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supported by a xanthene-bridged
dinucleating ligand: synthesis, characterization,
and lactide polymerization studies†

Thilini S. Hollingsworth,a Ryan L. Hollingsworth,a Tomer Rosen*b

and Stanislav Groysman *a

A new, potentially dinucleating xanthene-bridged bis(iminophenolate) ligand L (L ¼ 6,60-((1E,10E)-((2,7-
di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diyl)bis(azanylylidene))bis(methanylylidene))bis(2,4-di-tert-

butylphenol)) has been synthesized and its coordination chemistry with zinc precursors featuring alkoxide,

chloride, and ethyl leaving groups has been investigated. The reaction of a zinc precursor bearing two bulky

alkoxides, Zn(Cl)(m2-OR)2Li(THF) (OR ¼ di-tert-butyl-phenylmethoxide), formed a mononuclear complex

Zn(L) that was isolated as an H-bond adduct with HOR, Zn(L)$HOR. In contrast, the reaction of L (or its

lithium salt) with diethylzinc (or zinc chloride) led to the formation of the corresponding dinuclear

complexes Zn2(L)(Et)2 and Zn2(L)(m
2-Cl)4Li2(OEt2)2. X-ray crystallography revealed syn-parallel geometry

for Zn2(L)(Et)2 (Zn/Zn distance of 4.5 Å) and anti-parallel geometry for Zn2(L)(m
2-Cl)4Li2(OEt2)2 (Zn/Zn

distance of 6.7 Å). Zn2(L)(Et)2 was found to be somewhat unstable, demonstrating decomposition into

Zn(L) and ZnEt2; this decomposition can be reversed by the addition of excess ZnEt2. Treatment of

Zn2(L)(Et)2 with benzyl alcohol (BnOH) in deuterated benzene, toluene, or dichloromethane resulted in

the formation of Zn2(L)(OBn)2, which was characterized by 1H and 13C NMR spectroscopy. Zn2(L)(OBn)2
was found to be active in the ring-opening polymerization of rac-lactide to afford heterotactically

inclined PLA.
Introduction

Bimetallic cooperativity is a common theme in biological
catalysis,1 and is currently an active area of research in chemical
catalysis.2,3 Among other elds, bimetallic cooperativity has
been postulated in polymerization of lactide and other cyclic
esters. Lactide is a cyclic diester that is derived from renewable
sources.4 The corresponding polymer, poly(lactic acid), features
many characteristic properties similar to those of polyolens,
but offers an important advantage of biodegradability.5 Lactide
polymerization is generally catalyzed by strongly Lewis-acidic
metals, in particular zinc.6,7 The structure of the metal catalyst
affects the properties of the resulting poly(lactic acid), including
tacticity, molecular weight, and molecular weight distribution.
Several recent reports demonstrated advantageous reactivity of
predesigned bimetallics8–16 that may exhibit higher catalytic
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activity, higher molecular weights, or improved tacticity, in
comparison with related mononuclear species. The observed
synergism of predesigned bimetallics is corroborated by the
interesting observation that bimetallic alkoxide-bridged active
sites may be preferential even for precursors lacking dinu-
cleating ligands.17 Thus, Mehrkhodavandi and coworkers have
recently demonstrated that a di-indium complex, bridged by
a monodentate alkoxide (Fig. 1), retains its dinuclear structure
in solution and functions as a bimetallic polymerization
catalyst.17

As the reactivity of bimetallic catalyst depends on the metal–
metal separation, there is a growing interest in bimetallic
catalysts where a xed metal–metal distance is enforced by
a sufficiently rigid dinucleating ligand.2 There is a signicant
number of bimetallic lactide polymerization catalysts stabilized
by dinucleating ligands, including Salen derivatives,13 2,6-dia-
minophenolate derivatives,8,9b,16 2,20-phenolate derivatives,10

and other systems (for selected examples see Fig. 1). Our group
investigates cooperative reactivity of bimetallics supported by
dinucleating ligands exhibiting various degrees of rigidity.18

We, and others, have recently begun investigating potentially
dinucleating ligands based on 4,5-diamino xanthene
linkers.19,20 Xanthene linker positions two metals sufficiently
close to each other to allow cooperative reactivity. Yet, the open-
chain nature of xanthene-bridged bis(iminopyridine) ligands,
RSC Adv., 2017, 7, 41819–41829 | 41819
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Fig. 1 Selected recently reported bimetallic pre-catalysts for lactide
polymerization.9–11,17
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coupled with single C4–N and C5–N bonds, allow the two
chelating units sufficient freedom of movement versus each
other, which may be benecial if varying metal–metal distances
are required to satisfy different bimetallic reaction intermedi-
ates. Following our recent report on cooperative alkyne cyclo-
trimerization catalyzed by xanthene-based bis(iminopyridine)
dinickel complex,19b we turned to investigate the reactivity of
xanthene-based di-zinc complexes in lactide polymerization.
We hypothesized that neutral bis(iminopyridine) ligands would
not be suitable for the relatively hard dicationic zinc(II), and
thus decided to replace neutral iminopyridine with mono-
anionic iminophenolate. The presence of a single monoanionic
chelate at each zinc centre enables coordination of an addi-
tional monoanionic monodentate ligand (alkoxide or amide), as
required for an active lactide polymerization catalyst. Herein
we describe coordination chemistry of the new xanthene-
bridged bis(iminophenolate) ligand with zinc, and present the
reactivity of the resulting bimetallic complexes in lactide
polymerization.
Fig. 2 Top: synthesis of compound 1; OR ¼OCtBu2Ph. Bottom: X-ray
structure of 1, 50% probability ellipsoids. Selected bond distances (Å)
and angles (�): Zn Cl 2.155(1), Zn O1 1.902(3), Zn O2 1.914(3), O1 Zn Cl
130.5(1), O2 Zn Cl 137.7(1), O1 Zn O2 89.6(1).
Results and discussion
Ligand synthesis

