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® Mechanochemical Formation, Solution Rearrangements,
and Catalytic Behavior of a Polymorphic Ca/K Allyl Complex
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William W. Brennessel,” Brian K. Long,” and Timothy P. Hanusa*"

Abstract: Without solvents present, the often far-from-
equilibrium environment in a mechanochemically driven
synthesis can generate high-energy, non-stoichiometric prod-
ucts not observed from the same ratio of reagents used in
solution. Ball milling 2 equiv. K[AT (A'=[1,3-(SiMe;),C;H;]7)
with Cal, yields a non-stoichiometric calciate, K[CaA’;], which
initially forms a structure (1) likely containing a mixture of pi-
and sigma-bound allyl ligands. Dissolved in arenes, the
compound rearranges over the course of several days to a

structure (2) with only n*-bound allyl ligands, and that can be
crystallized as a coordination polymer. If dissolved in alkanes,
however, the rearrangement of 1 to 2 occurs within minutes.
The structures of 1 and 2 have been modeled with DFT
calculations, and 2 initiates the anionic polymerization of
methyl methacrylate and isoprene; for the latter, under the
mildest conditions yet reported for a heavy Group 2 species
(one-atm pressure and room temperature).

J

1. Introduction

The fundamental organizing principles of the periodic table
suggest that compounds containing metals of the same group
and with similar ligands should display related properties.
Hence Grignard-like reactivity was anticipated from organo-
calcium compounds when research on the latter started over a
century ago.™ Until the importance of metal coordination
sphere saturation and kinetic stabilization were recognized,
however, the multi-decadal efforts to extrapolate the chemistry
of magnesium to its heavier congeners were largely
unproductive.” It is now well documented that the coordina-
tion and organometallic chemistry of calcium, strontium, and
barium differs significantly from that of magnesium
analogues.” Calcium compounds in particular have been the
subject of intense interest as initiators of polymerization,”
hydrogenation,”” and hydroelementation reactions,” and as
promoters of nucleophilic alkylation.”®

Central to the modern development of organo-Ca, -Sr, and
-Ba chemistry has been the increasingly sophisticated use of
large, sterically bulky ligands that provide hydrocarbon solubil-
ity and suppress undesirable behavior, such as ether cleavage
or Schlenk-type ligand redistribution. Whole classes of organo-
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alkaline-earth species, such as those possessing m-delocalized
anions as ligands (e.g., cyclopentadienyl and allyl groups)® are
now known that are relatively resistant to solvent attack, and
are in fact frequently isolated as solvates. Such coordinated
solvents can still affect subsequent reactivity, however. We have
recently shown, for example, that the unsolvated {[MgA’,],}
(A"=1,3-(SiMe;),C;H,) allyl complex is a modestly active initiator
of methyl methacrylate polymerization, yielding isotactically
enriched poly(methyl methacrylate) (PMMA)."” The solvated
[MgA',(thf),] complex, in contrast, is completely inactive for this
purpose'" a likely consequence of the congestion of the
coordination sphere by the bound thf ligands. Other examples
of solvent-suppressed reactivity in Group 2 complexes are
known.®'?

The potential inhibitory effect of coordinated solvents raises
the countervailing possibility that complexes known to be
active reagents or catalytic initiators despite the presence of
coordinated solvents (e.g., [CaA’,(thf),] or [SrA’,(thf),] for MMA
polymerization)'"" might be more reactive in an unsolvated
form. Of course, an unsolvated (and potentially coordinatively
undersaturated) complex may dimerize or oligomerize, altering
its reactivity, but in solution an active monomeric form could
exist in equilibrium with a more highly coordinated and
sterically crowded arrangement. This happens in the case of
{IMgA5ll, = 2 [MgA,l" and even with caveats about
extrapolating from the behavior of magnesium to the heavier
alkaline-earths, could occur in calcium or strontium systems as
well (Figure 1)."?

Ethers are widely used in the synthesis of organoalkaline-
earth compounds, and form the most common solvates. Their
removal from oxophilic metal centers can be challenging if not
impossible, and the preparation of unsolvated species may
require alternate synthetic procedures. Attempts to remove
diethyl ether from the solvated [BeA’,(Et,0)] resulted in the
compound’s decomposition,”* and unlike [MgA’,(Et,0),], the
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a. b.

