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Schiff base ligands (L1H-L8H) have been prepared and com-
plexed to Zn" centres. All eight complexes have been charac-
terised by single-crystal X-ray diffraction methods, multinu-
clear NMR spectroscopy and elemental analysis. It was
shown that for L1H and L2H trimetallic complexes of the
form Zn3(OAc)4(L1-2), were isolated. However, for L3H to
L7H monometallic complexes were formed, Zn(L3-7),. For
L8H a trimetallic complex was also isolated with the same
stoichiometry as Znz(OAc),(L1-2), but a different coordina-
tion motif was detected. The Schiff base ligand L1H was an-

chored to silica and treated with Zn(OAc),-2H,0 to form the
heterogeneous Zn'" system. This was characterised by
3C{H} CP/MAS NMR spectroscopy. All homogeneous and
heterogeneous catalysts were assessed for the ring-opening
polymerisation of rac-lactide at 130 °C in the absence of sol-
vent, using unsublimed monomer. All catalysts offered good
conversions and a moderate degree of control.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Currently, there is a compelling argument for the pro-
duction of commodity chemicals from naturally occurring
sustainable resources.'! One example is the production of
polylactide (PLA) as an alternative to traditional petro-
chemical-based polymers.”] PLA is typically prepared by
the ring-opening polymerisation (ROP) of the cyclic mono-
mer rac-LA (rac-lactide). In recent years, tremendous effort
has yielded much progress in this area. Typical examples
of active metal centres are group 3 and group 4 metals,
aluminium, lanthanides and alkaline earth metals.>*'3! Zinc
complexes have been shown to be extremely active for the
ROP of rac-LAI"'=24 and for the copolymerisation of CO,
and epoxides to form polycarbonates.[>’]

A main aim of this study is to prepare a range of Zn'!
Schiff base complexes and screen them for the ROP of un-
sublimed rac-LA. The majority of initiators in the literature
are air- and moisture-sensitive and are not stable to small
impurities in the monomer. There is an exigent need to pre-

[a] Department of Chemistry, University of Bath, Claverton Down,
Bath BA2 7AY, UK
Fax: +44-1225-386231
E-mail: mj205@bath.ac.uk

[b] Bath Chemical Crystallography Unit, Department of Chemis-
try, University of Bath,
Claverton Down, Bath BA2 7AY, UK

[c] Durham University, Department of Chemistry, Solid State
NMR Service,
Durham DH1 3LE, UK

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2009, 635-642

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pare initiators that are stable to these trace impurities, thus
negating the need to purify the monomer and reducing pro-
cessing costs to industry.

There is continued interest in the preparation and char-
acterisation of heterogeneous catalysts as replacements for
their homogeneous counterparts in polymer production, as
heterogeneous catalysts minimise the catalyst residue in the
final product. Several groups have reported the use of
heterogeneous catalysts for the ROP of cyclic esters. For
example, Jérome et al. have prepared heterogeneous tin ini-
tiators anchored to polystyrene and lanthanide complexes
anchored to zeolites.?®2”] Pertinent to this study is the work
of C. W. Jones et al.,”® who have covalently anchored Zn'!-
diiminate complexes to SBA-15. They found that for rL-lac-
tide narrow molecular weight PLA could be prepared in
yields up to 70% after 24 h. The PLA was shown to have
molecular weights in the range of 1000-5000.%1 As the li-
gands described in this work are capable of being facilely
heterogenised using a simple protocol we decided investi-
gate these as heterogeneous initiators.

The homogeneous initiators are prepared by reacting the
ligand with Zn(OAc),-2H,O. In this study, depending on
the ligand choice, either monometallic complexes of the
form Zn(L), were isolated, in accordance with precedent
literature,[>3 or rare trimetallic complexes {Zn3;(OAc)4(L),}
were produced. Three unique Zn'! trimetallic complexes are
reported and fully characterised via NMR and X-ray crys-
tallography. To the best of our knowledge these latter com-
plexes are the first crystallographically characterised exam-
ples of this trimetallic structure with this ligand class, al-
though similar motifs have been observed for related li-
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gands.?*3% For example, Reedijk et al. prepared a related
complex with 4-methyl-2-N-(2-pyridyl-methyl)aminophe-
nol.133!

Results and Discussion

Synthesis and Characterisation of Ligands and Complexes

The ligands were simply prepared by the reaction of a
substituted aldehyde with the corresponding amine and
were isolated as yellow solids in high yields.3¥ The Zn'!
complexes were prepared by taking Zn(OAc),2H,O in
methanol with the corresponding Schiff base precursors,
Scheme 1.

Zn(L3),

OH RS R
Rl - jg/ Zn(0Ac),2H,0
N ——
Zn(L4),

R® Zn(L5),
, Zn(Ls),
R Zn(L7),

Zn(0AC)4(L1),
Zn(0AC)4(L2);

L1H: R'=R?=R3=R*=H

L2H: R"=R2=R%=H,R®=/Pr
L3H: R'=R2=H, R®=R*=Me
L4H: R"=R?=CI|,R®*=R*=H
LsH: R"=R?=CIl, R®*=R*=Me
L6H: R'=R2=CI,R®*=/Pr,R*=H
L7H: R'=Me, R2=R3=R*=H

OH
Ph .= S-Ph Zn(0AC)»2H,0
> ZnyOA04L8)
Me
L8H

Scheme 1. The ligands and complexes prepared in this study.

The metal complexation reactions were performed with
a 1:1 stoichiometry of zinc to ligand with MeOH as the
solvent. In all cases, after approximately one hour at room
temperature a microcrystalline material precipitated, which
was collected and recrystallised from either MeOH or
CH,Cl,. In all cases, the 1:1 complexes were not isolated.
In the case of L1H and L2H, a Zn" trimetallic complex
was prepared, and for L3H-L7H, monometallic species
were observed. All complex structures were confirmed by
single-crystal X-ray diffraction, see Figure 1 for the molecu-
lar structure of Zn3;(OAc)4(L1),. Importantly all complexes
could be prepared in near quantitative yields using a 3:2 or
1:2 stoichiometry of metal to ligand.

