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The controlled oxygenation of alkylzinc complexes supported by
a 2-ester substituted pyrrolate ligand (L) leads to zinc alkoxides
with an uncommon structural motif in the solid state: a trimer
[(L)Zn(n-O'Bu)ls with the central [Zns(u-OR)s] ring and a tetramer
[()Zn(p3-OEt)l, with a heterocubane-type structure. Strikingly,
these seemingly simple zinc alkoxides are not accessible via the
classical alcoholysis route.

Simple alkylzinc alkoxides as well as alkoxide zinc complexes
supported by a variety of organic chelating ligands have been
well known for their rich structural diversity and practical
applications in polymerization chemistry and materials science.
For example, easily accessible [RZn(j;-OR')],-type alkoxides with
heterocubane architecture have been extensively studied as pre-
designed single source precursors of ZnO nanocrystals." In turn,
zinc alkoxides incorporating various monoanionic multidentate
ligands have been widely used as effective initiators in the ring-
opening polymerization of heterocyclic monomers® and copoly-
merization of epoxides and CO,.* These initiators have commonly
been generated in situ in equimolar reactions between RZn(X,Y)-
type complexes and an alcohol. However, some data demonstrate
that in fact the outcomes, in these alcoholysis reactions, are not
always obvious, mostly due to the inability to isolate and structu-
rally characterize the resulting products.” Interestingly, despite the
fact that zinc alkoxides can also be synthesized by the controlled
oxygenation of zinc alkyl precursors, this method has not hitherto
gained considerable attention. In this report, we demonstrate that
zinc alkoxides of the type [(L)Zn(u-OR)] (where L = O,N-bidentate
ligand) might be successfully obtained by the controlled oxygena-
tion of the respective alkylzinc complexes, whilst they are not
accessible via the alcoholysis reaction. To the best of our
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knowledge, this is the first report which unambiguously proved
the superiority of the oxygenation approach over the classical
alcoholysis route.

Others® and our group® have reported that the controlled
oxygenation of alkylzinc complexes incorporating O,0’-bidentate
ligands or O,N-ligands with an unsaturated backbone led to zinc
alkoxides (Scheme 1A, path A) or zinc alkylperoxides (Scheme 1A,
path B), respectively, which feature tetranuclear structures with a
Zn,0s double-open face-shared dicubane core. In these cases, the
resulting zinc alkoxides or alkylperoxides form stable adducts with
the parent organozinc reagents and only half of the total number
of the parent molecules were oxygenated, whilst the rest remained
intact in spite of the excess of O, (Scheme 1A). In turn, the
oxygenation of alkylzinc complexes supported by a pyrrole-based
N,N'-ligand provided a new zinc alkylperoxide or a tetranuclear
zinc oxo-encapsulated cluster, and the formation of significantly
different post-oxygenation products was determined by the
characteristic of the alkyl substituent of the parent zinc
complex.” With regard to our systematic studies on the oxyge-
nation of zinc alkyls,®® herein we describe the synthesis and
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Scheme 1 Representation of divergent solid-state product formation
by the controlled oxygenation of alkylzinc complexes incorporating
monoanionic X,Y-bidentate ligands.
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structure characterization of zinc alkoxides supported by a
bidentate N,O-ligand possessing unprecedented trimeric and
tetrameric structural motifs in the solid state (Scheme 1B). The
well-defined zinc alkoxides were derived from the controlled
oxygenation of RZn(N,O)-type complexes incorporating a 2-ester
substituted pyrrolate ligand, and their structures in the solid
state and solution were strongly determined by the nature of
the zinc bonded alkoxide substituent. Remarkably, attempts to
prepare these alkoxide complexes via the classical alcoholysis
reaction failed.

