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The syntheses and characterization of three newmacrocyclic proligands, with variation of the para aryl ring substituent,
are reported. Dizinc and trizinc acetate complexes are prepared using these ligands and are characterized using
infrared and nuclear magnetic resonance spectroscopies, mass spectrometry, elemental analysis, and, for the three
trizinc complexes, single-crystal X-ray diffraction. The X-ray crystallographic and spectroscopic data indicate bridging
and terminal acetate coordination modes, both in the solid state and in solution, for the trizinc complexes. All of the
complexes show good turnover numbers and frequencies, under 1 atm of pressure of carbon dioxide, for the
copolymerization of CO2 and cyclohexene oxide to produce poly(cyclohexene carbonate). The electronic nature of the
ancillary ligands’ substituents influences the catalytic activity of the complex, with the electron-donating substituent
reducing the activity. The dizinc catalysts show markedly higher activities than the trizinc analogues, suggesting that
the coordination environment within the macrocycle is crucial to controlling the catalytic activity.

Introduction

In the current global climate, with high oil prices, increas-
ing concern over global warming, and depleting petroleum
resources, the development of renewable carbon sources is of
the utmost importance. Carbon dioxide is a particularly
attractive alternative feedstock as it is inexpensive, highly
naturally abundant, and the byproduct of many industrial
processes, including combustion.1 The activation and use of
carbon dioxide is challenging because it is thermodynami-
cally very stable; hence, it has found relatively few large-scale,
commercial applications. However, it is well established that
various metal complexes activate it, and this opens up
possibilities for metal-based catalytic reactions.1-5

The metal-catalyzed copolymerization of carbon dioxide
and epoxides, to produce aliphatic polycarbonates, was
first discovered 40 years ago by Inoue et al.6 This land
mark discovery led to the development of other catalytic

copolymerization systems and the synthesis of a range of ali-
phatic polycarbonates.7-10Much recent research has focused
on the copolymerization of cyclohexene oxide (CHO) and
CO2 (Scheme 1),8,11-15 yielding poly(cyclohexene carbo-
nate), which has a high glass transition temperature and
reasonable tensile strength, but which is also degradable.16

Subsequent to Inoue et al.’s initial discovery, more active
and controlled catalysts have been developed (Figure 1). The
earliest catalysts were all based upon heterogeneous sys-
tems. Among the first discrete homogeneous catalysts
were zinc phenoxide complexes; however, problems with
catalyst aggregation led to undesirably large polycarbonate
polydispersity indices.17,18 More recently, activities have
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been significantly increased with the use of zinc β-diiminate
(Figure 1; 1)12,19-22 and chromium(III) or cobalt(III) salen
complexes (Figure 1; 2 and 3).8,14,23-27 A highly active
(tetramethyltetraazaannulene)chromium(III) chloride cata-
lyst has also been reported.28 The zincβ-diiminate complexes,
in particular, show very high turnover frequencies (TOFs),
under relatively mild conditions. The most active of these
complexes works under 7 atm of pressure at 50 �C,11
compared to pressures of around 50-60 atm used for salen
complexes.8 In 2003, Coates et al. suggested that the most

active β-diiminate complexes form loosely bound dimers
under polymerization conditions.12 Following on from this
discovery, the preparation of various bimetallic complexes,
particularly using zinc, has been reported.15,29-32 Most
notable among these are zinc anilido-aldimine (Figure 1; 4)
complexes which are active under extremely low catalyst
loadings, thereby giving rise to high turnover numbers
(TONs) and TOFs.15,29

There are, however, still significant limitations to the
process, including low catalytic activities (TONs/TOFs)
relative to conventional olefin polymerization catalysts, poor
long-term catalyst stabilities, and the requirement for large
CO2 pressures (generally >7 atm). The development of
catalysts active under milder conditions is favorable; latterly
several catalysts active under only 1 atm CO2 pressure have
been reported.12,31-34 Recently, we reported the most active
of these catalysts, a bimetallic zinc acetate complex featuring
a macrocyclic, reduced Robson-type35-41 ligand, [L1Zn2-
(OAc)2] (Figure 1; 5).

42 This catalyst is not only highly active
under very low CO2 pressures but it is also air-stable, robust,
and capable of high TONs. It was also found to polymerize
crude CHOwith no loss in activity; this is in contrast to most
other catalysts, which require rigorous purification of the
CHO, by repeated distillations from drying agents.43

Previous catalyst structure-activity studies have estab-
lished the profound influence that the ancillary ligands’
electronic and steric properties have upon the TONs and
TOFs.7,8 In particular, electron-withdrawing groups, which
are proposed to reduce the electron density on the metal
center, have often led to higher TONs and TOFs.11,15 The
adaptation of H2L

1, by substitution of the para-aryl sub-
stituent with various functional groups, was therefore inves-
tigated. Herein, we report the development of two new
ligands, H2L

2 and H2L
3, and the preparation of bimetallic

zinc acetate complexes. In addition, unusual trimetallic zinc
acetate complexes of all three ligands are prepared, and the
catalytic activities of all of the new complexes are compared.

Results and Discussion

Synthesis and Characterization. The preparation of the
three macrocyclic proligands was carried out, using an

Figure 1. Active β-diiminate zinc (1), chromium/cobalt salen (2, 3),
anilido-aldimine zinc (4) catalysts, and [L1Zn2(OAc)2] (5).

