), 6.88 (dd, 1 H; CH, 3J=7.6, 4J =1.2 Hz),
7.51 (dd, 1H; CH, 3J =8.2, 4J =1.2 Hz), 7.59 (dd, 1 H; CH, 3J=8.2, 3J=

7.6 Hz), 7.68 (dd, 1 H; CH, 3J =8.4, 3J=4.6 Hz), 8.49 (dd, 1H; CH, 3J =

8.4, 4J =1.6 Hz), 8.95 ppm (dd, 1 H; CH, 3J= 4.6, 4J=1.6 Hz); 13C NMR
(125 MHz, CD3CN, 25 8C): d =21.3 (CH3), 38.8 (CH3), 40.2 (CH3), 116.5
(CH), 118.6 (CH), 122.2 (CH), 128.5 (CH), 129.2 (C), 138.7 (C), 139.4
(CH), 144.1 (C), 148.6 (CH), 165.8 (Cgua), 178.1 ppm (Cac); IR (KBr): ñ=

3064 w (n ACHTUNGTRENNUNG(C�Harom)), 3012 w (n ACHTUNGTRENNUNG(C�Harom)), 2968 m (n ACHTUNGTRENNUNG(C�Haliph)), 2929 m
(n ACHTUNGTRENNUNG(C�Haliph)), 2897 w (nACHTUNGTRENNUNG(C�Haliph)), 1616 vs (n ACHTUNGTRENNUNG(C=N)), 1597 s (n ACHTUNGTRENNUNG(C=N)),
1570 s (n ACHTUNGTRENNUNG(C=N)), 1523 vs, 1500 s, 1468 m, 1556 m, 1412 s, 1387 vs, 1329 s,
1275 m, 1232 m, 1165 m, 1140 w, 1128 w, 1101 w, 1066 w, 1056 w, 1041 w,
1018 m, 951 vw, 922 w, 903 vw, 876 vw, 835 m, 816 m, 787 m, 758 w, 742
m, 702 w, 675 m, 617 w, 579 vw, 544 cm�1 vw; CIMS (m/z, assignment):
424 (0.5, [M+�H]), 365 (0.5, [M+�CH3COO]), 300 (4), 299 (17), 257
(29), 243 (100, [M+�ZnACHTUNGTRENNUNG(CH3COO)2+H]), 242 (99, [M+�Zn-ACHTUNGTRENNUNG(CH3COO)2]), 201 (5), 198 (4, [M+�Zn ACHTUNGTRENNUNG(CH3COO)2�N ACHTUNGTRENNUNG(CH3)2]), 143 (1,
[M+�Zn ACHTUNGTRENNUNG(CH3COO)2�C{N ACHTUNGTRENNUNG(CH3)2}2+H]), 57 (90); elemental analysis
calcd (%) for C18H24N4O4Zn: C 50.73, H 5.64, N 13.15; found: C 50.89, H
5.60, N 12.83.

[Zn ACHTUNGTRENNUNG(DMEGqu)2ACHTUNGTRENNUNG(CF3SO3)] ACHTUNGTRENNUNG[CF3SO3] (C9): Yellow crystals (0.31 g, 73 %);
m.p. 234 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d=2.56 (s, 12H; CH3),
3.48 (s, 4 H; CH2), 3.72 (s, 4H; CH2), 7.16 (dd, 2H; CH, 3J =7.7, 4J=

1.1 Hz), 7.60 (dd, 2 H; CH, 3J =8.2, 4J=1.1 Hz), 7.68 (dd, 2H; CH, 3J =

8.2, 3J =7.7 Hz), 7.85 (dd, 2H; CH, 3J =8.3, 3J =4.7 Hz), 8.69 (dd, 2H;
CH, 3J =8.3, 4J=1.5 Hz), 8.78 ppm (dd, 2H; CH, 3J =4.7, 4J =1.5 Hz);
13C NMR (125 MHz, CD3CN, 25 8C): d=33.9 (CH3), 47.5 (CH2), 116.2
(CH), 118.2 (CH), 122.2 (Ctf), 122.4 (CH), 128.9 (CH), 129.7 (C), 137.7
(C), 141.0 (CH), 142.1 (C), 148.1 (CH), 164.4 ppm (Cgua); IR (KBr): ñ=

3057 vw (n ACHTUNGTRENNUNG(C�Harom)), 2960 vw (n ACHTUNGTRENNUNG(C�Haliph)), 2935 vw (n ACHTUNGTRENNUNG(C�Haliph)), 2889
w (n ACHTUNGTRENNUNG(C�Haliph)), 1597 m (n ACHTUNGTRENNUNG(C=N)), 1558 s (n ACHTUNGTRENNUNG(C=N)), 1504 m, 1468 m,
1419 m, 1396 m, 1327 m, 1302 m, 1267 vs, 1232 m, 1225 m, 1174 m, 1155
m, 1103 w, 1032 s, 1024 s, 976 w, 912 vw, 827 m, 806 w, 789 m, 771 w, 756
w, 692 w, 636 m, 582 w, 573 w, 536 vw, 517 cm�1 w; EIMS: m/z (%, assign-
ment): 693 (1, [M+�CF3SO3]), 602 (6), 453 (27, [M+