Figure 1. Visualization of the extent of coordination sphere coverage
(Geomplex) Calculated for: (@) [CaA’,], 71.2%; (b) {[CaA’,]},, 90.4%. Optimized
coordinates (B3PW91-D3BJ/def2TZVP) and the program Solid-G were used to
predict the G.,mpiex Value; the latter represents the net coverage, so that
regions of the coordination sphere where the projections of the ligands
overlap are counted only once. For comparison, the values for [MgA’,] and
{IMgA'’,]}, are 79.0% and 93.0%, respectively. The high G,y Values of the
Ca and Mg dimers are suggestive of enough steric crowding to make partial
dissociation in solution likely; this is known to occur for the Mg system.

[MgA’,(thf),] analog could not be desolvated under prolonged
vacuum.™

A direct way to circumvent strongly coordinating solvents is
simply to avoid their use during synthesis. This can be done
through solvent-free mechanochemical methods. Although
long known, mechanochemistry in the form of grinding and
ball milling has emerged in the past decade as a powerful
synthetic tool, with solvent use minimized during synthesis."
Through these means, mechanochemistry has provided access
to a range of compounds that could not be isolated because
they are attacked by, or are unstable in, conventional reaction
solvents."

The synthesis of group 2 compounds frequently employs
halide metathesis as a synthetic method, and under mechano-
chemical conditions reagent stoichiometry is not a reliable
guide to the composition of products. During grinding,
reagents are placed in conditions far from equilibrium, and the
reaction speed may not allow for equilibration or redistribution
to occur. In addition, the high reagent concentration and the
potential coordinative undersaturation of the expected prod-
ucts can lead to the isolation of unanticipated products. For
instance, "-ate’-type species can form instead of the intended
neutral complexes, as when milling two equivalents of K[A']
with MgCl, produces K,[MgA’,] rather than the expected
[MgAlz]-[m]

It should be noted that the mechanochemical generation of
-ate species, should it occur, may be an advantage for the
production of catalytically useful compounds, as initiator
activity in anionic polymerizations has been correlated with net
negative charges on the complex."” Neither the neutral [Mg-
(C5Hs),] complex nor the cationic species [Mg(CsHs)(thf)] ™ will
initiate butadiene polymerization, for example."” The heavier
species [Ca(C;Hs),] will, however, and the heterometallic com-
plex Ca[Mg(C;Hs),] species is even more active, a difference
associated with the dianionic charge on the magnesiate. If this
is the case, calciate- or strontiate-based initiators ([Ca(allyl);],
[Sr(allyl);]7) may possess higher levels of activity than their
neutral counterparts. Described here are the results of the
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search for an unsolvated calcium allyl, the solvent-free
mechanochemical synthesis of a bulky allyl calciate that in its
initially isolated form requires arene solvation for stability, and
that in its more thermodynamically stable form displays
reactivity as a polymerization initiator under mild conditions.

2. Results and Discussion

The known neutral complex [CaA’,(thf),] is a product of
solution-based chemistry,"® and attempting to avoid the use of
ethers to generate an unsolvated [CaA’,] complex by using
toluene as a solvent is unsuccessful.™ Furthermore, an effort to
prepare a bulky allyl calciate in THF solution with the use of a
3:1 ratio of the potassium allyl to calcium iodide (equation 1)
yielded only the neutral complex.""

THF
3 K[A] + Cal, —#—> K[CaA's(thf),] (+ 2 KI)

LTHE  [Camy(thiz] (+ KIAT + 2K1)

Allyl substitution on the calcium center may stop at the bis
(allyl) stage as a consequence of a third allyl's inability to
dislodge the strongly coordinating THF.

A mechanochemical approach to generating the neutral
allyl complex was then attempted. Grinding a mixture of K[A']
and Cal, (2:1 equivalents) for 15 minutes at 600 RPM in a
planetary ball mill leaves a highly air-sensitive pale-yellow
powder that is somewhat soluble in toluene. Filtering a toluene
extract through a fine porosity glass frit yields a transparent
yellowish-orange solution. Drying under vacuum leaves an
orange oil that eventually solidifies. An 'H NMR study of the oil
indicated the presence of apparently m-bound A’ ligands, and
the pattern of 2 singlets (from TMS), 1 doublet (from H1 and
H3), and 2 triplets (from H2) was originally attributed to an allyl
calcium species with multiple allyl environments but acciden-
tally overlapping doublets.