Scheme 1. TheAlternating Copolymerization of CarbonDioxide and
Cyclohexene Oxide, Forming Poly(cyclohexene carbonate), with Cyclic
Cyclohexene Carbonate Produced As a Byproduct
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adapted literature procedure, by reaction between the
corresponding para-substituted 2,6-diformylphenols and
2,2-dimethyl-1,3-propanediamine (Scheme 2).44,45 The
synthesis involves the preparation and subsequent reduc-
tion of the macrocyclic imine perchlorate salts.46 These
salts are easily synthesized in high yields (76- 95%)when
R is a simple alkyl group ([H4L

1,20](ClO4)2); however,
the introduction of groups that significantly alter the
electronic nature of the aromatic ring promoted the
formation of polymeric rather than macrocyclic pro-
ducts. This completely prevented the formation of
macrocyclic perchlorate salts whereR is an electron-with-
drawing group, such as fluorine, and led to a reduced
yield (35%) where R is an electron-donating methoxy
group ([H4L

30](ClO4)2).
The reduction of the three perchlorate salts, [H4L

n0]-
(ClO4)2, proceeded easily using NaBH4 in methanol; the
corresponding reduced Robson-type proligands H2L

1 and
H2L

2 were produced in good yields (88 and 59%, re-
spectively). The reduction of [H4L

30](ClO4)2 was lower-
yielding than those of the other two proligands (31%),
possibly due to side reactions involving the methoxy
group. 1H and 13C{1H}NMR spectroscopies, electrospray

ionization mass spectrometry, and elemental analyses
confirmed the proligands’ structures and purities.
Complexation reactions using the ligands, with 2 equiv

of Zn(OAc)2 in THF (Scheme 3), yielded the anticipated
dizinc complexes [LnZn2(OAc)2]. The syntheses all pro-
ceeded in good yields (∼ 70%, unoptimized), giving the
complexes as white powders. The complexes’ stoichiome-
tries were confirmed by elemental analysis, the results of
which are in excellent agreement with the theoretical
values. The 1H NMR spectra of the dizinc complexes are
very broad, in all solvents at room temperature; this is
attributed to the presence of various diastereoisomers,
which are fluxional on the NMR time scale.42 At 110 �C
in d2-tetrachloroethane (TCE), the peaks coalesce into a
series of broadened resonances which can be assigned
(Figure S11, Supporting Information). There are some
common features to all of the NMR spectra, including
a single resonance between 6.6 and 7 ppm, for the aromatic
protons, and a broad resonance at approximately 4.7 ppm,
corresponding to the four amine protons. The CH2 groups
are diastereotopic, producing four broadened resonances
with integrals of 4H, as are the backbone CH3 groups,
which are split into two resonances, each with integrals of
6H, between 1 and 1.3 ppm. The alkyl resonances from the
aromatic substituents are all observed with the expected
chemical shifts and integrals. The fast-atom bombardment
(FAB) mass spectra of all of the complexes show a frag-
ment peak for the complexes less an acetate group.

Scheme 2. Two-Step Synthesis of the Macrocyclic Proligands from Various 2,6-Diformylphenolsa

a (i) 2,2-dimethyl-1,3-propanediamine, AcOH, NaClO4, MeOH, 25 �C, 20 h. (ii) NaBH4, H2O, MeOH, 25 �C.

Scheme 3. Synthesis of [LnZn2(OAc)2]
a

a (i) 2Zn(OAc)2, THF, 25 �C, 20 h.
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The reaction of H2L
n with more than 2 equiv of

Zn(OAc)2 produced unusual trizinc tetra-acetate com-
plexes, with molecular formula [LnZn3(OAc)4] (Scheme 4).
While the 1HNMRspectra of these complexes are similar to
those of their bimetallic analogues in most solvents, the
complexes are significantly less fluxional in CD3OD: the
spectra indicate the presence of onemajor and severalminor
isomers at room temperature (Figure S12, Supporting In-
formation). This is particularly noticeable in the resonances
corresponding to the aromatic and CH3 protons, which
have a series of lower-intensity resonances around the main
peaks. As with [LnZn2(OAc)2], the CH2 units are inequiva-
lent; four multiplets each with an integral of approximately
4 are observed between 2.5 and 4.5 ppm. Upon heating to
50 �C, four sharpdoublets areobserved, aswell as other low-
intensity peaks corresponding to the minor isomers. No
resonance is observed for the amine protons, which pre-
sumably exchange too rapidly with the solvent to be ob-
served. The four acetate groups show a broad signal
at 1.85ppm,withan integral of 12.The 13C{1H}NMRspec-
tra, at 110 �C in d2-TCE (Figure S13, Supporting Infor-
mation), are almost identical to those of [LnZn2(OAc)2],
except for the presence of twomethyl acetate resonances, at
around 22 and 20 ppm, which indicate that the complexes
contain different acetate bindingmodes.47 This is confirmed
by IR spectroscopy, where the presence of both bridging
(CdO, 1588 and 1426 cm-1) and terminal acetate (CdO,
1670 and 1369 cm-1) coordination modes are observed.48

The FAB mass spectra of the complexes show base peaks
corresponding to the loss of a Zn(OAc)3 moiety from the
molecular ion. The trizinc complexes from all three ligands
are easily crystallized; the crystalswere analyzedusingX-ray
diffraction.
Complexes [L1Zn3(OAc)4], [L

2Zn3(OAc)4], and [L3Zn3-
(OAc)4] crystallized with one, two, and three independent
molecules in the asymmetricunit, respectively.Henceforth,
these six complexes will be referred to as [L1Zn3(OAc)4],
[L2Zn3(OAc)4]-I, [L2Zn3(OAc)4]-II, [L3Zn3(OAc)4]-I,
[L3Zn3(OAc)4]-II, and [L3Zn3(OAc)4]-III, and pictures
for each can be found in Figures 2, 3, S4, 4, S7, and S9,
respectively.