Dinucleating ligand L was obtained by condensation of previ-
ously reported 2,7-di-tert-butyl-9,9-dimethyl-4,5-diaminox-
anthene20 with 3,5-di-tert-butyl-2-hydroxybenzaldehyde in
41820 | RSC Adv., 2017, 7, 41819–41829
methanol. Pure ligand was obtained by recrystallization from
benzene/methanol as bright yellow crystals in 76% yield. NMR
data for L is consistent with the single species in solution
featuring effective C2v symmetry as indicated by one peak for
both xanthene methyl groups, and one peak for both xanthene
tert-butyl peaks. Interestingly, two different types of crystals
were obtained by recrystallization of analytically- and NMR-pure
sample of L from hexanes (see ESI for details†). The major
difference between the structures (Lsyn and Lanti) is in the rela-
tive disposition of the chelating units – iminophenolates. In
Lsyn, the phenolates are on the same side of xanthene linker,
which leads to their syn-parallel arrangement. In Lanti, the
phenolates are on two different sides of the xanthene linker, in
the anti-parallel arrangement. One noteworthy feature of the
structures is the exibility of the xanthene linker. While the
linker appears to be perfectly at in Lsyn, it is slightly puckered
in Lanti.
Complex synthesis and characterization

Metal-alkoxide complexes constitute the most commonly used
form of precatalysts for lactide polymerization. We have previ-
ously described series of divalent 3d metal complexes of the
M(OR)2(THF)2 form (OR ¼ OCtBu2Ph), whose monomeric
structure was made possible by the use of excessively bulky
alkoxides.21,22 One could postulate that a zinc complex of similar
form could provide an ideal precursor for the reaction with L,
as: (1) phenols are signicantly more acidic than alcohols; (2)
a bulky alkoxide should render zinc centres in a hypothetical
“Zn2(L)(OR)2” complex coordinatively unsaturated and there-
fore highly reactive towardmonomer insertion. Thus, our initial
route towards bimetallic zinc complexes with L targeted
synthesis of a “Zn(OR)2(THF)2” species rst. The addition of two
equivalents of ROH22d to diethylzinc failed to produce the
This journal is © The Royal Society of Chemistry 2017
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View Article Online
expected zinc-alkoxide product. Intriguingly, no reaction was
observed by 1H NMR spectroscopy, suggesting that our alkoxide
ligand may be more basic than alkyl (ethyl) ligand in the zinc
coordination environment. Salt metathesis reaction between
zinc chloride and two equivalents of ROLi produced Zn(Cl)(m2-
OR)2Li(THF) (1), which was isolated as colourless crystals from
hexanes in 75% yield. The synthesis and structure of 1 are given
in Fig. 2, along with the corresponding bond distances and
angles. 1 demonstrates distorted trigonal planar zinc centre
ligated by two OR ligands and one chloride.23 Notably, the
chloride is terminal while the alkoxides are bridging. In
contrast, in the corresponding nickel(II) structure (Ni(OR)(m2-
Cl)(m2-OR)Li(THF)2), the chloride was bridging while one of the
alkoxides was terminal.24 The bridging nature of both alkoxides
Scheme 1 Coordination chemistry of L with zinc described in this manu
crystallography, and its structure is proposed based on NMR spectrosco

This journal is © The Royal Society of Chemistry 2017
in Zn(Cl)(m2-OR)2Li(THF) supports the notion of the increased
alkoxide basicity when coordinated to zinc.

To abstract LiCl from 1, it was treated with TlPF6 or AgPF6. In
both cases, an immediate reaction was observed, as indicated
by the formation of TlCl (or AgCl) precipitate. However, while 1H
NMR spectrum of the isolated product suggested formation of
“Zn(OR)2” species, it was also accompanied by the formation of
free alcohol, ROH. Our numerous attempts to isolate pure
“Zn(OR)2” by recrystallization led to product mixtures contain-
ing varying amounts of the protonated ligand ROH. We note
that while this behaviour stands in contrast to the Cr(II), Mn(II),
Fe(II), and Co(II), for which M(OR)2(THF)2 could be isolated in
good yields following similar protocols,24,22a Ni(II) and Cu(II) also
failed to lead to isolable M(OR)2(THF)2 complexes.24
script. Complex in square brackets (6) was not characterized by X-ray
py.

RSC Adv., 2017, 7, 41819–41829 | 41821
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Fig. 4 X-ray structure of 3, 30% probability ellipsoids. H atoms, co-
crystallized solvent, and alternative conformation of tBu groups are
omitted for clarity.
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As we could not isolate pure “Zn(OR)2”, we investigated the
reactivity of L with two equivalents of complex 1, or with
“Zn(OR)2” prepared in situ. Slow addition of L to the cold (�35
�C) THF solution containing two equivalents of complex 1 led to
the clean formation of mononuclear complex 2 (Scheme 1).
Similarly, addition of L to the mixture of 1 and two equivalents
of TlPF6 led to the formation of complex 2. It is hypothesized
that the inability of L to function as a dinucleating ligand in this
case results from the basicity of zinc-alkoxide precursors. It is
also possible that the steric bulk of the Zn-OR fragment, occu-
pying one of the L sites, prevents the reaction of the second site
with another equivalent of 1, triggering instead intramolecular
protonolysis. In support of this hypothesis, complex 2 was ob-
tained as an ROH adduct, 2$HOR, both in solution and in solid
state. Solid-state structure of 2 (Fig. 3) indicates hydrogen
bonding between one of the L phenolates and the hydrogen
atom of ROH (2.13 Å).

As the direct reaction of a zinc alkoxide precursor did not
yield the desired dinuclear bis(alkoxide) complex, salt metath-
esis route of deprotonated L was pursued. Treatment of L with
approximately two equivalents of tBuOLi produced compound
3, which was obtained as yellow microcrystalline solid by
recrystallization from hexanes. X-ray quality crystals of 3 were
obtained from ether, and the solid-state structure is presented
in Fig. 4. Compound 3 is a dilithium salt of L that incorporates
an additional equivalent of LiOtBu to form the [Li3O3] cluster, in
which lithiums are bridged by the m3-OtBu ligand. In the solid-
state structure, all lithium sites are different, two being tetra-
coordinate and the third tri-coordinate (Fig. 4). One of the
tetra-coordinate lithium sites is ligated by an ether molecule.
The 1H NMR spectrum of 3 (obtained from hexanes) is in
general agreement with this structure, with themajor difference
being coordinated THF in place of ether observed in the solid-
state structure. A singlet for the [OtBu] group is observed at
Fig. 3 X-ray structure of 2$HOR, 50% probability ellipsoids. H atoms
(except for H4), co-crystallized solvent, and alternative conformation
of tBu groups are omitted for clarity. Selected bond distances (Å): Zn
O1 1.938(3), Zn O2 1.979(3), Zn N1 2.007(3), Zn N2 2.037(3), Zn O3
2.396(2), O2/H4 2.132.