The structure consists of two Schiff base ligands, three
zinc atoms and four acetate groups. The molecular structure
is centrosymmetric with Zn(1) located at an inversion cen-
tre. The three zinc centres [Zn(2), Zn(l) and Zn(2A)] are
bridged by four carboxylate groups and two Schiff base li-
gands. Zn(1) sits in a pseudooctahedral environment and is
coordinated to the four acetate groups and the phenoxide
groups of the ligand. This is exemplified by O(1)-Zn(1)-
O(5) of 89.42(9)°. Zn(2) is in a pseudotetrahedral environ-
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Figure 1. Molecular structure of Znz(OAc)4(L1),. Ellipsoids are
shown at the 50% probability level and the hydrogen atoms have
been removed for clarity. Labels with suffix A relate to those in the
asymmetric unit by the —x, —y, —z symmetry operation.

ment and is bound to two acetate groups, the phenoxide
and the imine of the ligand. Bond lengths and angles are in
agreement for zinc carboxylate structures in the litera-
ture.[33-35:3¢1 For L2H an analogous complex was isolated,
selected bond lengths and angles for both compounds are
given in Table 1.1 The associated 'H and '3C{'H} solu-
tion-state NMR ([Dg]DMSO) spectra showed the presence
of one imine H resonance at ca. 8.5 ppm and the acetate
methyl at ca. 1.9 ppm in the ratio 2:12 as predicted from
the solid-state structure.

Table 1. Selected bond lengths [A] and bond angles [°] for the tri-
metallic complexes Znz(OAc),(L1), and Zn;(OAc)4(L2),.

Zn3(0Ac)4(L1), Zn3(0Ac)4(L2),

Zn(1)-0(1) 2.104(3) 2.0773)
Zn(1)-0(3) 2.060(2) 2.091(3)
Zn(1)-0(5) 2.150(2) 2.161(3)
Zn(2)-0(2) 1.964(3) 1.932(3)
Zn(2)-0(4) 1.938(2) 1.938(3)
Zn(2)-0(5) 1.939(2) 1.938(3)
Zn(2)-N(1) 1.984(3) 1.989(3)
O(1)-Zn(1)-O(5) 89.42(9) 90.07(12)
O(1)-Zn(1)-0(3) 92.34(10) 92.08(13)
0(5)-Zn(2)-N(1) 98.39(10) 96.93(13)
0(2)-Zn(2)-N(1) 109.10(11) 114.43(14)

For ligands L3H-L7H monometallic complexes were iso-
lated (at ligand/Zn' ratios of 2:1 and 1:1), in the case of
L6H a methanol adduct was isolated, Figure 2. The com-
plexes Zn(L3),—Zn(L5), and Zn(L7), were found to be
pseudotetrahedral in coordination.?”3% The metric data are
similar to those for Zn;(OAc)4(L1), and Zn3(OAc)4(L2),.
For Zn(L6),(MeOH), the zinc centre is pseudo-square
pyramidal with an O(1)-Zn-(1)-O(2) angle of 173.05(5)°.
As expected for Zn(L6),(MeOH), the Zn-phenoxide and
Zn-N distances are significantly longer than those seen for
Zn(L3),—Zn(L5),. The metal centre is coordinated to a
MeOH molecule, which in turn is hydrogen-bonded to a
lattice MeOH molecule that hydrogen bonds to O(1) of the
phenoxide to form a six-membered ring. Selected bond
lengths and angles are given in Table 2.
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Table 2. Selected bond lengths [A] and bond angles [°] for the monometallic complexes Zn(L3), to Zn(L7)s.

Zn(L3), Zn(L4), Zn(L5), Zn(L6),(MeOH), Zn(L7),
Zn(1)-0(1) 1.9109(14) 1.9210(14) 1.923(3) 2.0218(11) 1.9088(14)
Zn(1)-0(2) 1.9256(14) [b] [b] 1.9864(11) 1.9174(14)
Zn(1)-0(3) fa) fa] [2) 2.0562(13) [a)
Zn(1)-N(1) 2.0167(17) 2.0135(15) 2.012(3) 2.0822(14) 2.0238(16)
Zn(1)-N(2) 2.0000(16) [b] [b) 2.0700(13) 2.0182(16)
O(1)-Zn(1)-N(1)  95.64(6) 97.08(6) 95.33(11) 88.00(5) 96.17(6)
0(2)-Zn(1)'N(2)  96.27(6) [b] [b] 90.27(5) 96.11(6)
O(1)-Zn(1)-03) @ fal [a] 85.87(5) fa)

[a] Not applicable. [b] In the case of Zn(L4), and Zn(L5), there is only one crystallographically unique ligand.

A

-l ¢ AP
{ b e < 1)

Figure 2. Molecular structure of Zn(L3), (top) and Zn(L6),-
(MeOH), (bottom) the ellipsoids are shown at the 50% probability
level and the hydrogen atoms not involved in hydrogen bonding
have been omitted for clarity as have the methyl groups of the iso-
propyl groups in Zn(L6),(MeOH),. The hydrogen bonding details
for Zn(L6),(MeOH), are (distances in A and angles in °) O(3)-
H(3A)--0(4) O(3)-H(3A) 0.81(3), HBA)-O(4) 1.87(3), O(3)-0(4)
2.659(2), O(3)-H(3A)-0O(4) 164(3). O(4)-H(4A)--O(1) O(4)-H(4A)
0.80(3), H(4A)-O(1) 2.04(3), O(4)-O(1) 2.775(2), O(4)-H(4A)-
O(1) 153(3).