With the exception of the Zn(3) binding, the six com-
plexes are very similar and have approximate mirror
symmetry about a plane that passes through the Ar-O(1)

Scheme 4. Simplified Representation for the Synthesis of Novel Tri-
Zinc Acetate Complexes, [LnZn3(OAc)4]

a

a (i) 4Zn(OAc)2, THF, 25 �C, 20 h. For complete structures, see the
representations of the molecular structures from X-ray crystallography
in Figures 2-4.

Figure 2. Molecular structure of [L1Zn3(OAc)4].

Figure 3. Molecular structure of one ([L2Zn3(OAc)4]-I) of the two
crystallographically independent complexes present in the crystals of
[L2Zn3(OAc)4] (the other complex is shown in Figure S4, Supporting
Information).

Figure 4. Molecular structure of one ([L3Zn3(OAc)4]-I) of the three
crystallographically independent complexes present in the crystals of
[L3Zn3(OAc)4] (the other two complexes are shown in Figures S7 and
S9, Supporting Information).

(47) Ye, B. H.; Wilhams, I. D.; Li, X. Y. J. Inorg. Biochem. 2002, 92, 128–
136.

(48) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co-
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and Bioinorganic Chemistry, 5th ed.; Wiley: New York, 1997.
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and Ar-O(11) bonds. The macrocyclic ligands all have
dished conformations with all four N-H units on the
same side of the ring. The octahedrally coordinated Zn(1)
and Zn(2) atoms, which are bound within the ring, share
the two ArO oxygen atoms O(1) and O(11) and are also
bound to two proximal amine nitrogen atoms in each
case. An acetate group bridges between these two metal
centers in a bidentate fashion on the concave face of the
dish. The bonding of the tetrahedrally coordinated Zn(3)
moiety to this LZn2 unit is essentially the same for five of
the complexes, differing only for [L2Zn3(OAc)4]-II. In this
latter complex, the O(45)/O(47) and O(50)/O(52) acetate
ligands both bind in bidentate bridging fashions, retain-
ing the mirror symmetry, while in the other five com-
plexes, the O(45)/O(47) acetate ligand adopts a mono-
dentate bridging mode. (The dual bidentate bridging
mode is also seen in the minor occupancy orientation of
the disorder present in complex [L2Zn3(OAc)4]-I, but this
is only ca. 14% occupancy.)
The binding of the O(55)/O(57) acetate group varies in

a more subtle manner across the six complexes. While the
bond lengths to the bound oxygen O(55) fall within a
narrow range [1.913(6)-2.034(3) Å], those to the non-
bonded atom O(57) vary markedly between 2.361(4) and
3.025(4) Å (excluding theminor occupancy orientation of
[L2Zn3(OAc)4]-I where O(57) is actually bound to Zn(3)
at 1.938(7) Å). Considering theAr-OandArO-Zn bond
lengths (Table 1), two patterns emerge. In every complex,
the Zn-O(1) bonds are longer than their Zn-O(11)
counterparts, and related to this, in each complex, the
Ar-O(1) bonds are longer than the Ar-O(11) bonds
(but only in the case of [L1Zn3(OAc)4] is the difference
statistically significant). Both of these observations can
readily be explained by the presence of three zinc centers
bonded to O(1), compared to the two zinc atoms bound
to O(11). Unfortunately, in neither case can any pattern
be discerned between the complexes; that is, the change
in the para substituent has no noticeable effect on the
structures.

Copolymerizations of CHO and CO2. All of the new
complexes were tested as catalysts for the copolymeriza-
tion of cyclohexene oxide (CHO) and CO2 (Table 2). All
were excellent catalysts, active under very low pressures
of CO2 (just 1 atm). It should also be noted that all of the
complexes are air-stable and robust, in contrast to pre-
viously reported zinc-based catalyst systems used for this
reaction.
The bimetallic complexes, [L1-3Zn2(OAc)2], were tested

at 1 atm of CO2 and 80 �C. This temperature was chosen
because it represents a compromise between activity, the
desire to use the mildest conditions possible, and minimal
production of cyclic carbonate.42 While higher activities
are achieved at 100 �C, over 5% cyclic carbonate was
produced at this temperature using [L1Zn2(OAc)2].