�CF3SO3�C14H16N4]), 240 (100, [C14H16N4]
+), 183 (20, [C14H16N4

+

�CH3NCH2CH2]), 169 (18), 155 (63, [C10H6N2
++H]), 142 (19, [C14H16N4

+

�C5H10N2]), 129 (33, [C9H6N2
++H]), 98 (75, [C5H10N2]

+); elemental
analysis calcd (%) for C30H32N8O6F6S2Zn: C 42.58, H 3.78, N 13.25;
found: C 42.66, H 3.89, N 13.17.

[Zn ACHTUNGTRENNUNG(TMGqu)2 ACHTUNGTRENNUNG(CF3SO3)]ACHTUNGTRENNUNG[CF3SO3] (C10) Yellow crystals (0.46 g, 99%);
m.p. 225 8C; 1H NMR (500 MHz, CD3CN, 25 8C): d=2.47 (s, 12H; CH3),
2.76 (s, 6 H; CH3), 3.07 (s, 6H; CH3), 7.02 (dd, 2H; CH, 3J =7.5, 4J=

1.3 Hz), 7.71 (dd, 2 H; CH, 3J =8.2, 4J=1.3 Hz), 7.75 (dd, 2H; CH, 3J =

8.2, 3J =7.5 Hz), 7.87 (dd, 2H; CH, 3J =8.4, 3J =4.7 Hz), 8.72 (dd, 2H;
CH, 3J =8.4, 4J=1.5 Hz), 8.75 ppm (dd, 2H; CH, 3J =4.7, 4J =1.5 Hz);
13C NMR (125 MHz, CD3CN, 25 8C): d=39.3 (CH3), 39.7 (CH3), 40.8
CH3), 116.8 (CH), 119.6 (CH), 122.2 (Ctf), 122.7 (CH), 129.2 (CH), 129.6
(C), 137.8 (C), 140.9 (CH), 142.3 (C), 148.7 (CH), 165.3 ppm (Cgua); IR
(KBr): ñ=3086 w (n ACHTUNGTRENNUNG(C�Harom)), 3057 w (n ACHTUNGTRENNUNG(C�Harom)), 3012 w (n ACHTUNGTRENNUNG(C�
Harom)), 2941 m (n ACHTUNGTRENNUNG(C�Haliph)), 2875 m (n ACHTUNGTRENNUNG(C�Haliph)), 2808 w (n ACHTUNGTRENNUNG(C�Haliph)),
1574 s (n ACHTUNGTRENNUNG(C=N)), 1523 vs (n ACHTUNGTRENNUNG(C=N)), 1502 s, 1468 s, 1425 s, 1406 s, 1387 s,
1333 s, 1275 vs, 1261 vs, 1161 s, 1103 m, 1061 m, 1030 vs, 920 w, 901 w,
839 m, 806 m, 793 m, 760 m, 702 m, 638 s, 573 m, 542 m, 517 cm�1 m;
EIMS: m/z (%, assignment): 847 (1, [M+]), 697 (1, [M+�CF3SO3]), 604
(8), 455 (34, [M+�CF3SO3�C14H18N4]), 329 (2), 325 (6), 266 (3), 242
(100, [M+�ZnACHTUNGTRENNUNG(CF3SO3)2]), 198 (70, [M+�Zn ACHTUNGTRENNUNG(CF3SO3)2�N ACHTUNGTRENNUNG(CH3)2]), 184
(19), 171 (48), 155 (53), 142 (11, [M+�Zn ACHTUNGTRENNUNG(CF3SO3)2�C{N ACHTUNGTRENNUNG(CH3)2}2]), 128
(14, [M+�ZnACHTUNGTRENNUNG(CF3SO3)2�C(N)(N ACHTUNGTRENNUNG(CH3)2)2]), 100 (43, [C{N ACHTUNGTRENNUNG(CH3)2}2]

+); el-
emental analysis calcd (%) for C30H36N8O6F6S2Zn: C 42.38, H 4.24, N
13.18; found: C 42.41, H 4.54, N 13.14.

General procedure for lactide polymerisation : d,l-Lactide (3.603 g,
25 mmol) and the initiator (I/M ratio 1/500 or 1/1000) were weighed into
a 50 mL Erlenmeyer flask, which was closed with a glass stopper. The re-
action vessel was then heated at 130 or 150 8C. After the reaction time

the polymer melt was allowed to cool to room temperature and then dis-
solved in 25 mL of dichloromethane. The PLA was precipitated in
350 mL of ice-cooled ethanol und dried under vacuum at 50 8C.
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