Systematic variation of reaction conditions revealed that
there were two products generated whose formation could be
changed by varying the grinding time. One of the products (1)
is preferentially formed at short milling times (5-10 min) and
the other (2) is produced after extended milling (15-20 min).
Outside the mill, 1 spontaneously transforms into 2 either in
the solid state (over 3 days) or in hydrocarbon solution (from
minutes to days). The transformation is accompanied by a shift
and intensification of color from yellow to red-orange, but with
no other obvious signs of decomposition (e.g., formation of a
precipitate, change in solubility), and it seems that 1 is a
metastable form of 2 (Figure 2). Elemental analysis of 2 is
consistent with the formula K[CaA';], which is not the stoichio-
metrically expected product from the reaction. In an attempt to
optimize its yield, a 3:1 combination of K[A'] and Cal, was
ground together, but the additional K[A] did not appear to
participate in the reaction, and could be identified with '"H NMR
spectroscopy separately from K[CaA’;]. K[CaA’;] was also the
only identifiable product ("H NMR) from a 1:1 grind of K[A"] and
Cal,. Clearly K[CaA’;] is the preferred product from these
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Figure 2. Proposed structures of arene-solvated versions of K[CaA’;]: (a) 1
([C¢Hs - KICa(m*-A")(1'-A"),)), the initially isolated product; (b) 2 ([CH,- KICa(n’-
A);]), the form obtained after rearrangement. See the computational results
section for rationalizations of these structures.

reactions, much as K[BeA’;] is found to be the only product
regardless of whether 1:1, 2:1, or 3:1 ratios of K[A’] and BeCl,
are ground.”

Compounds 1 and 2 have distinctive '"H NMR spectra (see
Table 1), and although the ligands appear n*-bound, A’ anions
on electropositive metals are known to be fluxional, and even
those found to be n'-bound in the solid state (e.g., on Be,*”
Zn,2" AL Ga®?) appear m-bound in solution. The most
obvious difference between 1 and 2 is the chemical shift of the
central hydrogen on the A’ ligand, which appears as a triplet,
owing to coupling with the two terminal hydrogens. The shift
in 1 (8 = 7.25, 'J,.;= 16 Hz) moves upfield in 2 (8 = 6.99, J, =
16 Hz). In allyl complexes containing the A’ ligand, a shift for
the central hydrogen more downfield than & 7.0 is unusual; for
example, it appears at & = 6.69 for K[A'] ()>-bound) and at & =
6.83 for [MgA',(thf),] (n'-bound)."™ Although not completely
diagnostic, shifts near or greater than & = 7.0 have been
observed before in A’-ate complexes that have o-bound ligands
in the solid state (Table 1). It is possible, in fact likely, that a
complex featuring one or more o-bonded ligands is present
here, a point discussed in the computational section.

Compound 1 has a complex interaction with solvents. In
anything other than neat arenes, the rate of conversion of 1
into 2 is rapid. Even in a 90:10 (CiDg):(hexanes) mixture,
conversion to 2 occurs quickly (<10 min). Not surprisingly,
attempts to crystallize 1 by layering mixtures of hexane,
toluene, and/or (SiMe;),0, or by evaporation from hexanes or
(SiMe;),0 inevitably yields crystals of 2. Even from a neat arene
solvent, crystallization that is slow enough to form well-defined
crystals always produces only 2.

An 'H NMR study was conducted over four days at 6-h
intervals to study the rate of transformation as a function of
time and solvent composition. The results in neat C,D¢ are
detailed in the Supporting Information (Figure S13), but in

Table 1. 'H NMR shifts in C;D; for selected electropositive [A’] complexes.
Complex TMS (s) Hys (s Hz) H, (Jy Hz) Ref.