41822 | RSC Adv., 2017, 7, 41819–41829
1.34 ppm. The two iminophenoxide chelates are different in
solid state but equilibrate in solution, giving rise to ve
different aromatic signals, two different signals for the phen-
oxide tBu groups, and one signal for the xanthene tBu groups. In
contrast, xanthene methyls give rise to two different signals
(1.77 and 1.58 ppm), breaking the effective xanthene plane
symmetry, due to the Li3O3 cluster bridging the two imino-
phenoxide sites. The spectrum shows varying amounts of
coordinated THF (one to two equivalents), whose labile coor-
dination is likely responsible for the observed higher symmetry
in solution. The attempts to use less than two equivalents of
tBuOLi led to the isolation of the same structure, obtained in
lower yield.

Addition of 3 to two equivalents of zinc chloride led to the
formation of the dinuclear complex Zn2Li2(L)(Cl4)(OEt2)4 (4).
Fig. 5 X-ray structure (50% probability ellipsoids) of 4. Selected bond
distances (Å) and angles (�): Zn1 O1 1.900(3), Zn1 N1 1.989(4), Zn1 Cl1
2.269(1), Zn1 Cl2 2.268(1), Zn2 O2 1.902(3), Zn2 N2 1.987(4), Zn2 Cl3
2.262(1), Zn2 Cl4 2.271(1), O1 Zn1 N1 96.4(1), O2 Zn2 N2 96.9(1) Cl1 Zn1
Cl2 101.1(1), Cl3 Zn2 Cl4 100.9(1).

This journal is © The Royal Society of Chemistry 2017
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Complex 4 was isolated as yellow blocks from a hexane/ether
mixture in 43% yield. The complex was characterized by
proton NMR spectroscopy, X-ray crystallography and elemental
analysis. 1H NMR spectrum of 4 contains broad resonances,
suggesting a dynamic process. The X-ray structure of 4 is given
in Fig. 5 below. The structure reveals that 4 is a di-zinc complex,
where each zinc displays a pseudotetrahedral coordination
environment including two chlorides, in addition to the imi-
nophenolate chelate. The structure incorporates lithium ions
that are linked to the complex through two chloride bridges
each; pseudotetrahedral geometry of the lithium sites is
completed by two coordinated ether molecules. Most signi-
cantly, the structure reveals anti-parallel arrangement of the two
zinc metals coordinated by L, with Zn–Zn distance of 6.7 Å.
While the anti-parallel arrangement is expected to be unfav-
ourable for catalysis, it is likely due to the steric pressure around
each zinc centre. We postulated that the removal of the incor-
porated lithium ions might release steric pressure and enable
syn geometry of the zinc centres. To remove LiCl, 4 was treated
with TlPF6 or AgPF6. In both cases, complex mixtures of prod-
ucts formed, from which we were not able to isolate any zinc-
containing products. We have also attempted a direct reaction
between 4 and two equivalents of LiOR, which failed to lead to
a well-dened zinc-containing product.

As the attempts to obtain “Zn2(L)(OR)2” species (where OR is
a bulky alkoxide OCtBu2Ph) were unsuccessful, we decided to
pursue dinuclear zinc species with a more conventional
alkoxide – benzyloxide, Zn2(L)(OBn)2. Zinc benzyloxide
complexes are commonly used as precursors in lactide poly-
merization.7 As the most convenient path to these species
generally lies through the protonolysis of preformed zinc alkyl
species, the synthesis of Zn2(L)(Et)2 was pursued rst. Slow
addition of L to the excess diethylzinc solution (6 equivalents)
led to the formation of yellow-orange Zn2(L)(Et)2 (5), that was
obtained as an analytically pure solid in 95% yield. NMR
Fig. 6 Aromatic region of 1H NMR spectra of: 5 at high concentration
(A); 5 at low concentration (B); 2$HOR (C); 5 at low concentration
following the addition of excess ZnEt2 (D).

This journal is © The Royal Society of Chemistry 2017
spectrum of 5 is concentration-dependent. At high concentra-
tion (�60 mM), a single set of peaks, albeit slightly broadened,
is observed (for the aromatic region, see Fig. 6A; the full spec-
trum is given in ESI†). The overall spectrum, that contains ve
distinct signals in the aromatic region, two distinct signals for
the tBu groups, and a single resonance for xanthene methyl
groups, is consistent with the uxional structure of 5. Zn-
CH2CH3 methylene appears as a broad signal at 0.64 ppm in 1H
NMR spectrum. Intriguingly, low concentration (�10 mM)
spectrum (Fig. 6B) indicates presence of another species, in
addition to 5. Comparing the spectrum of 5 with the spectrum
of 2$HOR (Fig. 6C) reveals the presence of compound 2 in a low-
concentration spectrum. One possible explanation for this
observation is the dinuclear – mononuclear equilibrium that is
more pronounced at low concentrations due to the volatility of
ZnEt2. To probe this hypothesis, we treated the low-
concentration spectrum with excess ZnEt2 (4 equivalents),
which resulted in the restoration of a single species consistent
with Zn2(L)(Et)2 (Fig. 6D).