To further investigate the coordination chemistry, the
Schiff base L8H was utilised. This is simply prepared from
the reaction of aniline with 2-hydroxy-5-methyl-1,3-
benzenedicarboxaldehyde. L8H was treated with Zn(OAc),-
2H,0 to produce a trimetallic complex, Figure 3:
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Figure 3. Molecular structure of Zn3(OAc)4(L8), the ellipsoids are
shown at the 50% probability level and the hydrogen atoms have
been omitted for clarity as have the carbon atoms of the phenyl
rings {attached to N(1), N(2), N(3) and N(4)} and the methyl car-
bon of the ligand.

In this case the ligand forces two acetate groups {O(9)
and O(2)} to only coordinate to the zinc centres through
one oxygen, with Zn(1)-O(2) 1.951(2) A and Zn(3)-O(9)
1.9550(18) A. Two acetates bridge the central zinc {Zn(2)}
and outer zinc centres {Zn(1) and Zn(3)} with Zn(2)-O(5)
2.1245(16) A and Zn(1)-O(4) 1.9419(19) A, which are anal-
ogous to Zn;(0OAc)4(L1), and Zn3(OAc)4(L2),. The nitro-
gen donors of each ligand are coordinated to the central
zinc and the outer zinc centres, with Zn(1)-N(1) 2.040(2) A
and Zn(2)-N(2) 2.1814(19) A. At room temperature the 'H
NMR (CDCls) was very broad indicating dynamic behav-
iour on the NMR timescale, cooling to —40 °C sharpened
the peaks and the NMR is in agreement with the solid-state
structure. For example, two resonances were observed for
the acetate groups in the 'H and '3C{'H} NMR spectra for
the two chemical distinct acetate moieties.

Synthesis and Characterisation of Silica-Supported
Heterogeneous System

(3-Aminopropyl)trimethoxysilane (AMPS) was added to
dry silica (60 A Davisil Grade 635) to form the hetero-
genised amine as shown in Scheme 2, SiO,-AMPS.
BC{'H}CP/MAS NMR showed four environments centred
637
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Scheme 2. Preparation of the heterogeneous catalyst. i) (MeO);Si(CH,);NH,/toluene (SiO,-AMPS); ii) salicylaldehyde/MeOH (SiO,-

AMPS-SAL); iii) Zn(OAc),.2H,0/MeOH (SiO»-AMPS-SAL-Zn).

at 9, 27, 44 and 49 ppm, respectively. Dipolar dephasing
experiments indicated that the peak at 6 = 49 ppm arises
from Si-OCH;.[*") This material was treated with salicyl-
aldehyde, using a standard literature procedure to form
SiO,-AMPS-SAL as a bright yellow solid.[#1-#3]

Upon formation of SiO,-AMPS-SAL a new resonance
in the BC{'H} CP/MAS NMR at § = 62 ppm (CH,-N=)
was observed [with concurrent reduction in the resonance
at 0 = 44 ppm (CH,NH,)], together with new resonances
for the aryl carbon atoms and the imine (CH=N) at ¢ =
165 ppm. This material was treated with Zn(OAc),-2H,0 to
form SiO,-AMPS-SAL-Zn, as a pale yellow solid. There
is significant broadening in the "*C{'H} CP/MAS NMR
spectrum of SiO,-AMPS-SAL-Zn, suggesting more disor-
der is present, compared to the precursor materials. There
is a new resonance at 0 = 170 ppm, which is assigned to the
carbonyl of the acetate group, the peak at 6 = 23.5 ppm is
asymmetric and encompasses the CH, of the tether and
CHj; of the acetate (Figure 4).

190 170 150 130 110 ) 70 50 30 10 -10
ppm

Figure 4. 3C{'H} CP/MAS solid-state NMR analysis of A) SiO,-
AMPS B) SiO,»-AMPS-SAL and C) SiO,-AMPS-SAL-Zn.

Polymerisation of rac-Lactide

The Zn" complexes were screened for the polymerisation
of unsublimed rac-lactide, in melt conditions at 130 °C. The
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trimetallic complexes showed reasonable activity and after
30 min ca. 50% conversion was achieved, except for
Zn3(OAc)4(L8), where no polymer was produced. The PDIs
were relatively high [1.83 for Zn3(OAc)4(L1), and 1.50 for
Zn5(0Ac)4(L2),]. For the trimetallic complexes, analysis of
the "H homonuclear decoupled NMR spectrum indicated
that the polymers have a slight heterotactic bias with a P,
of 0.60. The monometallic complexes Zn(L3-L7), were
active for the polymerisation and PDIs in the range 1.42—
1.55 were observed. Complexes Zn(L3), and Zn(L7),
showed similar activity to the trimetallic complexes. Com-
plexes Zn(L4), and Zn(L5), where the ligand has a chloro
group, gave very poor conversions after two hours. Interest-
ingly, Zn(L6),(MeOH), gave the highest yield of PLA
(polylactide). The heterogeneous initiator was also shown
to be active for the polymerisation, albeit to a much lesser
extent than the homogeneous examples. However, the PDI
is noticeably narrower than that for the homogeneous Zn'!
complexes at similar conversion. This compares favourable
to literature Zn" complexes anchored to porous silica which
produced low molecular weight PLA, as in this case

Table 3. Results for the polymerisation of rac-lactide for the Zn'
homogeneous and heterogeneous complexes.