42

[L1Zn2(OAc)2] was the most active catalyst of the series,
with a TOF of 9 h-1, 3 times higher than the best literature
catalyst at this low pressure.31A clear relationship between
the ligand structure and activity can be seen; as expected,
[L3Zn2(OAc)2] is less active than [L1or2Zn2(OAc)2], giving
a TOF of 6 h-1. It should be noted that even this slight
reduction in TOF still results in catalysts that are twice as
active as the leading literature catalysts, at this pressure. It
is proposed that the reduction in activity, using the elec-
tron-donating methoxy substituent, results from a de-
crease in zinc Lewis acidity and a concomitant decrease
in binding and activation of CHO and CO2. Alkyl substit-
uents do not exert any significant electronic influence
on the Lewis acidity of the zinc centers and as a result
are more active. There is little difference in the activities
of [L1Zn2(OAc)2] and [L2Zn2(OAc)2], the latter being
slightly less active. As the substitution is quite far
from the active site, it is expected that any steric effect
is minimal. Instead, it is likely that this slight diffe-
rence relates to the improved solubility of [L1Zn2-
(OAc)2] in CHO.
The 1H NMR spectra of the copolymers show no

evidence of ether linkages, produced by the homopoly-
merization of CHO. The absence of ether linkages is

Table 1.Comparative Bond Lengths (Å) for [L1Zn3(OAc)4], the Two IndependentMolecules Present in the Crystals of [L2Zn3(OAc)4], and the Three IndependentMolecules
Present in the Crystals of [L3Zn3(OAc)4]

C(1)-O(1) C(11)-O(11) O(1)-Zn(1) O(1)-Zn(2) O(11)-Zn(1) O(11)-Zn(2)

[L1Zn3(OAc)4] 1.367(2) 1.348(2) 2.2843(14) 2.2027(14) 2.0587(14) 2.1003(13)
[L2Zn3(OAc)4]-I 1.373(4) 1.351(4) 2.232(3) 2.215(3) 2.093(3) 2.054(3)
[L2Zn3(OAc)4]-II 1.364(5) 1.347(4) 2.314(2) 2.253(2) 2.050(3) 2.068(2)
[L3Zn3(OAc)4]-I 1.369(4) 1.351(5) 2.284(2) 2.245(3) 2.066(3) 2.092(3)
[L3Zn3(OAc)4]-II 1.370(4) 1.360(4) 2.267(3) 2.183(3) 2.057(3) 2.087(3)
[L3Zn3(OAc)4]-III 1.375(4) 1.357(5) 2.284(3) 2.228(3) 2.066(3) 2.102(3)

Table 2. Copolymerizations of CHO and CO2 catalyzed using [L1-3Zn2(OAc)2] and [L1-3Zn3(OAc)4]. Copolymerization conditions: 80 �C, 1 atm CO2, 24 h

catalyst TONa TOF (h-1)b % carbonatec % copolymerc Mn
d Mw/Mn

d % conversione

[L1Zn2(OAc)2] 220 9.2 >99 96 6200 1.19 45
[L2Zn2(OAc)2] 199 8.3 >99 96 5800 1.21 40
[L3Zn2(OAc)2] 144 6 >99 96 2800 1.21 29
[L1Zn3(OAc)4] 96 4 >99 97 3400 1.21 29
[L2Zn3(OAc)4] 73 3 >99 89 2800 1.22 22
[L3Zn3(OAc)4] 47.9 1.9 >99 95 1400 1.21 14

aTON=number of moles of CHO consumed per mole of zinc. N/B: the copolymerization data for [L1Zn2(OAc)2] were previously reported with TON=
number of moles of CHO consumed per mole of catalyst.42 bTOF=TON per hour. cDetermined by comparison of the integrals of signals arising from
the methylene protons in the 1H NMR spectra due to copolymer carbonate linkages (δ=4.65 ppm), copolymer ether linkages (δ=3.45 ppm), and the
signals due to cyclic carbonate byproduct (δ=4.0 ppm).42 dDetermined by SEC, in THF, using narrowpolystyrene standards as calibrants. eCalculated
by comparing the mass of polymer isolated against that expected at 100% conversion.
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relatively unusual for zinc catalysts, although Xiao et al.
also report no ether linkages in the polymer produced
by their zinc catalyst at 1 atm of CO2 pressure.31 The
cause of this apparent prevention of homopolymeriza-
tion is still under investigation. Small quantities of cy-
clic carbonate (∼ 4%) are always observed (Scheme 1).
Other groups have also observed a cyclic carbonate
byproduct whose formation has been attributed to the
low ceiling temperature of copoly(cyclohexene carbo-
nate).13,49 The copolymer molecular weights are low;
several factors contributed to this. First, as the copoly-
merization is carried out in neat monomer, conver-
sions are not allowed to exceed 50%, after which a
high viscosity makes stirring difficult. Second, it has
been established by van Meerendonk et al., and ob-
served in our previous report, that the polymer mole-
cular weights are frequently much lower than ex-
pected due to side reactions between zinc catalysts and
CHO, producing alcohols, which act as chain trans-
fer agents.42,43 Such chain transfer reactions are fast
and reversible, as the polydispersity indices (Table 2,
Mw/Mn) are all in the range 1.00-1.22. Third, the bime-
tallic complexes each have two active sites, and therefore
the expected molecular weights will be one-half those of
conventional monometallic catalysts, such as the salen
complexes (Figure 1, 2 and 3). When the catalyst loading
is reduced to 0.01 mol %, and a higher pressure of CO2 is
used (10 atm), higher molecular weights of around 14 000
are observed.42