X-ray quality crystals of 5 were obtained by recrystallization
from ether. 5 (Fig. 7) is a dinuclear complex exhibiting syn-
parallel disposition of the two zinc-ethyl units, with a Zn/Zn
separation of 4.5 Å. The geometry around zincs is trigonal
planar, and the xanthene linker is at. Zinc-phenoxide, imino,
and ethyl distances are unexceptional.25 Overall, 5 constitutes
a rare structure of an iminophenolate-bound zinc-ethyl in
Fig. 7 X-ray structure (50% ellipsoids) of 5 (top view and side view). H
atoms, co-crystallized ether solvent, and an alternative orientation of
one of the ethyl groups were omitted for clarity. Selected bond
distances (Å) and angles (�): Zn1 O1 1.910(4), Zn1 C1 1.926(6), Zn1 N1
1.991(4), Zn2 O2 1.900(4), Zn2 C2 1.923(6), Zn1 N2 1.992(4), O1 Zn1 C1
126.8(2), O1 Zn1 N1 93.9(2), C1 Zn1 N1 139.0(2), O2 Zn2 C2 127.4(2), O2
Zn2 N2 94.1(2), C2 Zn2 N2 138.4(2).

RSC Adv., 2017, 7, 41819–41829 | 41823
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Fig. 8 X-ray structure (50% ellipsoids) of 7. H atoms, co-crystallized
toluene solvent, and an alternative orientation of two of the tert-butyl
groupswere omitted for clarity. Selected bond distances (Å) and angles
(�): Zn1 O1 1.943(2), Zn2 O1 1.922(2), Zn1 O2 1.931(2), Zn2 O2 1.954(2),
Zn2 O3 1.949(2), Zn1 O4 1.937(2), Zn2 O1 Zn1 131.0(1), Zn2 O2 Zn1
120.0(1).

Fig. 9 Reaction of L0 with excess ZnEt2 forming the bis(homoleptic)
product 8.
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which the zinc centre is 3-coordinate.25 Based on our unsuc-
cessful attempts to synthesize a mononuclear analogue (see
below), we propose that this structure is stabilized by the
dinucleating ligand. A notable feature of the structure is the
relatively short distance between Zn2 and C1 (methylene bound
to Zn2), 3.46 Å, due to the syn-parallel geometry. One could
propose that the Zn2–C1 bond formation, which can be easily
achieved by a minimal rotation of the N2O2Zn2 chelate towards
the N1O1Zn1 chelate, can serve as a rst step in the proposed
transformation of 5 into 2 and ZnEt2 (Scheme 2).

Treatment of 5 with two equivalents of BnOH in C6D6 led to
the clean formation of di-benzyloxy complex 6 as indicated by
1H and 13C NMR spectroscopy. The NMR spectrum of 6 contains
a single and sharp set of dinucleating ligand resonances,
consistent with a single isomer in solution. In contrast, benzy-
loxy resonances appear broadened, which indicates a dynamic
process. Such dynamic process, comprising primarily benzy-
loxy, may involve monomer–dimer equilibrium, in which zincs
are bridged by the alkoxide ligand. VT NMR experiments,
carried out in the CD2Cl2 solution of 6 down to�75 �C, resolved
some of the benzyloxy signals. Our repeated attempts to isolate
complex 6 by recrystallization from several different solvents
(C6D6, C7D8, CD2Cl2) led to the isolation of yellow crystals of the
tetranuclear complex 7 (Fig. 8), that was characterized by X-ray
crystallography, 1H NMR spectroscopy, and elemental analysis.
Due to the poor solubility of 7, we were not able to obtain its 13C
NMR spectrum. In 7, one of the benzyloxy groups (of 6) has been
replaced by the hydroxyl group. The “Zn2(L)(OBn)(OH)” frag-
ments then dimerize to form centrosymmetric 7. We note that
(i) 7 exhibits syn geometry of the zinc-benzyloxy units in each
complex; (ii) the 1H NMR spectrum of 7 differs signicantly
from that of 6. Whereas hydrolysis of 6 to give 7 can't be ruled
out, NMR suggests otherwise as (i) no noticeable amounts of
water are detected in BnOH (anhydrous, 99.8%); (ii) NMR
monitoring of the decomposition of 6 demonstrated formation
of multiple species exhibiting signals in the olenic (5–6 ppm)
region.

The synthesis of a mononuclear analogue of 5 was also
attempted (Fig. 9). An iminophenolate ligand L0 was synthe-
sized, and reacted with excess of diethyl zinc, in order to obtain
the Zn(L0)(Et) complex. However, invariably of the amount of
diethylzinc used in the reaction (3–6 equivalents), the reaction
leads to the formation of two species, none of which possess
Scheme 2 Possible mechanism for the formation of complex 2 from co

41824 | RSC Adv., 2017, 7, 41819–41829
signals attributable to the ethyl group in the 1H NMR spectrum.
Recrystallization leads to the isolation of the major product,
bis(homoleptic) Zn(L0)2 complex 8, in 78% yield, that has been
characterized by 1H and 13C NMR spectroscopy, elemental
analysis, and X-ray crystallography (see ESI†). We note the
scarcity of tri-coordinate iminophenolate–zinc–ethyl complexes
in the literature. While in some cases such complexes were
synthesized, it was shown or hypothesized that they adopt
phenoxide-bridged dimeric/polymeric structures in the solid
mplex 5.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Polymerization of rac-LA by 6a,f

[I]/[BnOH]/[LA] Temp (�C) Time (h) Convb Mn(calc)
c Mn

d PDI Pr
e

1 1/2/600 25 16 0.60 25 900 15 420 1.18 0.66
2 1/2/600 25 24 0.86 37 200 23 430 1.23 0.67
3 1/4/600 25 24 0.80 17 300 15 600 1.22 0.66
4 1/10/1000 25 24 0.69 9900 5300 1.19 0.65
5 1/2/600 70 1 0.88 38 000 21 700 1.43 0.58
6 1/2/600 70 2 0.98 42 300 24 000 1.67 0.54

a Polymerizations performed in CH2Cl2 (entries 1–4, 5 mL) or toluene (entries 5 and 6, 5 mL) employing 5 mmol of catalyst. b Determined by 1H NMR
spectroscopy (500 MHz). c Calculated from [LA]/[BnOH] ratio multiplied by monomer conversion. d Determined by GPC analysis calibrated with
polystyrene standards and multiplied by a correction factor of 0.58. Values are given in g mol�1. e Determined from the methine region of the
HD 1H NMR spectrum. f 6 was formed in situ, by treating 5 with BnOH.
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state.25 We also note that in a related study on the synthesis of
iminophenolate zinc pre-catalysts for lactide polymerization,
bis(homoleptic) complexes were obtained for any ortho-pheno-
late substituents smaller than cumyl.25c Thus, while the bime-
tallic cooperativity of L in polymerization could not be directly
assessed by a comparison with a mononuclear analogue, L
enables bimetallic cooperativity in the formation of the desired
diethyl complex, whose mononuclear analogue does not form.
Lactide polymerization