Initiatorf® Time [h] Yield (%)® M, PDIF  pld
Zn;(0OAc),(L1), 0.5 55 21600 1.83  0.60
Zn;(0OAc),(L1), 1 69 44400 1.52  0.60
Zn;3(0OAc)4(L1), 2 90 51400  1.55 0.60
Zn;(0Ac)4(L2), 0.5 40 23700 1.50 0.63
Zn(L3), 0.5 47 35100  1.50  0.50
Zn(L4), 2 10 8000 142 0.50
Zn(L5), 2 20 11700 143  0.50
Zn(L6)>,(MeOH), 0.5 80 41200 143  0.50
Zn(L7), 0.5 33 42500 1.55 0.50
Heterogeneous 24 40 19300 1.34  0.50

[a] For the homogeneous examples a monomer/initiator ratio of
300:1 was employed, for the heterogeneous initiator 100 mg was
used. In all cases, 2 g of unsublimed lactide was used and the poly-
merisations were performed at 130 °C. [b] Isolated yield. [c] Deter-
mined from GPC measurements (THF at 1 mL per minute, relative
to polystyrene standards.). [d] Calculated from analysis of the
methine region of the '"H homonuclear decoupled spectrum.
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relatively high molecular weight PLA is produced.?®! The
monometallic complexes and the heterogeneous system all
produced atactic PLA, Table 3. To investigate the catalysis
further polymerisations were attempted using i) pure li-
gands; ii) silica only and iii) utilising unsublimed rac-LA
without a catalyst. These three control experiments failed
to produce polymer after 24 h, indicating the active cata-
lytic centre must be the Zn" centre itself, and not water
in the monomer, silica or dissociation of the ligand. For
Zn3(OAc)4(L1), polymerisation were investigated in more
detail. The yield and M, increase with time indicating that
this complex does offer a moderate degree of control in
molecular weight for the ROP of rac-LA.

Conclusions

A series of homogeneous and heterogeneous Zn'' com-
plexes have been prepared, either trimetallic or monometal-
lic complexes have been isolated. The complexes were
shown to be active for the ROP of rac-lactide. A silica-sup-
ported heterogeneous catalyst was also prepared and this
was shown to be moderately active for the polymerisation
affording atactic PLA under melt conditions with a PDI of
1.34.

Experimental Section

General Procedures: The ligands were prepared according to stan-
dard literature procedures and the purity confirmed by 'H/'3C
NMR and HR-MS prior to use.**! Zn(OAc),-2H,O was pur-
chased from Aldrich and used without further purification. 'H and
13C{'H} NMR spectra were recorded with a Bruker 300 MHz spec-
trometer, variable-temperature NMR experiments were performed
with a Bruker 500 MHz instrument and referenced to residual sol-
vent peaks. Coupling constants are given in Hertz. Elemental
analysis was performed by Mr. A. K. Carver at the Department
of Chemistry, University of Bath. Solid-state NMR spectra were
recorded at the EPSRC national solid-state NMR service centre
(Durham, UK) with a Varian VNMRS 400 MHz spectrometer
(100.562 MHz for 3C), using the cross-polarization pulse sequence
(contact time 3.0 ms and recycle delay 1.0 s), with TPPM decoup-
ling. A spinning rate of 6.8 kHz was employed for SiO,-AMPS and
Si0,-AMPS-SAL; for SiO,-AMPS-SAL-Zn a rate of 10 kHz was
used to remove complications from spinning sidebands. Dipolar
dephasing experiments (with a 40 ps dephasing delay) were run to
distinguish between CH, and CHj centres present. Spectral refer-
encing is with respect to TMS.

X-ray Crystallography: Crystallographic data are summarised in
(Tables 4 and 5). All data were collected with a Nonius Kappa
CCD area detector diffractometer using Mo-K, radiation (1 =
0.71073 A) at a temperature of 150(2) K, and all structures were
solved by direct methods and refined on all F° data using the
SHELXL-97 suite of programs. Hydrogen atoms, were included in
idealised positions and refined using the riding model, except those
involved in hydrogen bonding and the imine N=CH atoms of the
metal complexes, which were located in difference maps and refined
freely. For Zn(L5), a molecule of CH,Cl, was also in the asymmet-
ric unit and this was disordered over two positions in a 50:50 ratio.
For Zn;(OAc)4(L8), the ADPs for O(1) and O(2) are slightly less
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isotropic than desirable, efforts to model disorder in this region of
the electron density map afforded no improvement in convergence.
Multiscan absorption corrections were applied where appropriate.

CCDC-696979 [for Zn;(OAc)4(L1),], -696980 [for Zn3(OAc),(L2),],
-696981 [for Zn(L3),], -696982 [for Zn(L4),], -696983 [for Zn(L5),],
-696984 [for Zn(L6),(MeOH),], -696985 [for Zn(L7),], -696986 [for
Zn;(0OAc)4(L8),] and -706554 [for L5H] contain the supplementary
crystallographic data for this paper and can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Synthesis of Ligands: An example of the typical synthesis for the
ligands is as follows for L5H: 3,5-dichloro-2-hydroxybenzaldehyde
(6.83 g, 35.6 mmol) was dissolved in MeOH (30 mL), to which
2,4,6-trimethylaniline (5.0 mL, 35.6 mmol) was added. After
30 min a yellow precipitate had formed which was filtered and
washed with methanol (3 X 100 mL) and dried (yield 10.1 g, 92%)
'H NMR (300 MHz, CDCls): 6 = 2.18 (s, 6 H, CH3), 2.31 (s, 3 H;
CH3), 6.95 (s, 2 H, Ar-H), 7.25(d, J = 2.5 Hz, 1 H, Ar-H), 7.50 (d,
J=2.5Hz, 1 H, Ar-H), 8.28 (s, | H, N=CH) ppm.

Synthesis and Characterisation of the Complexes: In all cases
5.1 mmol of Zn(OAc),2H,0 was employed. The yields quoted are
for those of the crystalline material.

Zn3(0Ac)4(L1),: Zn(OAc),2H,0 (1.10 g, 5.1 mmol) was dissolved
in MeOH (20 mL) to which L1H (1.0 g, 5.1 mmol) was added. The
solution was stirred for 1 h, during which time a yellow solid pre-
cipitated out of solution. The solution was filtered and washed with
cold MeOH. The product was recrystallised from hot methanol
(yield 0.8 g, 57%) '"H NMR (300 MHz, MeOD): 6 = 1.99 (s, 12 H,
0,C-CH3), 6.76 (m, 2 H, Ar-H), 6.90 (m, 2 H, Ar-H), 7.25-7.47 (m,
14 H, Ar-H), 8.62 (s, 2 H, N=CH) ppm. 3C{'H} NMR (300 MHz,
MeOD): ¢ = 22.3 (CH3; acetate), 120.6 (C), 122.8 (CH), 123.4 (CH),
128.3 (CH), 130.9 (CH), 137.3 (CH), 137.3 (CH), 138.6 (CH), 150.5
(C), 171.1 (CH=N), 181.8 (CO,) ppm. C34H3,N,0,¢Zn; (824.7):
caled. C 49.5, H 3.91, N 3.40; found C 49.5, H 3.91, N 3.40.