The starting alkylzinc pyrrolate-ester complexes were readily
prepared by the equimolar reaction between R,Zn (where R = Et
or ‘Bu) and methyl-1H-pyrrole-2-carboxylate (L-H) according to
the previously reported procedure.” Next, the treatment of
toluene solutions of the respective [RZn(L)] complexes with
dry O, at —20 °C for ca. 2 hours followed by concentration of
the reaction mixtures and crystallization at 20 °C led selectively
to the formation of zinc alkoxides [EtOZn(L)] (1) or ['BuOZn(L)]
(2) in high yields (Scheme 1B). The "H NMR spectra of the post-
reaction solid residues contain only the pattern characteristic
of the pyrrolate ligand and the signal attributed to the Zn-OR
protons. The latter observation clearly indicates that all of the
parent Zn-R units were oxygenated. Compounds 1 and 2 were
characterized spectroscopically, including by diffusion-ordered
(DOSY) "H NMR spectroscopy,'® and their identity in the solid
state was determined by single crystal X-ray diffraction studies.

The "H NMR spectra of 1 in toluene-dg collected in the range
of —70 °C to 70 °C show a single set of signals corresponding to
the pyrrole ligand and the Zn-OEt group. The DOSY '"H NMR
study at 30 °C indicates that the zinc ethoxide complex exists as
a tetramer 1, in toluene (for details, see the ESIT) like classical
[RZn(u3-OR')],-type heterocubanes.' Compound 1 crystallizes
in the space group P2,/c as a tetramer 1, with a slightly
distorted Zn,0, heterocubane structure (Fig. 1). The five-
coordinate metal centers are bridged by ethoxide groups with
the p;-binding mode, and their coordination spheres are fulfilled
by the chelating pyrrole-based ligand. The Zn-O bond distances in
1,4 fall in the range of 2.006-2.167 A and are close to those found
for [RZn(p3-OR')],-type heterocubanes (for the selected geometric
parameters, see the ESI).""'* To the best of our knowledge, 1, is
the first example of zinc alkoxide with a discrete [(L)Zn(u3-OR’)]4-
type cubane-like architecture supported by a chelating ligand. The
accompanying analysis of the Cambridge Structural Database
(version 1.19) shows that such a structural motif has seldom been
observed and reported only for Cu(n) and Co(u) alkoxides incorpo-
rating B-diketonate ligands."

Remarkably, the replacement of the ethoxide group by the
tert-butoxide in 2 dramatically changes its solution and solid
state structures. The "H NMR spectrum of 2 at —70 °C shows a
triple set of signals corresponding to the pyrrole ligand and
ZnO‘Bu group (Fig. 2). With an increase in temperature up to
70 °C the signals do not coalesce, but their relative intensities
significantly change. These observations suggest the presence
of three forms of 2 in a toluene solution. Indeed, the DOSY
NMR studies at 30 °C show that 2 exists in a monomer-dimer
equilibrium (for details, see the ESIT). The double set of signals
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Fig.1 The molecular structure of 14. Hydrogen atoms are omitted for
clarity.
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Fig. 2 Variable-temperature *H NMR spectra of compound 2 in toluene-ds.

corresponding to dimeric species indicates the presence of two
geometric isomers of 2,, i.e., cis-2, and trans-2,, as shown in
Scheme 2. A detailed analysis of the variable-temperature
'H NMR spectra also indicates the domination of one dimeric
form of 2, likely a trans isomer. Interestingly, all three structural
forms are still observed at 70 °C. The presence of well-separated
resonances even at 70 °C indicates that exchange processes
between various forms of 2 are relatively slow in the NMR scale.
Compound 2; crystallizes in the space group P1 as a trimer with
the three discrete monomeric ['BuOZn(L)] units bridged by the
tert-butoxide groups with the p-O bridging mode (Fig. 3). The Zn-O
bond distances in 2; fall within the range of 1.9159-1.9447 A. The
average Zn—Ocarbonyl aNd Zn-Npyrroie bond lengths are 2.278-2.319 A
for 1, and 2.104-2.112 A for 2,, and 1.921-1.942 A for 1, and
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solid state solution

cis-2, trans-2,

Scheme 2 Representation of various structural forms of 2 upon dissolution
of 23 in toluene.