We investigated the catalytic activity of Zn2(L)(OBn)2, formed in
situ, in the ring-opening polymerization (ROP) of rac-LA. Poly-
merization attempts were performed in dichloromethane at
room temperature by adding benzyl alcohol to 5 followed by rac-
LA (see Table 1). Under these conditions, the polymerization of
600 equivalents of rac-lactide reached high conversion of 86%
aer 24 h, exhibiting comparable activity to other dinuclear zinc
catalysts.9b,16 Gel-permeation analysis (GPC) of the PLA samples
obtained revealed narrow molecular-weight distribution (PDI#
1.23), signifying a well-controlled polymerization reaction.
Increasing the benzyl alcohol ratio to beyond a single equivalent
per zinc centre led to “immortal polymerization”,27 yielding PLA
samples with narrow MWD and expected MW according to
initiator/benzyl alcohol/monomer ratios. Homo-decoupled 1H
analysis indicated that 6 led to heterotactically-inclined PLA
(Pr ¼ 0.67), as reported with other dinuclear zinc complexes.7g,16

Attempting to attain higher activities, polymerization runs
were performed at 70 �C in toluene. High conversion of 88%was
obtained only aer 1 hour yielding PLA with reduced hetero-
tacticity (Pr ¼ 0.58) and higher PDI values. Extending the reac-
tion time to 2 hours led to almost full conversion, however,
heterotacticity and dispersity were further decreased. The
deterioration of the sample qualities at high conversion might
be a result of trans-esterication side reactions, which increase
at elevated temperatures.
Conclusions

This study pursued synthesis of new di-zinc complexes, stabi-
lized by a xanthene-bridged bis(iminophenolate) ligand, which
could serve as a lactide polymerization catalyst. L demonstrated
rich coordination chemistry with various zinc precursors,
This journal is © The Royal Society of Chemistry 2017
leading to mononuclear (with zinc alkoxide), syn-dinuclear
(with diethyl zinc), or anti-dinuclear (with zinc chloride)
complexes. Syn-dinuclear complex Zn2(L)(Et2), obtained via
a protonolysis reaction of Lwith excess diethylzinc, decomposes
in solution into a mononuclear complex Zn(L), along with
ZnEt2; this reaction can then be reversed by the addition of
excess ZnEt2. Interestingly, no mononuclear analogue of
Zn2(L)(Et2) could be isolated as the protonolysis reaction of
mononucleating iminophenol bearing comparable substituents
(L0) with diethylzinc leads instead to the bis(homoleptic)
complex Zn(L0)2. Thus, while we could not directly assess
cooperative reactivity in catalysis, our dinucleating ligand
enables “cooperative synthesis” of two nearby zinc–iminophe-
nolate–ethyl sites, possibly by virtue of sterics. Zn2(L)(Et2)
underwent clean reaction with benzyl alcohol to form benzyloxy
species Zn2(L)(OBn)2. Zn2(L)(OBn)2 served as an efficient lactide
polymerization catalyst, forming heterotactically-inclined PLA.
Room-temperature polymerization experiments, carried out in
dichloromethane, led to the formation of polymers of relatively
narrow MWD, suggesting well-controlled polymerization under
these conditions. Polymerization experiments in toluene,
carried out at 70 �C, demonstrated higher activity, but led to
higher PDI values, and diminished heterotacticity. Our future
studies will focus on the reactivity of this and related systems in
polymerization of epoxides and copolymerization of epoxides
with CO2.

Experimental
General

All reactions involving air-sensitive materials were carried out in
a nitrogen-lled glovebox. 2,7-di-tert-butyl-9,9-dimethyl-4,5-
diaminoxanthene, di-tert-butyl-phenylmethoxide (LiOR) and
di-tert-butyl-phenylmethanol (HOR) were synthesized according
to previously published procedures.22 Synthesis of L0 has been
previously reported as well.26 Di-tert-butylsalicylaldehyde, zinc
chloride and diethyl zinc (1.0 M solution in hexanes) were
purchased from Sigma and used as received. Rac-lactide was
purchased from Sigma, and was puried by crystallization from
dry toluene and sublimation. All non-deuterated solvents were
purchased from Aldrich and were of HPLC grade. The non-
deuterated solvents were puried using an MBraun solvent
purication system. Benzene-d6, toluene-d8, dichloromethane-
RSC Adv., 2017, 7, 41819–41829 | 41825
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d2, and chloroform-d1 were purchased from Cambridge Isotope
Laboratories. All solvents were stored over 3 Å molecular sieves.
Compounds were generally characterized by 1H and 13C NMR,
X-ray crystallography, and elemental analysis. NMR spectra of
the ligands and metal complexes were recorded at the Lumigen
Instrument Centre (Wayne State University) on an Agilent 400
MHz Spectrometer in C6D6, C7D8, or CD2Cl2 at room tempera-
ture. NMR spectra of PLA samples were recorded on Bruker
Advance III 500 MHz spectrometer in CDCl3 at room tempera-
ture. Chemical shis and coupling constants (J) were reported
in parts per million (d) and Hertz respectively. Detailed
assignments of the signals in 1H NMR are given in the ESI.†
X-ray structures were collected using Bruker Apex2 at the
Lumigen Instrument Centre (Wayne State University). Full
details on data collection, structure solution and renement are
given in the ESI.† Elemental analysis was performed under
ambient air-free conditions by Midwest Microlab LLC. The
molecular weights (Mn and Mw) and the molecular mass
distributions (Mw/Mn) of the PLA samples were measured by gel
permeation chromatography (GPC) at 30 �C, using THF as
solvent, a ow rate of eluent of 1 mL min�1, and narrow MW
polystyrene standards as reference. The measurements were
performed on a Jasco system equipped with an RI 1530 detector.
A correction factor of 0.58 was employed for the molecular
weight of PLA relative to polystyrene.
Synthesis and characterization of L and compounds 1–8