1 0.34 3.33(16) 7.25 (16) [a]

2 0.21 3.32(16) 6.99 (16) [a]
K[BeA’;][b] 0.22 3.21 (br) 6.97 (16) [20]
Na[ZnA';] [b] 0.16 4.00 (br) 7.59 (16) [21]
K[ZnA’;] [b] 0.23 3.42 (15) 7.05 (15) [21]
K[A[c] 0.23 2.78 (16) 6.69 (16) [26]

[a] This work. [b] n'-Bound in the solid state. [c] >-Bound in the solid state.
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summary, there is a long induction period for the trans-
formation of 1 to 2, but once it begins, it is fairly rapid.
Specifically, a sample of 1 appears unchanged for slightly less
than two days (42 h), but by 48 h, the distinctive resonances of
2 are clearly evident (ca. 15% of the total). Over the next 30 h (a
total of 78 h since the start), virtually complete conversion to 2
occurs. Such behavior has some of the hallmarks of an
autocatalytic reaction,”” but the difficulty in characterizing the
form(s) of 1 in solution (see below) means that detailed analysis
of this point would not be justified.?”

In toluene, the UV-vis spectrum of 2 displays a broad
absorbance at 316 nm, tailing into the visible region (see the
Supporting Information). The absorbance is probably associated
with transitions involving the allyl anion.””

2.1. Crystallographic results

Compound 2 crystallizes from hexanes within two days as pale
yellow, nearly colorless blocks with the composition of {K-
[CaA’;]}, (Figure 3). The whole comprises a coordination poly-
mer with the three A’ ligands 1?’-bound to calcium, one of
which is terminal, and two in p,-n*n® modes. The K™ counterion
interacts with two of the A’ ligands, also in a p,n’>m® mode.
Around the calcium, the allyl ligands are arranged in an
irregular fashion, with Ca—C distances ranging from 2.573-
2.752 A, with an average of 2.67 A. Despite the bond length
variation, partially a result of the mix of terminal and bridging
allyls, the average distance is similar to that found in
[CaA',(thf),] (2.654(5) A), which reflects the same formal
coordination number of calcium (6). The K—C distances span a
large range from 2.92-3.33 A, averaging to 3.12 A.

The coordination polymer chains persist in the solid state
even with intercalated solvent molecules. A second crystal form
of the calciate (2b) was obtained when a C,D, solvate crystal-
lized slowly from a sample in an NMR tube. Its gross structure is

Figure 3. Thermal ellipsoid plot (50% level) of a portion of the coordination
polymer of {K[CaA';]}, (2,,). Hydrogen atoms have been removed for clarity.
Selected bond distances (A) and angles (°): Ca—C1, 2.643(3); Ca—C2, 2.672(3);
Ca—C3, 2.649(3); Ca—C10, 2.642(3); Ca—C11, 2.573(3); Ca—C12, 2.600(16);
Ca—C19, 2.750(15); Ca—C20, 2.715(3); Ca—C21, 2.752(3); K—C19, 3.012(16);
K—C20, 3.103(7); K—C21, 3.327(7); Ca...K, 5.055(8); C1—-C2—C3, 128.1(5),
C10-C11-C12, 128.8(5), C19—C20—C21, 130.6(5), Ca...K...Ca’, 175.2, K...Ca...
K’, 122.3.
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the same as 2, comprising the coordination polymer with a
terminal A’ ligand on calcium, and the other two allyls bridging
between calcium and potassium (Figure 4). In 2b, the polymer
chains have moved apart, generating cavities as large as 156 A°
that are filled with benzene. The closest Cyqzene---Me—Si contact
is at 3.78 A, roughly the sum of appropriate van der Waals radii
(1.7 A, ene ring + 2.0 Aye) 7

A further example of the stability of the {K[CaA';]}, chains
was obtained when 2 was crystallized more slowly from
commercial hexanes. The resulting iridescent rhombi (2 ¢) were
found to have grown in the polar space group P2,, different
from that for 2 (P2,/m) or 2b (P2,/n). The crystals of 2c
incorporate methylcyclopentane into the lattice as {K-
[CaA’;]-CsHoMe},; the alicycle is a common component of
hexanes.”™ The general connectivity is not in doubt, with the
same {CaA’;-(u-K)-CaA’;}, motif found in 2 and 2b, but owing to
several crystallographic issues, further discussion of 2c is not
warranted (see the Supporting Information for figures).