The trizinc complexes, [L1-3Zn3(OAc)4], were also
tested under the same conditions (1 atm CO2, 80 �C).
The quality of the copolymers is very similar to that
produced by [L1-3Zn2(OAc)2], with no detectable ether
linkages and polydispersity indices of around 1.2. The
molecular weights of the copolymers are even lower;
however, this also corresponds to a lower percentage

conversion. The polymer produced by [L2Zn3(OAc)4]
also contained an increased amount of cyclic carbonate
byproduct (11%). The three potentially active zinc sites
and four acetate initiating groups might be expected to
increase the catalytic activity. In order to account for this
and enable direct comparisons with the bimetallic analo-
gues, [L1-3Zn2(OAc)2], TONs and TOFs per mole of Zn
were calculated for all of the catalysts (Table 2). The
trimetallic catalysts showed significantly reduced activ-
ities compared to their bimetallic analogues. For exam-
ple, [L1Zn3(OAc)4] shows a TOF slightly less than half
that of [L1Zn2(OAc)2], an activity lower than that of
[L3Zn2(OAc)2]. The same structural trends are observed,
[L2Zn3(OAc)4] is less active than [L1Zn3(OAc)4], while
[L3Zn3(OAc)4] is significantly less active than both. The
decreased activity of the trizinc complexes confirms our
previous report that the macrocyclic coordination envir-
onment around the active site is vital for controlling
catalyst activity.42 A series of conclusions can be drawn:
First, the zinc center external to the macrocycle is less
active than the two zinc centers coordinated by the
macrocycle. Second, this externally coordinated zinc
center appears to hinder CO2 and CHO binding to the
catalyst. The current results indicate that the ability of
the Zn-O bonds to participate in the insertion steps
necessary for copolymerization are highly dependent
on the electronic and steric environment around the
zinc center.

Conclusions

A series of three macrocyclic proligands have been synthe-
sized and used to prepare bimetallic and trimetallic zinc
acetate complexes. All of the new complexes have been fully
characterized, including by solution spectroscopic and X-ray
diffraction techniques. The trimetallic complexes contain two
different zinc coordination environments and several differ-
ent acetate environments. All of these complexes were active
catalysts for the copolymerization of CHO and CO2, at just
1 atm of CO2 pressure. The new catalysts all produced high-
quality copolymers, without any observable ether linkages,
and with low polydispersity indices. The most active of these
complexes was the previously reported [L1Zn2(OAc)2]; the
introduction of a less bulky methyl group and an electron-
donating methoxy group decreases the activity of the cata-
lyst. We previously reported that monometallic and bime-
tallic open-ligand analogues of [L1Zn2(OAc)2] were inactive,
stating the importance of the metal coordination environ-
ment within the macrocycle to its activity. The decreased
activity of the trimetallic complexes compared to their
bimetallic analogues corroborates this assertion; a zinc center
external to the ligand hinders the copolymerization rather
than enhancing it.

Experimental Section

Materials and Methods. The syntheses of H2L
n and

[H4L
n0](ClO4)2 were carried out in the air. The syntheses of the

metal complexes [LnZn2(OAc)2] and [LnZn3(OAc)4] were con-
ducted under a nitrogen atmosphere, either using standard
anaerobic techniques or in a nitrogen filled glovebox. 4-tert-
butyl-2,6-diformylphenol, 2,6-diformyl-4-methylphenol, and
2,6-diformyl-4-methoxyphenol were synthesized according to
a literature procedure.44 All solvents and reagents were ob-
tained from commercial sources (Aldrich andMerck). THFwas

Table 3. Crystallographic Data for Compounds [L1Zn3(OAc)4], [L
2Zn3(OAc)4],

and [L3Zn3(OAc)4]

data [L1Zn3(OAc)4] [L2Zn3(OAc)4] [L3Zn3(OAc)4]

chemical formula C42H66N4O10Zn3 C36H54N4O10Zn3 C36H54N4O12Zn3
solvent C7H8 1.75C4H8O 2.25C4H8O

fw 1075.23 1025.12 1093.18

T (�C) -100 -100 -100

space group P1 (no. 2) P21/c (no. 14) P1 (no. 2)

a (Å) 10.08917(16) 24.2406(3) 20.2849(5)

b (Å) 13.7070(3) 16.3317(2) 20.4982(4)

c (Å) 19.7768(3) 29.4556(2) 23.6840(6)

R (deg) 76.4901(16) 73.361(2)

β (deg) 78.5010(13) 114.217(1) 89.007(2)

γ (deg) 80.1700(15) 61.549(2)

V (Å3) 2583.71(8) 10635.0(2) 8212.7(4)

Z 2 8a 6b

Fcalcd (g cm-3) 1.382 1.280 1.326

λ (Å) 0.71073c 0.71073c 1.54184d

μ (mm-1) 1.439 1.397 2.045

R1 (obs)
e 0.039 0.061 0.046

wR2 (all)
f 0.117 0.233 0.129

aThere are two crystallographically independent molecules. bThere
are three crystallographically independent molecules. cOxford Diffrac-
tion Xcalibur 3 diffractometer. dOxford Diffraction Xcalibur PX Ultra
diffractometer. e R1=

P
||Fo|- |Fc||/

P
|Fo|.

f wR2= {
P

[w(Fo
2-Fc

2)2]/P
[w(Fo

2)2]}1/2; w-1 = σ2(Fo
2) þ (aP)2 þ bP.

(49) Super, M.; Beckman, E. J. Macrolmol. Symp. 1998, 127, 89–108.
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distilled from sodium and stored under nitrogen. Cyclohexene
oxide (CHO), methylene chloride, and d2-TCE were distilled
fromCaH2 and stored under nitrogen. CP-grade carbon dioxide
was used for copolymerization studies.