Zn3(0OAc)4(L2);: An analogous procedure was followed (yield
0.75 g, 44%): '"H NMR (300 MHz, DMSO): 6 = 1.11 (m, 24 H,
CH;), 1.79 (s, 12 H, O,C-CH3), 2.99 [m, 4 H, CH(CH;),], 6.52 (s,
2 H, Ar-H), 6.71 (s, 2 H, Ar-H), 7.12-7.40 (m, 10 H, Ar-H), 8.25
(s, 2 H, N=CH) ppm. 3C{'H} NMR (300 MHz, DMSO): 6 = 22.4
(CH,;), 25.3 (CH3; acetate), 27.5 (CH), 114.1 (CH), 118.4 (C), 122.5
(CH), 123.3 (CH), 126.3 (CH), 135.3 (CH), 137.0 (CH), 141.0 (C),
146.3 (C), 1699 (C), 1734 (CH=N), 1774 (CO,) ppm.
Cy6Hs6N,00Zn; (993.0): caled. C 55.6, H 5.68, N 2.82; found C
55.9, H 5.77, N 2.90.

Zn(L3),: An analogous procedure was followed (yield 0.62 g, 45%):
'H NMR (300 MHz, DMSO): § = 1.79 (s, 12 H, CH3), 2.25 (s, 6
H, CH3), 6.60 (m, 2 H, Ar-H), 6.74 (d, J = 8.5Hz, 2 H, Ar-H),
6.88 (s, 4 H, Ar-H), 7.35 (m, 4 H, Ar-H), 8.26 (s, 2 H, N=CH)
ppm. C{'H} NMR (300 MHz, DMSO): § = 17.4 (CHs), 20.4
(CH3), 114.3 (CH), 118.0 (CH), 122.5 (CH), 129.1 (CH), 130.0 (C),
1352 (C), 135.8 (CH), 137.1 (CH), 145.5 (C), 170.7 (C), 175.3
(N=CH) ppm. C3,H3;,N,0,Zn, (542.0): caled. C 70.9, H 5.95, N
5.17; found C 70.5, H 5.92, N 5.19.

Zn(L4),: An analogous procedure was followed (yield 0.65 g, 43%).
'H NMR (300 MHz, DMSO): § = 7.19-7.43 (m, 6 H, Ar-H), 7.44—
7.64 (m, 8 H, Ar-H), 8.51 (s, 2 H, HC=N) ppm. *C{'H} NMR
(300 MHz, DMSO): ¢ = 115.5 (C), 120.4 (C), 122.6 (CH), 126.3
(C), 126.5 (CH), 128.9 (CH), 132.7 (CH), 133.8 (CH), 150.5 (C),
163.4 (C), 167.9 (CH=N) ppm. C,cH;sCI;N,0,Zn; (595.6): calcd.
C 524, H 2.71, N 4.70; found C 52.4, H 2.68, N 4.68.
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Table 4. Crystallographic parameters for the Zn'!' complexes.

Complex Zn3(OAc)4(L1), Zn3(0Ac)4(L2), Zn(L3), Zn(L4),
Empirical formula C34H32N201()Zn3 C23H28N052n1'5 C16H16N02n0_5 C26H16C14N2022n
Formula weight 824.73 496.52 270.98 595.58
Crystal system triclinic triclinic orthorhombic monoclinic
Space group P1 Pl Pcab C2/e

a[A] 7.5650(3) 8.4590(2) 16.1880(2) 23.9480(6)
b[A] 9.7100(4) 9.3100(3) 16.7170(2) 9.1820(2)

¢ [A] 11.5100(5) 16.3850(6) 20.0650(2) 11.7830(3)
a[°] 93.511(2) 82.833(2) 90 90

L1° 98.233(2) 77.882(2) 90 110.131(1)

7 [°] 100.016(2) 64.206(1) 90 90

Volume [A?] 820.79(6) 1135.10(6) 5429.89(11) 2432.68(10)
V4 1 2 16 4

Dyed. [gem3] 1.669 1.453 1.326 1.626

4 [mm!] 2.236 1.631 0.936 1.477
Reflections collected 8284 12453 72317 20007

6 Range [°] 3.52-25.12 3.59-25.10 3.65-27.47 3.62-27.49
Independent reflections (R;y,,) 2885 (0.0552) 3993 (0.0515) 6189 (0.0754) 2783 (0.0433)
Goodness-of-fit 1.021 1.161 1.054 0.989

Rls H’RZ [I> 2(5([)]
Ry, wR, [all data]

0.0359, 0.0849
0.0516, 0.0934

0.0472, 0.1050
0.0616, 0.1106

0.0366, 0.0876
0.0722, 0.0996

0.0316, 0.0738
0.0425, 0.0796

Max/min difference [e A 3] 0.553/-0.698 0.646/-0.464 0.398/-0.495 0.243/-0.521
Table 5. Crystallographic parameters for the Zn'! complexes and LH5.