2.2. Computational results

The formation of 1 provides an unusual glimpse into a
mechanochemically generated, relatively long-lived, but funda-
mentally transient complex.”” Such species are becoming
increasingly recognized features of mechanochemical synthesis,
and their appearance and transformations have been followed
in reactions that generate organic products,®*® MOFs" and
coordination polymers,*? and studied with the use of synchro-
tron-based spectroscopy,”**¥ time-resolved insitu Raman
spectra,® or combination techniques.” Although 1 and 2 can
be distinguished with NMR spectra, and the 1—2 conversion
can be suppressed for several days with appropriate solvent
choice, we were interested in developing computational models
for the two species that might help us understand their nature
and conversions more fully.

Figure 4. Portion of the coordination polymer of {K[CaA’;]-CsDg}, (2b),
projected down the crystallographic b axis. Carbon-carbon and carbon-
silicon bonds are shown as sticks, and interstitial benzene molecules are
displayed with space-filling parameters. A thermal ellipsoid plot of 2b is
available in the Supporting Information (Figure S4).
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Several guiding principles were used during the construc-
tion of the models: 1) the base formulas of 1 and 2 are the
same, i.e., K[CaA’;], and they are presumed to be monomeric in
solution; 2) there is some sigma-bonding character to the allyls
in 1, even though fluxionality makes the allyls appear to be -
bound; 3) in solution, interaction with arenes slows, but does
not ultimately prevent the conversion of 1 to 2. This suggests
the operation of a cation-mt interaction of the arenes with one
or both of the metals in both forms of the complex.®® Hence a
mechanism that involves the (temporary) displacement of
arene(s) from 1, thus allowing rearrangement to 2 to occur
would seem to be likely. Certainly more than one solvent
molecule surrounds 1 and 2 when they are in solution, and the
application of a solvation model (e.g, PCM®”) might be
appropriate in this context, but preliminary calculations with
this approach suggested that explicit modeling of the metal-
arene interaction was critical, and we opted to use a discrete
solvent approach.

A model for the solution structure of 2 was the most
straightforward, as we assumed it could be represented as a
fragment of the solid-state coordination polymer. A calcium
center, three surrounding n*-A’ ligands, and a K* ion on the
opposite face of one of allyls served as the basis of the model.
A single C¢Hg molecule was placed in a capping position over
the potassium (2-C¢H,; Figure 1b). A DFT calculation with the
B3PW91-D3BJ/def2SVP combination (the level of calculation
used for all molecules in this section) found the structure to be
a minimum on the potential energy surface. Any comparisons
with the crystal structure of 2 must be made with some caution,
as there are two terminal A’ ligands in this model for 2, and
only one that is bridging, the reverse of the case in the
coordination environment around Ca’" in the solid-state
structure. The K* ion is coordinated by only one anionic ligand
in the model, as distinct from two in the crystal. Nevertheless,
several parameters compare well between the model and the
crystal structure. The Ca—C distances average to 2.63 A, slightly
shorter than in the solid state (2.67 A). The K*—C(allyl) distance
averages to 2.99 A, notably shorter than in the crystal structure
(3.15 A), but a reasonable consequence of its being bound to
only one anionic ligand, rather than two as in the polymer. In
the model, there is auxiliary coordination to the K* by a
neighboring CH; group (3.17 A), and of course by the C,Hs ring,
with a K*...centroid distance of 3.22 A. The latter is comparable
to the 3.25A K*...ring centroid distance calculated for the
monomeric [(CsHg)KA'T complex (see the Supporting Informa-
tion, Figure S12).

A model for 1 was not as easily constructed as for 2. To
accommodate the presence of n'-allyls, an initial guess was a
structure related to KIMA’;] (M=Be,*® Zn,2" Sn"*), in which
the allyl ligands adopt a w,-n'm> bonding mode, being o-
bonded to the divalent metal and with cation-rt interactions
between the K* ion and the double bonds of the allyl ligands.
An additional cation-m interaction would exist between K* and
an arene ring capping one end (Figure 5a). A Ca’" center
coordinated by all-n'-bonded allyls could explain the instability
of 1 over time, a consequence of the strong preference for n?*
over n'-bound allyl ligands on calcium.®® A calculation for the
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Figure 5. Structures of proposed but rejected models for 1; (a) a C5-
symmetric version, in which the allyl ligands adopt a p,-n"m? arrangement;
(b) a mixed hapticity version with two 1>~ and one n'-allyl on Ca. The
preferred model for 1 is found in Figure 2a.