Preparation of L. A 15 mL solution of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde (1.33 g, 5.68 mmol, 2.0 equiv.) in meth-
anol was added dropwise to a stirring 15 mL solution of 2,7-
di-tert-butyl-9,9-dimethyl-9H-xanthene-4,5-diamine (1.00 g,
2.84 mmol, 1.0 equiv.) in methanol. The reaction mixture was
heated to reux and stirred for 24 hours. The reaction mixture
was cooled to room temperature and the volatiles were removed
in vacuo. The resulting solid was dissolved in a minimum
amount of benzene and layered with excess methanol. Over-
night recrystallization at room temperature afforded L as yellow
crystals (1.69 g, 2.15 mmol, 76%). 1H NMR (C6D6, 400 MHz)
d 14.45 (s, 2H), 8.58 (s, 2H), 7.51 (d, 4JHH ¼ 2.4 Hz, 2H), 7.37 (d,
4JHH ¼ 2.0 Hz, 2H), 7.00 (d, 4JHH ¼ 2.4 Hz, 2H), 6.96 (d, 4JHH ¼
2.0 Hz, 2H), 1.67 (s, 6H), 1.45 (s, 18H), 1.26 (s, 36H). 13C{1H}
NMR (C6D6, 100 MHz) d 165.65, 160.05, 146.51, 142.21, 140.21,
137.65, 137.15, 130.82, 128.92, 127.40, 120.80, 119.68, 118.36,
35.65, 35.39, 35.00, 34.54, 33.30, 32.07, 31.93, 29.97. Anal. calcd
for C53H72N2O3: C, 81.08; H, 9.24; N, 3.61. Found: C, 81.12; H,
8.99; N, 3.61.

Preparation of Zn(Cl)(m2-OR)2Li(THF) (1). A 2 mL solution of
LiOR (66 mg, 0.29 mmol, 2.0 equiv.) in THF and a 2 mL solution
of ZnCl2 (20 mg, 0.15 mmol, 1 equiv.) in THF were prepared and
cooled to �33 �C. The chilled solution of LiOR was then added
dropwise to a stirring solution of the chilled ZnCl2. The reaction
mixture was stirred for 1 hour, upon which the volatiles were
removed in vacuo. The resulting solid was dissolved in 5 mL of
hexane, ltered, and the volatiles removed in vacuo to afford 1 as
a white crystalline powder (68 mg, 0.11 mmol, 75%). X-ray
quality crystals were obtained from a saturated hexane
41826 | RSC Adv., 2017, 7, 41819–41829
solution of 1 kept at�33 �C. 1H NMR (C6D6, 400 MHz) d 8.02 (d,
3JHH ¼ 7.8 Hz, 2H), 7.68 (d, 3JHH ¼ 7.8 Hz, 2H), 7.28 (t, 3JHH ¼
7.8 Hz, 2H), 7.07 (m, 4H), 2.89 (m, 4H, THF), 1.33 (s, 36H), 1.01
(m, 4H, THF). 13C{1H} NMR (C6D6, 100 MHz) d 150.90, 130.48,
127.15, 126.12, 125.97, 85.81, 68.13, 42.12, 31.24, 24.92.

Preparation of Zn(L)$(ROH) (2$HOR). Method A: A 2 mL
solution of TlPF6 (20 mg, 0.057 mmol, 2.0 equiv.) in THF,
a 2mL solution of 1 (35 mg, 0.057 mmol, 2.0 equiv.) in THF, and
a 2 mL solution of L (23 mg, 0.029 mmol, 1 equiv.) were
prepared and cooled to �33 �C. The chilled solution of 1 was
then added dropwise to a stirring solution of the chilled TlPF6,
producing a cloudy white solution. The reaction mixture was
stirred for 1 h, ltered, and the volatiles were removed in vacuo.
The resulting solid was dissolved in 5 mL of hexane and ltered
again. The chilled solution of L was then added dropwise to
a stirring solution of the hexane ltrate, producing an orange
solution. The reaction mixture was stirred for 1 hour, upon
which the volatiles were removed in vacuo. Overnight recrys-
tallization at �33 �C from a saturated ether solution afforded
2$HOR as orange crystals (20 mg, 0.019 mmol, 65%). Method B:
A 2 mL solution of 1 (34 mg, 0.054 mmol, 2.0 equiv.) in THF and
a 2 mL solution of L (21 mg, 0.027 mmol, 1 equiv.) were
prepared and cooled to �33 �C. The chilled solution of L was
then added dropwise to a stirring solution of the chilled 1,
producing an orange solution. The reaction mixture was stirred
for 1 h, upon which the volatiles were removed in vacuo. The
resulting solid was dissolved in 5 mL of hexane, ltered, and the
volatiles were removed in vacuo. Overnight recrystallization at
�33 �C from a saturated ether solution afforded 2$HOR as
orange crystals (14 mg, 0.013 mmol, 49%). 1H NMR (C6D6, 400
MHz) d 8.55 (s, 2H), 7.79 (d, 3JHH ¼ 8.3 Hz, 1H), 7.60 (d, 4JHH ¼
2.0 Hz, 2H), 7.46 (m, 1H), 7.25 (m, 1H), 7.18 (s, 2H), 7.10 (m,
6H), 1.56 (s, 1H, R–OH), 1.51 (s, 18H), 1.42 (s, 6H), 1.40 (s, 18H),
1.23 (s, 18H), 1.02 (s, 18H); 13C{1H} NMR (C6D6, 100 MHz)
d 172.65, 165.91, 147.78, 142.88, 135.50, 133.63, 130.90, 128.66,
126.28, 126.09, 119.81, 118.26, 111.33, 41.77, 36.77, 36.01,
35.16, 34.15, 31.70, 31.63, 29.84, 29.74, 28.17.