Complex Zn(L5), Zn(L6),:2MeOH Zn(L7), Zn3(OAc)4(L8), LH5
Empirical formula C17H16C14NOZHQA5 C20H24C17_N022n0‘5 C28H24N2022n C25H23N205Zn15 C32H30C14N202
Formula weight 424.79 413.99 485.86 529.51 616.38
Crystal system monoclinic monoclinic monoclinic monoclinic triclinic
Space group P2/¢ P2/c P2,/c P2\/c P1

a[A] 11.600(2) 13.5150(1) 9.4060(1) 13.6510(1) 7.8540(2)
b [é] 8.3470(1) 13.9170(1) 18.582(3) 21.1730(2) 8.1440(3)
¢ [A] 18.4130(3) 22.0440(2) 13.5230(2) 17.0070(2) 12.3450(4)
a[°] 90 90 90 90 89.513(2)
BI°] 105.174(1) 97.040(1) 106.277(1) 103.140(2) 82.829(2)
7 [°] ) 90 90 90 90 68.382(1)
Volume [A3] 1720.68(5) 4114.96(6) 2268.84(06) 4786.82(8) 727.74(4)
Z 4 8 4 8 1

Deaieq. [gem3] 1.640 1.336 1.422 1.469 1.406

1 [mm] 1.371 0.897 1.111 1.553 0.440
Reflections collected 27921 75865 43347 88622 11255

0 Range [°] 3.64-27.51 3.60-27.51 3.14-27.49 3.06-27.47 4.07-27.44
Independent reflections (R;,) 3938 (0.0397) 9428 (0.0433) 5192 (0.0636) 10940 (0.0480) 3306 (0.0589)
Goodness-of-fit 1.083 0.939 1.004 0.984 1.003

1217 H/Rz [I> 26(1)]

0.0650, 0.1784
0.0736, 0.1876

0.0322, 0.0768
0.0441, 0.0846

0.0357, 0.0883
0.0553, 0.0992

0.0360, 0.0887
0.0470, 0.0961

0.0428, 0.0967
0.0730, 0.1098

R;, wR; [all data]

Max/min difference [e A~ 0.855/-1.620 0.336/-0.484

0.620/-0.674 1.154/-0.828 0.260/-0.290

Zn(L5),: An analogous procedure was followed (yield 0.44 g, 25%).
'"H NMR (300 MHz, DMSO): § = 1.89 (s, 12 H, CH3), 2.21 (s, 6
H, CH;), 6.80 (s, 4 H, Ar-H), 7.36 (m, 4 H, Ar-H), 8.22 (s, 2 H,
N=CH) 8.32 (CHCl3) ppm. 3C{'H} NMR (300 MHz, DMSO):
0 = 17.9 (CH;), 20.4 (CH3), 114.9 (C), 119.0 (C), 126.6 (C), 128.6
(CH), 129.2 (C), 132.9 (CH), 133.4 (CH), 134.4 (C), 146.5 (C),
163.8 (C), 173.4 (CH=N) ppm. C3,H,3CI;N,0,Zn, (679.8): calcd.
C 56.5, H 4.15, N 4.12; found C 56.2, H 4.08, N 4.11.

Zn(L6),(MeOH),: An analogous procedure was followed (yield
0.65 g, 31%). 'H NMR (300 MHz, CDCl;): 6 = 0.79 (br. s, 9 H,
CHs;), 1.07 (d, J = 7.0 Hz, 12 H, CH3), 1.19 (d, J = 7.0 Hz, 3 H,
CHs;), 2.08 (s, 2 H, H3;C-OH), 2.94 [m, 4 H, HC(CH3),], 3.46 (s, 6
H, H;C-OH), 6.95 (d, J = 3.0 Hz, 2 H, Ar-H), 7.08 (m, 4 H, Ar-
H), 7.18 (m, 2 H, Ar-H), 7.40 (d, J = 3.0 Hz, 2 H, Ar-H), 7.94 (s,
2 H, N=CH) ppm. BC{'H} NMR (300 MHz, CDCl;): § = 22.6,
23.5 [HC(CH3),], 25.0, 28.3 [HC(CH3),], 50.7 (CH;0H), 117.3 (C),
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118.1 (C), 124.0 (CH), 127.2 (CH), 128.1 (C), 132.8 (CH), 134.6
(CH), 1409 (C), 1459 (C), 164.8 (C), 173.4 (CH=N) ppm.
Cy4oH43CI4N,04Zn, (828.0): caled. C 58.0, H 5.79, N 3.38; found
C 579, H 5.83, N 3.44.

Zn(L7),: An analogous procedure was followed (yield 0.55 g, 45%).
'"H NMR (300 MHz, DMSO): 6 = 2.12 (s, 6 H, CH3), 6.52-6.61
(m, 2 H, Ar-H), 7.15-7.51 (m, 14 H, Ar-H), 8.71 (s, 2 H, N=CH)
ppm. C{'H} NMR (300 MHz, DMSO): 6 = 17.0 (CH3), 114.2
(CH), 117.7 (C), 121.4 (CH), 126.7 (CH), 129.5 (CH), 130.2 (C),
135.3 (CH), 135.7 (CH), 148.9 (C), 169.3 (C), 170.5 (CH=N) ppm.
CygH54N,0,Zn; (485.9): caled. C 69.2, H 4.98, N 5.77; found C
70.0, H 5.04, N 5.83.

Zn3(0Ac)4(L8),: An analogous procedure was followed, except the
complex was recrystallised from cold MeOH (yield 0.32 g, 17%)).
'"H NMR (500 MHz, CDCls, —40 °C): § = 1.91 (s, 6 H, O,C-CH3),

Eur. J. Inorg. Chem. 2009, 635-642
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2.17 (s, 6 H, Ar-CH;), 2.25 (s, 6 H, O,C-CH3), 6.78 (m, 6 H, Ar-
H) ppm. 6.92 (m, 6 H, Ar-H), 7.10 (s, 2 H, Ar-H), 7.45 (m, 10 H,
Ar-H), 7.79 (s, 2 H, N=CH), 7.85 (s, 2 H, N=CH). 3C{'H} NMR
(500 MHz, CDCl3, 40 °C): ¢ = 19.6, 22.1, 23.6 (CH;), 121.3,
122.8, 125.1, 125.6, 127.4, 127.9, 129.6, 141.2, 142.4, 148.0, 151.6
(Ar), 163.3 (Ar-0), 166.6, 168.4 (CH=N), 179.0, 180.3 (CO,) ppm.
Cs5oHy4N4010Zn3 (1059.0): caled. C 56.7, H 4.34, N 5.29; found C
56.5, H 4.36, N 5.16.