1.961-1.978 A for 2;, respectively (for the selected geometric
parameters, see ESIT). The resulting cyclic central [Znz(p-OR);]
ring in 23 nicely resembles the hitherto elusive structural motif
commonly considered for trimeric [RZnOR'];-type zinc
alkoxides."" Remarkably, the Cambridge Structural Database
search revealed that such a trimeric structure has been reported
neither for zinc nor for other divalent metal complexes. Thus,
the data indicate that in the case of 2 the introduction of the
sterically hindered tert-butoxide group effectively hinders the
formation of the most thermodynamically favorable tetrameric
heterocubane structure for zinc alkoxides. As a consequence, an
uncommon trimeric structure is formed in the solid state, which
readily dissociates to equilibrating dimeric and monomeric
species in solution.

As mentioned in the introduction, zinc alkoxides with a
variety of stabilizing ligands, used as initiators of heterocyclic
polymers, have been commonly generated by the alcoholysis of
the corresponding zinc alkyls complexes. Thus, in the next step

Fig. 3 The molecular structure of 23. Hydrogen atoms are omitted for
clarity.
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Scheme 3 Probing the reactivity of [RZn(L)] complexes towards (a)
intentionally added alcohols and (b) traces of water.

we endeavoured to explore the reactivity of the ethylzine
complex incorporating the 2-ester substituted pyrrolate ligand,
EtZn(L), towards a stoichiometric amount of alcohols in order
to obtain anticipated compounds 1, and 2. In control experi-
ments, an equimolar amount of dry EtOH or tBuOH was added
dropwise to a toluene solution of [EtZn(L)] at —78 °C. Next,
the resulting reaction mixtures were warmed up to ambient
temperature and stirred for ca. 24 h. Remarkably, despite
several attempts being made under various conditions, neither
the reaction with EtOH nor the reaction with tBuOH leads to
the well-defined products (Scheme 3A). Moreover, the analysis
of the "H NMR spectra of the post-reaction solid residues
indicates that an intractable mixture of products is formed in
both cases (for details, see the ESIt). Thus, the data not only
highlight a pronounced difference between the reaction outcomes
in the oxygenation and alcoholysis of the studied alkylzinc
complexes, but also provide strong evidence that the selective
transformation of alkyl zinc complexes of RZn(L)-type to the
corresponding zinc alkoxide species is a non-trivial issue and
undoubtedly deserves more in-depth investigations.

In the course of our investigations, we also obtained an
alkylzinc oxo cluster, [(‘Bu),Zn4(i,-O)(L)3,] (3) (Scheme 3B).
This compound was isolated with low yield as colorless cubic-
like crystals from a toluene/hexane solution of as-prepared
[(“Bu)Zn(L)], at —20 °C. The source of the oxygen contamination
remains an open question; however, it is very likely that the
formation of the oxo anion is due to the presence of water
traces in the reaction mixture."” Compound 3 was characterized
spectroscopically and by single crystal X-ray diffraction studies
(for details, see the ESIT). Compound 3 crystallizes in the space
group C2/c as a tetranuclear cluster with an encapsulation
described as a zincoxane (¢Bu,Zn,0) moiety entrapped by two
1,-0”~ oxo ions (Fig. 4). Formally, its composition may also
be bischelate [Zn(L),] units; similar zincoxane-entrapment
products have previously been observed in the reaction systems
involving alkylzinc complexes incorporating bicyclic guanidi-
nate, carbamate or diorganophosphate ligands."® The central
core of 3 contains the four-coordinate oxygen atom possessing
a near tetrahedral geometry, while the Zn,(j,-O) bond distances
fall in a narrow range of 1.935-1.973 A (for the selected
geometric parameters, see the ESIt).

In conclusion, the synthesis of zinc alkoxides of the type
[(L)Zn(n-OR)] was successfully achieved by the controlled oxy-
genation of alkylzinc complexes incorporating the pyrrolate
N,O-ligand. Their structures in solution and the solid state

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The molecular structure of 3. Hydrogen atoms are omitted for
clarity.

significantly vary and are strongly determined by the nature of
zinc bonded alkoxide substituent. Strikingly, the accompanying
studies demonstrated that these alkoxides are not accessible via
classical alcoholysis reactions. In our opinion, these intriguing
findings will stimulate further systematic studies on both the
oxygenation and alcoholysis chemistry of organozincs as a tool
for the preparation of desired zinc alkoxides.
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