5a model of 1 found it to be a local minimum, and the average
Ca—C bond length of 2.514 A is similar to the crystallographi-
cally characterized calciate K[Ca{CH(SiMe),};] (2.50(1) A).2%

Though initially appealing, this structure was ultimately
considered not the most likely model for 1-CiH,. The C;-
symmetric KIMA’;] framework has never been observed when M
is a highly electropositive metal; even Mg (y=1.31) does not
form such a complex."™ In the present case, the incorporation
of Ca (x=1.00) would appear to have even less chance of
success. Furthermore, the 5a model offers no obvious mecha-
nism for the experimentally observed arene stabilization.
Reoptimization of the 5a structure without the benzene
increases the separation between the Ca?* and K* by 0.47 A,
but the all o-bonded framework is left otherwise intact (see the
Supporting Information for details).

Of course, all the allyls in 1 need not be o-bonded to Ca**
and it would be stabilizing if any of the ligands were n-bonded
to Ca’*. Two additional models for 1 with mixed hapticity allyl
ligands were thus considered; one with two 1’-A’ and one 1'-A’
ligand (Figure 5b) and another with one n’-A’ and two n'-A’
ligands (Figure 2a). In both cases, the K™ is coordinated by the
double bond(s) of the n'-allyl(s) and an associated CgHq.
Although the interaction of the K™ with the allyl ligands is not
the same, the proposed 2a structure has similarities with the
known mixed hapticity K,[Mg(n?-A")(n'-A");] magnesiate."”

Both calcium structures are minima on their respective
energy surfaces and are lower in energy than the all-o bound
version (5a). The 5b version by itself, with its two n’-A” ligands
on Ca’", is lower in energy than the preferred Figure 2a
alternative (AG° = —6.1 kcalmol™), but despite the coordination
to the K™ by a neighboring CH, group (3.07 A) and C¢H; ring,
the potassium remains coordinatively undersaturated. Removal
of the C¢H, still leaves Ca** with (1)%),(n')-coordinated A’ ligands,
but the K* now has a more complicated bridging interaction
with the allyls, and is approached by two CH; groups (both at
3.10 A; the Supporting Information presents a figure of this
configuration (S10)). The undersaturation at potassium is
probably the reason that the loss of CiHy is endothermic by
+11.8 kcalmol™ (aH°), leading to a small but positive free
energy change (AG°= + 3.2 kcal mol™"); the resistance to arene
loss makes it an unlikely candidate for the structure of 1.

In the optimized structure of 1-CiHs with(n?)(n'),-coordi-
nated allyls on Ca (Figure 2a), the average K*...C distance to
the double-bonded carbons of the two n'-bonded allyls is
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3.00 A, which is slightly shorter than the comparable distances
in K[ZnA';] (3.08 A) or K[BeA’;] (3.05 A), and consistent with the
interaction’s energetic importance.

When the C4Hq is removed and the structure reoptimized, a
process that involves only a small free energy change (AG°=
—1.7 kcalmol™") (Figure S11), one of the o-bonded allyls
becomes mt-bonded; the average Ca—C distances for the two -
A’ ligands is 2.62 A, almost identical to the distance in the
calculation for the monomeric 2 (2.63 A), and the m-electrons in
both ligands are delocalized. There are limits to what can be
expected from a gas-phase approximation, of course, and the
third allyl is still n'-bound to the Ca (2.60 A), but the K* is now
n>-bonded to the ligand, with an average K—C distance of
2.99 A. Owing to the substantial rearrangement that occurs on
removal of the C¢H,, we favor this mixed hapticity species
(Figure 2a) as the most likely model of those considered for
1-C¢He. The conversion of the preferred solvated models
(1-C¢Hg—2-C4H, is spontaneous by 7.7 kcal mol ™" (AG®).