1H and 13C{1H} NMR spectra were performed on a Bruker
AV-400 instrument, unless otherwise stated. All mass spectro-
metry measurements were performed using a Fisons Analytical
(VG) Autospec spectrometer. All IR spectra were performed
neat on a Perkin-Elmer Spectrum 100 ATR-IR instrument. Ele-
mental analyses were determined by Stephen Boyer at London
Metropolitan University, North Campus, Holloway Road,
London, N7. SEC data were collected using a Polymer Labora-
tories PL GPC-50 instrument with THF as the eluent, at a flow
rate of 1 mL min-1. Two Polymer Laboratories Mixed D
columns were used in series. NarrowMw polystyrene standards
were used to calibrate the instrument.

X-Ray Crystallography. Table 3 provides a summary of the
crystallographic data for compounds [L1Zn3(OAc)4], [L

2Zn3-
(OAc)4], and [L3Zn3(OAc)4]. CCDC numbers for the com-
pounds are 721028-721030. For further details of the X-ray
crystallography, see the Supporting Information.

General Procedure for the Synthesis of [H4L
n0](ClO4)2. To

a round-bottomed flask was added 4-R-2,6-diformylphe-
nol (5.80 mmol), NaClO4 (2.81 g, 23.2 mmol), acetic acid
(0.66 mL, 11.6 mmol), and methanol (90 mL). This solution
was heated to 70 �Cwhile stirring; as the solution started to boil,
2,2-dimethyl-1,3-propanediamine (0.70 mL, 5.8 mmol) was
added, slowly, in methanol (30 mL). The reaction mixture was
allowed to cool to room temperature and was left stirring for 24
h, after which a precipitate was filtered and washed with cold
(-78 �C) methanol.

[H4L
10](ClO4)2. Orange crystals; yield: 1.85 g, 2.76 mmol,

95%. 1HNMR (d6-DMSO): δ 13.61 (br s, 4H,NH/OH), 8.68 (d,
4H, NdCH), 7.66 (s, 4H, Ar-H), 3.87 (s, 8H, CH2), 1.28 (s,
12H, CH3), 1.15 (s, 18H, CH3).

13C{1H} NMR (d6-DMSO): δ
176.5, 169.3, 142.5, 136.2, 116.6, 60.7, 35.2, 34.0, 31.2, and 23.6.
m/z (ES): 545.3875 (80%, [M - H]þ; C34H49N4O2 requires
545.3856).

[H4L
20](ClO4)2. Orange crystals; yield: 1.72 g, 2.26 mmol,

76%. 1H NMR (d6-DMSO): δ 8.63 (d, J=13.5 Hz, 4H,
NdCH), 7.34 (s, 4H, Ar-H), 3.90 (d, 8H, N-CH2-C), 2.13
(s, 6H, Ar-CH3), 1.28 (s, 12H, C-CH3).

13C{1H} NMR (d6-
DMSO): δ 176.1, 168.1, 145.2, 122.5, 116.3, 60.2, 33.7, 30.4,
18.7. Anal. Calcd for C28H38Cl2N4O10: C, 50.84; H, 5.79; N,
8.47%. Found: C, 50.79; H, 5.77; N, 8.41%.

[H4L
30](ClO4)2. Brick red powder; yield: 0.63 g, 0.90 mmol,

31%. 1H NMR (d6-DMSO): δ 13.83 (s, 4H, OH/NH), 8.67 (d,
4H,NdCH), 7.22 (s, 4H, Ar-H), 3.90 (s, 8H,N-CH2-C), 3.69
(s, 6H,Ar-O-CH3), 1.29 (s, 12H,C-CH3).

13C{1H}NMR (d6-
DMSO): δ 174.3, 168.5, 147.3, 130.7, 116.9, 61.2, 56.4, 34.4,
23.5. Anal. Calcd for C28H38Cl2N4O12: C, 48.49; H, 5.52; N,
8.08%. Found: C, 48.47; H, 5.46; N, 8.12%.

General Procedure for the Synthesis of H2L
1,2 from

[H4L
n0](ClO4)2. [H4L

n0](ClO4)2 (2.7 mmol) was suspended in
methanol (180 mL). The suspension was cooled to 0 �C, and
NaBH4 (2.65 g, 70 mmol) was added, slowly. As NaBH4 was
added, the red-orange suspension turned to a clear solution. The
solution was allowed to stir at room temperature for 1 h, after
which water was added slowly, and the solution turned cloudy.
Once the precipitate started to form, the mixture was left over-
night. The product was filtered, washed with water, and dried
under a vacuum to yield white crystals of the title compound.

H2L
1. Yield: 1.21 g, 2.19 mmol, 88%. Mp 162 �C (from

methanol). 1HNMR(CDCl3): δ 6.95 (s, 4H,Ar-H), 3.76 (s, 8H,
CH2), 2.53 (s, 8H, CH2), 1.27 (s, 18H, CH3), 1.02 (s, 12H, CH3).
13C{1H} NMR (CDCl3): δ 154.7, 140.7, 124.9, 124.3, 59.9, 53.4,
34.7, 34.1, 31.7, and 25.2. m/z (ES): 553 ([M þ H]þ, 75%), 277
(100). Anal. Calcd for C34H56N4O2: C, 73.87; H, 10.21; N,
10.13%. Found: C, 73.87; H, 10.26; N, 10.18%.