Preparation of Li3(L)(m
3-OtBu)(THF)n (3). Stirred solution of

L (94 mg, 0.120 mmol) in 2 mL of ether was treated with excess
LiOtBu (�1 M solution in THF), yielding bright yellow solution.
The reaction was stirred for 1 h, aer which volatiles were
removed in vacuo. The resulting yellow solid was dissolved in
a mixture of hexane and ether (2 : 1 mL), ltered through celite,
and the solution was concentrated to approximately 2 mL total
volume. Recrystallization at �33 �C yields Li3(L)(m

3-OtBu) (THF)
as yellow microcrystalline solid (100 mg, 0.105 mmol, 88%
yield). The compound was characterized by 1H and 13C NMR
spectroscopy, elemental analysis, and X-ray crystallography. 1H
NMR (C6D6, 400 MHz) d 8.50 (s, 2H), 7.64 (d, 4JHH ¼ 2 Hz, 2H),
7.33 (d, 4JHH ¼ 2 Hz, 2H), 7.15 (d, 4JHH ¼ 2 Hz, 2H), 7.05 (d,
4JHH ¼ 2 Hz, 2H), 3.31 (m, 8H, THF) 1.76 (s, 3H, Me), 1.64 (s,
18H), 1.57 (s, 3H, Me), 1.37 (s, 9H), 1.32 (s, 18H), 1.26 (m, 8H,
THF), 1.21 (s, 18H). 13C{1H} NMR (C6D6, 100 MHz) d 170.02,
168.20, 147.16, 143.32, 141.20, 140.11, 134.17, 131.70, 131.37,
129.43, 128.35, 123.13, 118.12, 68.14, 35.80, 35.52, 35.49, 35.30,
34.99, 34.87, 33.98, 31.80, 31.67, 30.60, 25.75, 25.66, 25.38. Anal.
This journal is © The Royal Society of Chemistry 2017
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calcd for C57H76Li2N2O4Zn2 � C4H8O: C, 77.27; H, 9.14; N, 2.95.
Found: C, 76.71; H, 9.09; N, 2.95.

Preparation of Zn2Li2(L)(Cl4)(OEt2)4 (4). A 3 mL solution of
Li3(L)(m

3-OtBu)(THF) (85 mg, 0.11 mmol, 1.0 equiv.) in ether was
added to a stirring 2 mL solution of ZnCl2 (30 mg, 0.21 mmol,
2.0 equiv.) in ether, producing a deep yellow solution. The
reaction mixture was stirred for 1 hour, ltered, and volatiles
removed in vacuo. The resulting yellow solid was dissolved in
a mixture of hexane and ether (4 : 1 mL) and concentrated in
vacuo. Overnight recrystallization at �33 �C afforded X-ray
quality crystals of 4 as yellow blocks (67 mg, 0.046 mmol,
43%). 1H NMR (CD2Cl2, 400 MHz) d 8.86 (br s, 2H), 8.48 (br s,
2H), 7.55–6.90 (m, 6H), 3.45 (q, 3JHH ¼ 8 Hz, 16H), 1.73 (s, 6H),
1.39 (s, 18H), 1.61 (s, 3H), 1.26 (br s, 36H), 1.16 (t, 3JHH ¼ 8 Hz,
24H). Anal. Cald for C69H110Cl4Li2N2O7Zn2 � C6H14: C, 62.03;
H, 8.61; N, 1.93. Found: C, 61.76; H, 8.25; N, 1.58.

Preparation of Zn2(L)(Et)2 (5). A 3 mL solution of L (34 mg,
0.043 mmol, 1.0 equiv.) in ether and a 2 mL solution of diethyl
zinc (0.28 mmol, 6.5 equiv.) in hexane were prepared and cooled
to �33 �C. The solution of chilled L was then added dropwise to
a stirring solution of the chilled diethyl zinc, producing a neon
yellow solution. The reaction mixture was stirred for 1 hour,
upon which the volatiles were removed in vacuo to afford the
pure product as a neon yellow solid (46 mg, 0.041 mmol, 95%).
X-ray quality crystals were obtained from a saturated ether
solution of 5 at �33 �C; the complex co-crystalized with two
ethermolecules per onemolecule of 5. 1H NMR (C6D6, 400MHz,
�60 mM) d 8.20 (s, 2H), 7.63 (s, 2H), 7.36 (s, 2H), 6.85 (s, 2H),
6.79 (br s, 2H), 1.62 (s, 18H), ca. 1.4 (br s, 6H, Xanthene-Me), ca.
1.4 (br s, 6H, Zn–CH2CH3), 1.24 (s, 36H), 0.64 (br s, 4H,
Z-CH2CH4).

13C NMR (C6D6, 100 MHz) d 171.88, 170.40, 147.18,
142.27, 140.62, 138.62, 136.61, 132.41, 130.77, 130.01, 121.36,
120.78, 118.29, 66.25, 36.18, 35.40, 35.08, 34.36, 32.31, 31.92,
31.84, 30.36, 23.40, 14.70. Anal. calcd for C57H80N2O3Zn2 �
2C4H10O: C, 69.69; H, 9.00; N, 2.50. Found: C, 69.25; H, 8.57; N,
1.98.