Preparation of Silica-Supported Heterogeneous Catalyst: Silica
(60 A pore diameter) was initially dried at 130 °C under a dynamic
vacuum for 24 h. 3-Aminopropyltrimethoxysilane (3.60 g,
20 mmol) was added to the silica (20 g) in toluene (100 mL) and
the slurry stirred at room temperature for 24 h. The solid was fil-
tered and washed with MeOH (4 X 50 mL) and Et,O (4 X 50 mL)
and dried at 100 °C under vacuum to yield SiO,-AMPS. Elemental
analysis: found C 4.45, H 1.30, N 1.56. The solid was added to
MeOH (100 mL) to which salicylaldehyde was added (2.44 g,
20 mmol) and the solution stirred for 1 h, during which time the
solid became bright yellow. The solid was filtered and washed with
MeOH (4 X 50 mL) and Et,O (4 X50 mL) to yield SiO,-AMPS-
SAL. Elemental analysis: found C 11.9, H 1.61, N 1.44. SiO,-
AMPS-SAL [3.0 g, 3 mmol (based on salicylaldehyde)] was added
to MeOH (30 mL) to which Zn(OAc),2H,0O (0.70 g, 3.2 mmol)
was added and the solution stirred for 1 h, in which time the solid
became pale yellow. After 1 h the solution was filtered and purified
via Soxhlet extraction with MeOH to form SiO,-AMPS-SAL-Zn
and dried in vacuo. Elemental analysis: found C 12.2, H 2.61, N
0.99. At each stage the solids were analysed by 3C{'H} CP/MAS
solid-state NMR spectroscopy.

Polymerisation Procedure: For solvent-free polymerizations the
monomer/initiator ratio employed was 300:1 at a temperature of
130 °C, in all cases 2 g of rac-lactide were used. After the reaction
time methanol (20 mL) was added to quench the reaction and the
resulting solid was dissolved in dichloromethane. The solvents were
removed in vacuo and the resulting solid was washed with meth-
anol (3100 mL) to remove any unreacted monomer. 'H NMR
spectroscopy (CDCl3) and GPC (THF) were used to determine tac-
ticity and molecular weights (M,, and M,,) of the polymers pro-
duced; P, (the probability of heterotactic linkages) were determined
by analysis of the methine region of the homonuclear decoupled
'"H NMR spectra, the Equation used to calculate P, and P,, are
given by Coates et al.!! '"H homonuclear decoupled spectra are
given in the Supporting Information. Gel Permeation Chromatog-
raphy (GPC) analyses were performed on a Polymer Laboratories
PL-GPC 50 integrated system using a PLgel 5pum MIXED-D
300 X 7.5 mm column at 35 °C, THF solvent (flow rate, 1.0 mL/
min). The polydispersity index (PDI) was determined from M,/
M,,, where M, is the number average molecular weight and M,, the
weight average molecular weight. The polymers were referenced to
11 narrow molecular weight polystyrene standards with a range of
M,, 615-568000 Da. For PLA the M, values obtained from GPC
are typically higher than expected due to the hydrodynamic volume
difference between PLA and the polystyrene standards.[4°]

Supporting Information (see footnote on the first page of this arti-
cle): 'H homonuclear decoupled NMR spectra.

Acknowledgments

We gratefully acknowledge the Engineering and Physical Sciences
Research Council (M. D.J, C.G. K.), the University of Bath
(L. H.) for funding. Engineering and Physical Sciences Research
Council (EPSRC), National solid-state NMR service centre is also

Eur. J. Inorg. Chem. 2009, 635-642

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

gratefully acknowledged. In addition, Dr. John Lowe is thanked
for low-temperature NMR measurements for Zn3;(OAc)4(L8)s.

[1] P Gallezot, Green Chem. 2007, 9, 295-302.

[2] R.H. Platel, L. M. Hodgson, C. K. Williams, Polym. Rev.
2008, 48, 11-63.

[3] H.Y.Ma, T. P. Spaniol, J. Okuda, Angew. Chem. Int. Ed. 2006,
45, 7818-7821.

[4] A.J. Chmura, M. G. Davidson, C.J. Frankis, M. D. Jones,
M. D. Lunn, Chem. Commun. 2008, 1293-1295.

[5] A.J. Chmura, M. G. Davidson, M. D. Jones, M. D. Lunn,
M. F. Mahon, A. F. Johnson, P. Khunkamchoo, S. L. Roberts,
S. S. E. Wong, Macromolecules 2006, 39, 7250-7257.

[6] P. Hormnirun, E. L. Marshall, V. C. Gibson, A.J. P. White,
D. J. Williams, J. Am. Chem. Soc. 2004, 126, 2688-2689.

[71 Z.Y. Zhong, P.J. Dijkstra, J. Feijen, Angew. Chem. Int. Ed.
2002, 41, 4510.

[8] A. Amgoune, C. M. Thomas, T. Roisnel, J. F. Carpentier,
Chem. Eur. J. 2005, 11, 169-179.

[9] M. Konkol, T. P. Spaniol, M. Kondracka, J. Okuda, Dalton
Trans. 2007, 4095-4102.

[10] M. H. Chisholm, J. Gallucci, K. Phomphrai, Chem. Commun.
2003, 48-49.

[11]D. M. Cui, T. Tang, W. G. Bi, J. H. Cheng, W. Q. Chen, B. T.
Huang, J Polym. Sci., Part A: Polym. Chem. 2003, 41, 2667
2675.

[12]X. L. Liu, X. M. Shang, T. Tang, N. H. Hu, F. K. Pei, D. M.
Cui, X.S. Chen, X. B. Jing, Organometallics 2007, 26, 2747
2757.