2.3. Polymerization results

Group 1 and 2 metal (trimethylsilyl)allyl complexes are known
to be initiators for the polymerization of methyl methacrylate
(MMA),["264% and it was expected that 2 would likely follow
suit. The MMA polymerization activity of 2 was evaluated in
toluene (0.5 M) at several temperatures, as detailed in Table 2.
In order to obtain tractable data, polymerizations were
conducted at high monomer:initiator ratios (1000:1). Regardless
of temperature, polymer yields were low to moderate (22-
49%), displayed high dispersities (©=8.2-10.4), and were
isotactically enriched (see the Supporting Information). It was
noted that previous studies have shown that the related
initiator K[A'] produces only atactic PMMA (entry 5),%%" where-
as [CaA',(thf),] also generates isotactically enriched PMMA in
toluene." Although the temperature dependence of anionic
polymerizations is known to be small relative to cationic
systems,”? an expected increase in turnover frequency (TOF)
was observed for polymerizations conducted at 0°C (entries 1-
2), which may be a result of the suppression of deleterious
“backbiting” reactions and initiator degradation.”® However,
the TOF of polymerizations conducted at —78°C are essentially
the same as those at 25°C, as has been observed when other
ion pairs are involved in propagation.””

The broad PMMA dispersity observed when using initiator 2
is similar to those previously observed when using Grignard
reagents as initiators in MMA polymerizations.* Such com-
pounds are subject to Schlenk equilibria (2 RMgX = R,Mg—+
MgX,), which means there are multiple active sites and the
likelihood of side reactions, both of which may complicate
initiation and propagation during the polymerization. A directly
analogous rearrangement (i.e, K[CaA';] = K[AT+[CaA’,)) is
probably not relevant here, as the low solubility of K[A] would
shift the equilibrium far to the right, removing K[CaA’;] from
solution. Instead, we hypothesize that varying amounts of
aggregation may be occurring that could contribute to the
broad dispersities observed.

© 2021 Wiley-VCH GmbH
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Table 2. 'H polymerization results with 2.

(A) Polymerization of MMA®

Entry Initiator Mono/ Temp Time Yield TOF M, (g/ 12} Tacticity™ Ref.

cat (°Q) (%) (min™") mol)

1 K[CaA’;] (2) 1000 RT 8 min 22 27 63,600" 8.44"  69/22/9 (isotactic enriched) this
work

2 K[CaA’3] (2) 1000 0 8 min 49 61 75,700 825"  64/25/11 (isotactic enriched) this
work

3 K[CaA’;] (2) 1000 —78 8 min 23 29 76,300® 1041 66/28/6 (isotactic enriched) this
work

4 (n-Bu)MgBr 50 78 72h 14 7,420 11.2 21/15/64 (syndiotactic en- w4

riched)

5 KA1 1000 -78 0.5 min 87 1150 - - 25/53/22 (atactic) ol

(B) Polymerization of isoprene

Entry Initiator Mono/ Temp Time Yield M, (g/ p 1,2/1,4/3,41 Ref.

cat (°Q) (h) (%) mol)*®

6 K[CaA’;] (2)¢ 200 RT 12 98 16,300 1.279 0/63/37 this
work

7 K[CaA’5] (2)¢ 200 50 12 99 14,200 1.63 0/64/36 this
work

8 K[CaA’3] (2)'9 200 80 12 98 11,400 1.52 0/64/36 this
work

9 K[CaA’5]1+ 1 eq THF 200 RT 12 0 - - - this
work

10 KIAT 200 RT 12 0 - - - this
work

1 [CaA’,(thf),] 200 RT 12 0 - - - this
work

12 KIAT + [CaA’,(thf),]*@ 200 RT 12 0 - - - this
work

13 sec-Buli 80 2 - 39,300 1.04 te6l

14 (DMAT),Ca(thf), 100 50 1 - 20,600 1.30 22/52/26 ta61

15 [(DMAT)(9-TMS-FI) 100 50 0.25 - 15,400 1.26 11/52/37 (a6l

Cal,

[a] Conditions for initiation with K[CaA’;]: 0.25 g monomer, 0.5 M with respect to monomer in toluene, cooled to the respective temperature before monomer

addition, then quenched with acidic MeOH and precipitated into MeOH. [b] Number average molecular weights (M,) and dispersities (D) were measured via

GPC at 40°C in THF, and are reported relative to PMMA standards. [c] Tacticities are reported as percent mm/mr/rr triads as determined from 'H NMR spectra.

[d] Conditions: 0.25 g monomer, 4 mL toluene, quenched with acidic MeOH and precipitated into MeOH. [e] Number average molecular weights (M,) and

dispersities (D) were measured via GPC at 30°C in THF using triple detection. [f] Tacticities are reported as percent mm/mr/rr triads as determined from 'H

NMR spectra.