Preparation of Zn2(L)(OBn)2 (6). Method A: A 0.5 mL solution
of BnOH (5 mg, 0.042 mmol, 2 equiv.) in C6D6 was added
dropwise to a stirring solution of 5 (20 mg, 0.021 mmol, 1
equiv.) in 0.5 mL C6D6, producing a yellowish-orange solution.
The reaction mixture was stirred for 30 minutes and NMR was
obtained. Absence of NMR signals corresponding to 5 and
BnOH implies complete quantitative conversion to 6. 1H NMR
(C6D6, 400 MHz) d 8.55 (s, 2H), 7.60 (d, 4JHH ¼ 2.4 Hz, 2H), 7.20–
7.05 (br, 10H, aromatic protons on BnO), 7.18 (d, 4JHH ¼ 2.4 Hz,
2H), 7.11 (d, 4JHH ¼ 2.4 Hz, 2H), 7.10 (d, 4JHH ¼ 2.4 Hz, 2H), 4.31
(br s, 4H, methylene protons on BnO), 1.51 (s, 18H), 1.42 (s, 6H),
1.41 (s, 18H), 1.23 (s, 18H). 13C NMR (C6D6, 100 MHz) d 172.61,
165.91, 147.79, 142.87, 135.51, 133.63, 130.89, 128.86, 119.83,
118.26, 111.33, 36.78, 36.01, 35.16, 34.15, 31.70, 31.63, 29.74,
28.17. Method B: Same as Method A, substituting C7D8 (toluene-
d8) for C6D6. Absence of NMR signals corresponding to 5 and
BnOH implies complete quantitative conversion to 6. 1H NMR
(C7D8, 400 MHz) d 8.50 (s, 2H), 7.56 (d, 4JHH ¼ 2.4 Hz, 2H), 7.23–
7.05 (br, 10H, aromatic protons on BnO), 7.21 (d, 4JHH ¼ 2.4 Hz,
2H), 7.14 (d, 4JHH ¼ 2.4 Hz, 2H), 7.08 (d, 4JHH ¼ 2.4 Hz, 2H), 4.72
(br s, 2H, methylene protons on BnO), 4.30 (br s, 2H, methylene
This journal is © The Royal Society of Chemistry 2017
protons on BnO), 1.48 (s, 6H), 1.46 (s, 18H), 1.41 (s, 18H), 1.26 (s,
18H). 13C NMR (C7D8, 100 MHz) d 172.60, 165.85, 147.72,
142.98, 142.78, 135.60, 135.32, 133.76, 130.80, 128.73, 119.70,
118.19, 111.26, 36.85, 35.93, 35.14, 34.10, 31.62, 31.55, 29.69,
27.99. Method C: Same as Method A, substituting CD2Cl2 for
C6D6. Absence of NMR signals corresponding to 5 and BnOH
implies complete quantitative conversion to 6. 1H NMR (CD2Cl2,
400 MHz) d 8.86 (s, 2H), 7.52 (d, 4JHH ¼ 2.4 Hz, 2H), 7.36 (d, 4JHH

¼ 2.4 Hz, 2H), 7.35 (br, 10H, aromatic protons on BnO), 7.26
(d, 4JHH ¼ 2.4 Hz, 2H), 7.10 (d, 4JHH ¼ 2.4 Hz, 2H), 4.76 (br s, 2H,
methylene protons on BnO), 4.67 (br s, 2H, methylene protons
on BnO), 1.71 (s, 6H), 1.40 (s, 18H), 1.29 (s, 18H), 1.02 (s, 18H);
13C NMR (CD2Cl2, 100 MHz) d 171.75, 166.09, 148.72, 143.44,
142.37, 135.97, 135.43, 134.46, 131.03, 128.68, 119.81, 119.31,
112.00, 37.49, 35.72, 34.31, 31.93, 31.56, 29.37, 28.31.

Preparation of Zn4(L)2(OBn)2(OH)2 (7). Slow evaporation of
Zn2(L)(OBn)2 (23 mg, 0.021 mmol) in concentrated CD2Cl2,
C6D6, or C7D8 afforded 7 as neon yellow crystals (18 mg,
0.017mmol, 82%). The isolated crystals were of X-ray quality. 1H
NMR (C6D6, 400 MHz) d 7.77 (s, 4H), 7.54 (d, 4JHH ¼ 2 Hz, 4H),
7.50 (d, 4JHH ¼ 2.9 Hz, 4H), 7.35–7.10 (m, 10H, aromatic protons
on BnO), 6.65 (d, 4JHH ¼ 2 Hz, 4H), 6.57 (d, 4JHH ¼ 2.4 Hz, 4H),
4.92 (d, 2JHH ¼ 13.2 Hz, 4H, methylene protons on BnO), 4.55 (d,
4JHH ¼ 12.7 Hz, 4H, methylene protons on BnO), 4.25 (s, 2H,
OH), 2.13 (s, 6H), 1.99 (s, 6H), 1.54 (s, 36H), 1.26 (s, 36H), 1.22
(s, 36H). Anal. calcd for C120H156N4O10Zn4: C, 69.42; H, 7.57; N,
2.70. Found: C, 68.15; H, 7.86; N, 2.52.

Preparation of Zn(L0)2 (8). A 2 mL solution of L0 (20 mg,
0.057 mmol, 1 equiv.) in hexane and a 2 mL solution of diethyl
zinc (0.17 mmol, 3 equiv.) in hexane were prepared and cooled
to �33 �C. The chilled solution of L2 was then added dropwise
to a stirring solution of the chilled diethyl zinc, producing
a neon yellow-green solution. The reaction mixture was stirred
for 1 hour, upon which the volatiles were removed in vacuo to
afford the pure product as a neon yellow-green solid (17 mg,
0.022 mmol, 78%). X-ray quality crystals were obtained from
a saturated ether solution of 8 at �33 �C; the complex co-
crystallized with one molecule of ether molecule per one
molecule of 8. 1H NMR (C6D6, 400 MHz) d 7.73 (d, 4JHH ¼ 2.4 Hz,
2H), 7.48 (s, 2H), 6.65 (d, 4JHH ¼ 2.9 Hz, 2H), 6.61 (s, 4H), 2.36 (s,
6H), 2.13 (s, 6H), 1.73 (s, 18H), 1.30 (s, 18H), 1.11 (s, 6H); 13C{1H}
NMR (C6D6, 100 MHz) d 175.24, 170.61, 146.62, 142.37, 135.66,
135.25, 131.47, 131.16, 131.12, 130.57, 129.43, 129.24, 117.74,
35.99, 34.07, 31.63, 30.12, 20.81, 18.95, 17.40. Anal. calcd for
C48H64N2O2Zn � C4H10O: C, 74.30; H, 8.87; N, 3.33. Found: C,
73.37; H, 8.44; N, 3.46.
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