H2L
2. Yield: 0.75 g, 1.6 mmol, 59%. Mp 154 �C. 1H NMR

(CDCl3): δ 6.74 (s, 4H, Ar-H), 3.74 (s, 8H, N-CH2-Ar),
2.51 (s, 8H, N-CH2-C), 2.22 (s, 6H, Ar-CH3), 1.03 (s, 12H,
C-CH3).

13C{1H} NMR (CDCl3): δ 154.6, 128.7, 127.2, 124.7,
59.7, 52.7, 34.7, 25.0, 20.4.m/z (ES): 469 ([MþH]þ, 100%), 235
(14%). Anal. Calcd for C28H44N4O2: C, 71.76; H, 9.46; N,
11.95%. Found: C, 71.60; H, 9.52; N, 11.88%.

Synthesis of H2L
3 from [H4L

30](ClO4)2. [H4L
30](ClO4)2

(1.40 g, 2.02 mmol) was suspended in MeOH (110 mL). The
suspension was cooled to 0 �C, and NaBH4 (1.99 g, 52.6 mmol)
was added, slowly. As NaBH4 was added, the brick-red suspen-
sion turned to a light brown, clear solution. The solvent was
removed, in vacuo, and the crude product taken up in aminimal
amount of CHCl3. After an hour, a brown precipitate was
filtered off, and the solvent was removed in vacuo. The pro-
duct was recrystallized from MeOH/H2O and dried in vacuo.
White crystals, 0.340 g, 0.68 mmol, 34%. Mp 74 �C (from
CHCl3).

1H NMR (CDCl3): δ 6.52 (s, 4H, Ar-H), 3.74 (m,
14H, N-CH2-Ar and Ar-O-CH3), 2.50 (s, 8H, N-CH3-C),
1.02 (s, 12H, C-CH3).

13C{1H} NMR (CDCl3): δ 151.7, 150.5,
125.6, 113.5, 59.4, 55.7, 52.6, 34.6, 24.9. m/z (ES): 501 (100%,
[M þ H]þ), 251 (25%). Anal. Calcd for C28H44N4O4: C, 67.17;
H, 8.86; N, 11.19%. Found: C, 67.28; H, 8.98; N, 11.06%.

Synthesis of [LnZn2(OAc)2].H2L
n (0.72 mmol) was dissolved

in dry THF (10 mL), in a Schlenk tube. The solution was
transferred to another Schlenk tube containing Zn(OAc)2
(0.27 g, 1.48 mmol). The reaction was left to stir for 16 h, after
which the THFwas removed in vacuo and the product taken up
in dry CH2Cl2 (10 mL). The solution was then filtered, the
solvent removed in vacuo, and the white powder dried under a
vacuum overnight.

[L1Zn2(OAc)2]. Yield: 0.40 g, 0.5 mmol, 70%. 1H NMR (d2-
TCE, 383 K): δ 7.00 (s, 4H, Ar-H), 4.78 (br s, 4H, NH), 3.32 (br
d, 4H,CH2), 2.95 (br s, 4H,CH2), 2.84 (br s, 4H,CH2), 2.46 (br s,
∼ 4H, CH2), 2.08 (s, ∼ 6H, OAc), 1.35 (s, 18H, Ar-C-CH3),
1.29 (s, 6H,CH2-C-CH3), 1.05 (s, 6H,CH2-C-CH3).

13C{1H}
NMR (d2-TCE, 383 K): δ 174.7, 159.5 (br), 139.5 (br), 127.4,
124.4, 63.2, 56.3, 33.5, 31.4, 27.9, 21.1, and 20.7. m/z (FAB): 739
([M-OAc]þ, 100%).Anal. Calcd forC36H60N4O2Zn2: C, 57.07;
H, 7.56; N, 7.01%. Found: C, 56.91; H, 7.46; N, 6.92%.

[L2Zn2(OAc)2].Yield: 0.37 g, 0.52 mmol, 72%. 1HNMR (d2-
TCE, 383K): δ 6.83 (s, 4H, Ar-H), 4.76 (br s, 4H,NH), 3.26 (br
s, 4H, CH2), 2.96 (br s, 4H,CH2), 2.79 (br s, 4H,CH2), 2.44 (br s,
4H, CH2), 2.27 (s, 6H, Ar-CH3), 2.09 (s, 6H, OAc), 1.26 (s, 6H,
C-CH3), 1.04 (s, 6H, C-CH3).

13C{1H} NMR (d2-TCE, 383
K): δ 175.1, 159.0 (br), 139.0 (br), 131.0, 124.7, 63.4, 56.1, 33.4,
27.9, 21.3, 19.7. m/z (FAB): 656 ([M - OAc]þ, 100%). Anal.
Calcd for C32H48N4O6Zn2: C, 53.71; H, 6.76; N, 7.83%. Found:
C, 53.60; H, 6.74; N, 7.82%.

[L3Zn2(OAc)2].Yield: 0.40 g, 0.54 mmol, 75%. 1HNMR (d2-
TCE, 383K): δ 6.61 (s, 4H, Ar-H), 4.68 (s, br, 4H,NH), 3.77 (s,
6H, Ar-OCH3), 3.21 (s, br, 4H, CH2), 2.98 (s, br, 4H, CH2),
2.76 (s, br, 4H, CH2), 2.49 (s, br,∼4H, CH2), 2.01 (s, 6H, OAc),
1.25 (s, 6H, C-CH3), 1.03 (s, 6H, C-CH3).