[13] N. Nomura, R. Ishii, M. Akakura, K. Aoi, J Am. Chem. Soc.
2002, 124, 5938-5939.

[14]J. Borner, S. Herres-Pawlis, U. Floke, K. Huber, Eur. J. Inorg
Chem. 2007, 5645-5651.

[15]J. H. Jeong, Y. H. An, Y. K. Kang, Q. T. Nguyen, H. Lee, B. M.
Novak, Polyhedron 2008, 27, 319-324.

[16] B. M. Chamberlain, M. Cheng, D.R. Moore, T. M. Ovitt,
E. B. Lobkovsky, G. W. Coates, J. Am. Chem. Soc. 2001, 123,
3229-3238.

[17] A. Dumitrescu, B. Martin-Vaca, H. Gornitzka, J. B. Cazaux,
D. Bourissou, G. Bertrand, Eur. J. Inorg. Chem. 2002, 1948—
1951.

[18] M. H. Chisholm, N. W. Eilerts, J. C. Huffman, S. S. Iyer, M.
Pacold, K. Phomphrai, J Am. Chem. Soc. 2000, 122, 11845-
11854.

[19]M. H. Chisholm, J. Gallucci, K. Phomphrai, Inorg Chem.
2002, 41, 2785-2794.

[20] M. H. Chisholm, C. C. Lin, J. C. Gallucci, B. T. Ko, Dalton
Trans. 2003, 406-412.

[21] C. M. Silvernail, L. J. Yao, L. M. R. Hill, M. A. Hillmyer, W. B.
Tolman, Inorg. Chem. 2007, 46, 6565-6574.

[22] C. K. Williams, N. R. Brooks, M. A. Hillmyer, W. B. Tolman,
Chem. Commun. 2002, 2132-2133.

[23] T. R. Jensen, C. P. Schaller, M. A. Hillmyer, W. B. Tolman, J.
Organomet. Chem. 2005, 690, 5881-5891.

[24] C. K. Williams, L. E. Breyfogle, S. K. Choi, W. Nam, V. G.
Young, M. A. Hillmyer, W. B. Tolman, J. Am. Chem. Soc. 2003,
125, 11350-11359.

[25] D. J. Darensbourg, P. Rainey, J. Yarbrough, Inorg. Chem. 2001,
40, 986-993.

[26] E. Martin, P. Dubois, R. Jerome, Macromolecules 2003, 36,
7094-7099.

[27] G. Deshayes, K. Poelmans, 1. Verbruggen, C. Camacho-Cama-
cho, P. Degee, V. Pinoie, J. C. Martins, M. Piotto, M. Biesem-
ans, R. Willem, P. Dubois, Chem. Eur. J. 2005, 11, 4552-4561.

[28] K. Q. Yu, C. W. Jones, J. Catal. 2004, 222, 558-564.

[29]S. Akine, T. Taniguchi, T. Nabeshima, Inorg. Chem. 2004, 43,
6142-6144.

[30] E. C. Escudero-Adan, J. Benet-Buchhoiz, A. W. Kleij, norg.
Chem. 2008, 47, 410-412.

www.eurjic.org 641



FULL PAPER

M. D. Jones et al.

[31]1T. Z. Yu, K. Zhang, Y. L. Zhao, C. H. Yang, H. Zhang, D. W.
Fan, W. K. Dong, Inorg. Chem. Commun. 2007, 10, 401-403.

[32] G. Q. Zhang, S. Q. Wang, Q. Gan, Y. F. Zhang, G. Q. Yang,
J.S. Ma, H. . Xu, Eur. J. Inorg. Chem. 2005, 4186-4192.

[33] P. de Hoog, L. D. Pachon, P. Gamez, M. Lutz, A. L. Spek, J.
Reedijk, Dalton Trans. 2004, 2614-2615.

[34] A.J. Chmura, D. M. Cousins, M. G. Davidson, M. D. Jones,
M. D. Lunn, M. E. Mahon, Dalton Trans. 2008, 1437-1443.

[35]M. Dey, C.P. Rao, P. Saarenketo, K. Rissanen, E. Ko-
lehmainen, Eur. J. Inorg. Chem. 2002, 2207-2215.

[36]J. Reglinski, S. Morris, D. E. Stevenson, Polyhedron 2002, 21,
2175-2182.

[37]1J. F. Xie, J. Qiao, L. D. Wang, J. Xie, Y. Qiu, Inorg. Chim. Acta
2005, 358, 4451-4458.

[38] L. Tatar, D. Ulku, O. Atakol, Acta Crystallogr., Sect. C: Cryst.
Struct. Commun. 1999, 55, 508-510.

[39] M. H. Chisholm, J. C. Gallucci, H. H. Zhen, J. C. Huffman,
Inorg. Chem. 2001, 40, 5051.

642 www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[40] M. W. McKittrick, C. W. Jones, Chem. Mater. 2003, 15, 1132—
1139.
[41]S. 1. Mostafa, S. Ikeda, B. Ohtani, J. Mol. Catal. A 2005, 225,
181-188.
[42] F. Rajabi, J. H. Clark, B. Karimi, D. J. Macquarrie, Org. Bio-
mol. Chem. 2005, 3, 725-726.
[43]S. Jana, B. Dutta, R. Bera, S. Koner, Langmuir 2007, 23, 2492
2496.
[44] S. Chang, L. Jones, C. M. Wang, L. M. Henling, R. H. Grubbs,
Organometallics 1998, 17, 3460-3465.
[45]C. M. Wang, S. Friedrich, T.R. Younkin, R.T. Li, R. H.
Grubbs, D. A. Bansleben, M. W. Day, Organometallics 1998,
17, 3149-3151.
[46] T. Biela, A. Duda, S. Penczek, Macromol. Symp. 2002, 183, 1—
10.
Received: October 26, 2008
Published Online: January 13, 2009

Eur. J. Inorg. Chem. 2009, 635-642