In comparison to MMA polymerizations, the polymerization
of dienes with s-block complexes has received much less
study.”" The stereochemistry and regiochemistry of conjugated
diene insertion is more complex than with alkenes. For
example, butadiene can give rise to cis- and trans-1,4-isomers,
and the stereocenter generated from 1,2-polymerization of
butadiene opens the possibility for isotactic, syndiotactic, and
atactic microstructures. Isoprene polymerization is even more
complex: 1,4- insertions can lead to cis- and trans- isomers, and
1,2- and 3,4- insertions generate chiral centers with extra
possibilities for microstructural arrangements (Figure 6).

CHy CHs
—_— *
* n n
- CHs /
n
H,C HC CHs

cis-1,4 trans-1,4 1,2-addition 3,4-addition

Figure 6. Stereochemical possibilities for polyisoprenes.
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Calcium and barium complexes have been examined as
initiators of butadiene polymerization,® but studies of isoprene
polymerization with the heavy Group 2 elements are rare. The
fluorenyl complex {(Me;Si-fluorenyl)[o-(dimethylamino)benzyl]
Cal, ((DMAT)(9-TMS—FI)Cal,)*”" and the benzyl derivative
(DMAT),Ca(thf), (DMAT = 2-dimethylamino-a-trimethylsilyl-
benzyl) have been used as initiators for isoprene polymerization
in cyclohexane, and give mixtures of 1,2-/1,4-/3,4-insertion
products (entries 14,15).14®

The potassium allyl complex K[A'] was found to be inactive
as an initiator for isoprene polymerization (Table 2, entry 10,
and the Supporting Information), as was the solvated
[CaA',(thf),] (entry 11). However, complex 2 initiates isoprene
polymerization in toluene (entry 6) at room temperature and
atmospheric pressure, producing polyisoprene in high yield and
low dispersity. As a note, these are the mildest conditions yet
reported for a heavy Group 2 isoprene polymerization initiator.
For polymerizations using initiator 2, only two insertion
products are observed, 1,4- and 3,4- in a 63:37 ratio (see the
Supporting Information for details). Repetition of the reaction at
50°C and 80°C (entries 7,8) indicate that the initiator remains
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active, repeatedly producing yields >98%. However, polyiso-
prene molecular weights (M,) were observed to decrease by
13% at 50°C, and by 30% at 80°C, and D values increased
modestly, by 0.2-0.3. Such a decrease in M, is characteristic of
increased chain transfer at elevated temperatures, which is also
known to broaden dispersity."”

Finally, the deleterious effect that THF has on the initiating
ability should be noted. Addition of an equivalent of THF to a
solution of 2 (Table 2, entry9) completely suppresses any
isoprene polymerization activity. Furthermore, the combination
of K[A'] and [CaA’,(thf),] (entry 12) is also inactive, indicating
that they do not associate to generate an ‘-ate’-type species.
This underscores the critical importance of the initial solvent-
free mechanochemical synthesis for the subsequent reactivity
of the K[CaA';] system.

3. Conclusion

In addition to its benefits as a ‘green’ approach to synthesis,
mechanochemistry offers a valuable way to generate molecules
that are unavailable from solution-based methods. When
describing the outcome of a reaction, there is a potential
difference between the initial product and the results of the
first contact of such species with the solvent(s) during the rest
of the reaction time and during workup. Compounds that are
prepared and isolated from solvent-based conditions have
undergone a type of “selection by solution”, and potentially
useful molecules can be lost by that initial interaction.
Mechanochemically based synthesis, in contrast, permits a
separation between an initially formed product and the
changes that might occur during a solvent-based workup.®

The absence of ethers in the attempted synthesis of [CaA’,]
leads instead, owing to coordinative unsaturation, to the
formation of the “-ate” complex K[CaA';]. The heterohaptic allyl
complex undergoes smooth conversion to a still highly active,
all-t-bound polymorph. Such behavior highlights a synergy
between the solid state and solution environments that likely
exists with other heterometallic main group metal complexes,
most probably with strontium and barium, and which presents
additional possibilities for generating highly active reagents
and catalytic initiators.

4. Supporting Information

The Supporting Information includes additional experimental
and computational details, and optimized coordinates of
structures (xyz format). Deposition Numbers 2024008 (2),
2024009 (2b), and 2024040 (2c) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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