13C{1H} NMR (d2-
TCE, 383K): δ 174.5, 155.2, 150.4, 125.5, 116.2, 63.2, 56.8, 33.4,
27.8, 21.4, 20.8. m/z (FAB): 687 ([M - OAc]þ, 98%). Anal.
Calcd for C32H48N4O8Zn2: C, 51.42; H, 6.47; N, 7.49%. Found:
C, 51.36; H, 6.56; N, 7.49%.

Synthesis of [LnZn3(OAc)4].H2L
n (0.72 mmol) was dissolved

in dry THF (10 mL), in a Schlenk tube. The solution was
transferred to a Schlenk tube containing Zn(OAc)2 (0.54 g,
2.96 mmol). The reaction was left to stir for 16 h, after which
the THF was removed in vacuo and the product taken up in dry
CH2Cl2 (10mL). The solutionwas then filtered to remove excess
Zn(OAc)2 and the solvent removed in vacuo. The product was
then recrystallized from THF/hexane, filtered, and washed with
hexane. All NMR resonances are reported for themajor isomer.

[L1Zn3(OAc)4]. Yield: 0.57 g, 0.57 mmol, 80%. IR (νCdO,
cm-1, neat): 1670 and 1369 (terminal OAc), 1589 and 1426
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(bridging OAc). 1HNMR (CD3OD): δ 7.09 (s, 4H, Ar-H), 4.28
(t, 4H, NH), 3.26 (d, 4H, CH2), 3.03 (t, 4H, CH2), 2.77 (m, 8H,
CH2), 1.80 (s, 12H,OAc), 1.29 (s, br, 18H,Ar-C-CH3), 1.27 (d,
6H, N-C-CH3), 1.03 (s, 6H, N-C-CH3).

13C{1H} NMR (d2-
TCE, 383 K): δ 177.2, 159.8 (br), 139.8 (br), 127.9, 125.0, 62.1,
55.2, 33.7, 33.3, 31.4, 28.2, 22.6, 20.8. m/z (FAB): 740 ([M -
Zn(OAc)3]

þ, 100%). Anal. Calcd for C42H66N4O10Zn3: C,
51.31; H, 6.77; N, 5.70%. Found: C, 51.42; H, 6.81; N, 5.64%.

[L2Zn3(OAc)4]. Yield: 0.53 g, 0.59 mmol, 82%. IR (νCdO,
cm-1, neat): 1705 and 1381 (terminal OAc), 1583 and 1423
bridging OAc). 1H NMR (CD3OD): δ 6.87 (s, 4H, Ar-H), 4.22
(m, 4H, NH), 3.21 (d, 4H, CH2), 2.99 (d, br, 4H, CH2), 2.75 (m,
8H, CH2), 2.19 (s, 6H, Ar-CH3), 1.88 (s, br, 12H, OAc), 1.26 (s,
6H, N-C-CH3), 1.02 (s, 6H, N-C-CH3).

13C{1H} NMR (d2-
TCE, 383 K): δ 177.1, 160.0 (br), 144.2 (br), 131.8, 125.5, 62.2,
54.8, 33.8, 28.2, 22.5, 20.7, 19.7. m/z (FAB): 656 ([M - Zn-
(OAc)3]

þ, 100%). Anal. Calcd for C36H54N4O10Zn3: C, 48.09;
H, 6.05; N, 6.23%. Found: C, 48.01; H, 5.98; N, 6.11%.

[L3Zn3(OAc)4]. Yield: 0.51 g, 0.55 mmol, 76%. IR (νCdO,
cm-1, neat): 1651 and 1379 (terminal OAc), 1587 and 1427
(bridging OAc). 1H NMR (CD3OD): δ 6.65 (s, 4H, Ar-H) 4.22
(d, 4H,CH2), 3.70 (s, 6H,OCH3), 3.17 (d, 4H,CH2), 2.97 (d, 4H,
CH2), 2.65 (d, 4H, CH2), 1.80 (s, br, 12H, OAc), 1.24 (s, 6H,
CH3), 1.00 (s, 6H, CH3).

13C{1H} NMR (CD3OD): 180.1, 157.6

(br), 152.2 (br), 127.4, 118.0, 63.4, 56.2, 55.8, 34.9, 28.7, 23.0,
21.2. m/z (FAB): 688 ([M - Zn(OAc)3]

þ, 100%). Anal. Calcd
for C36H54N4O12Zn3: C, 46.44; H, 5.85; N, 6.02%. Found: C,
46.52; H, 5.90; N, 5.91%.

Copolymerization Conditions. Cyclohexene oxide (5 mL,
49.4 mmol) and [LnZnx(OAc)y] (0.049 mmol) were added to a
Schlenk tube. The cyclohexene oxide was degassed, before being
left to stir under 1 atm of CO2, at 80 �C, for 24 h. The crude
reactionmixturewas then taken up inCH2Cl2 and evaporated in
the air, afterwhich the productwas dried in vacuo overnight.No
further purification of the polymer was undertaken, as the
vacuum was sufficient to remove unreacted cyclohexene oxide.

The turnover number was calculated as [(isolated yield -
weight catalyst)/142.1]/moles of zinc.

The copolymers were analyzed by 1H NMR spectroscopy,
where the protons adjacent to the carbonate linkage resonated
at 4.6 ppm, while the absence of a peak at 3.45 ppm showed that
there were no polyether linkages. The copolymer tacticity was
determined by 13C{1H} NMR spectroscopy and analyzed as
described by Nozaki et al.50 The copolymers were all atactic.
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