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Introduction

Enolates derive from o-deprotonation of organocarbonyls,
such as ketones and aldehydes. They are widespread reaction
intermediates in organic chemistry, and enable several text-
book organic reactions, such as aldol addition." The most
commonly used approach to generate enolates is the deproto-
nation of organocarbonyls using organo-alkali metal reagents,
such as organolithium. The resultant alkali metal enolates are
subsequently subjected to further transformations. It is quite
understandable that the alkali metal enolate structures play an
underpinning role in their following reactions. But the struc-
tural studies of isolated alkali metal enolates are not as well-
established as one may expect: the state-of-the-art is covered in
the following paragraph. Given the diverse scope of organocar-
bonyls (e.g., ketones, aldehydes, esters, amides and so on),
their derivative enolates feature a high level of structural diver-
sity. Beyond the hydrocarbon enolates derived from ketones
and aldehydes, heteroatom-substituted enolates, such as the
ones derived from esters,” amides® or a-hetero organocarbo-
nyls (e.g., a-phosphino esters*), were also reported.

A key factor to influence the coordination complex structure
is metal identity. For the enolate complexes, among the most
common alkali metal cations Li*, Na" and K", lithium enolates
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size influence the enolate structure.

monomers (for Li and Na). The monomers add new members to the rare collection of group-1 metal
monomeric enolates. Moreover, the series covers different group-1 metal cations (Li*, Na* and K*) and
aggregate sizes, allowing comparative structural studies to elucidate how the metal identity and aggregate

are the most studied. Since the 1980s, the groups of Williard,’
Mulvey,® Reich,” Collum,® and Hevia,” among others,'
reported a number of isolated and structurally characterized
lithium enolate complexes, most of which are aggregates. In
comparison with the relatively well-documented lithium eno-
lates, sodium®>'" and potassium®>'* enolates are far less
studied. A comparative structural study of Li, Na and K eno-
lates within the same system, ie., the same enolate substi-
tutions and the ligand, would help to unravel the metal iden-
tity’s structural directing role. In 1986, Williard and Carpenter
reported such a remarkable comparative study on a series of
Li, Na and K enolates of pinacolone (tert-butyl methyl
ketone).” In these cases, the Li and K pinacolone enolates
were found to be hexamers (Li: no solvent coordination; K: one
coordinated THF per K), while the Na enolate is a tetramer (no
solvent coordination). The aggregates remain in solution as
proven by NMR studies.’® Despite clearly revealing “subtle
structural differences” (according to the authors) induced by
the metal identity, the work from Williard and Carpenter did
not include another crucial comparison dimension: aggregate
size.

Aggregate size is one of the most important structural
factors in alkali metal chemistry, playing underpinning roles
in the structure-reactivity relationship.'* In the enolate chem-
istry specifically, as early as in 1981, Seebach and co-workers
examined the mechanistic implications of the tetrameric cubic
structure of Li enolates in addition reactions.'®'® In 2013,
Cossio and co-workers conducted computational studies (DFT
and molecular dynamics) on the relationship between alkali
metal enolates aggregate sizes and their activity (reaction rate)
in the aldol addition,'” where the monomers were found to be
vastly superior to the dimers and tetramers. Out of the in silico
chemical space, reported examples of crystallographically
characterized alkali metal enolate monomers are rather
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Fig. 1 The reported examples of Li and K enolate monomers.

limited. In 2009 and 2010, Reich and co-workers systematically
studied the SCXRD and solution-state structures and the struc-
tural dynamics of several lithium enolates, with the presence
of a series of ligands, including PMDTA, Me;TACN (also
known as TMTAN), HMPA, and cryptand [2.1.1].” The triden-
tate cyclic Me;TACN ligand was found to be able to stabilize a
collection of lithium enolate monomers’ (Fig. 1A). Moving
onto the heavier alkali metals, there is no sodium enolate
monomer in literature, albeit a relevant sodium ethylacetoace-
tate monomer was reported as stabilized by 15-crown-5."° A
few monomers of potassium enolates and a-heteroatom substi-
tuted enolates were reported in 1993 * and 1994 ****° (Fig. 1B-
F), including two separated ion pairs (Fig. 1C & E). Due to the
scarcity of the alkali metal enolate monomers, an in-depth
understanding of the structural differences between their
aggregates and monomers remains an open question.

Since the 2020s, our group has focused on unravelling the
structural and reactivity directing roles of the two key factors
in alkali metal chemistry: (1) aggregate size;***' (2) metal iden-
tity.”> Herein, we bring the effort into Li, Na and K enolate
chemistry by reporting the synthesis and characterisation of a
series of Li, Na, K anthracen-9-yl enolates as their aggregates
and ligand-stabilised monomers. We found that without exter-
nal ligand, the Li and Na anthracen-9-yl enolates exist as hex-
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amers but with different coordination geometries, while the K
enolate exists as a tetramer. Employing the MegTren ligand, we
isolated and characterized two rare examples of Li and Na
enolate monomers. Based on the complexes, the enolates
structural trends are studied on two dimensions of compari-
son: (1) metal identity; (2) aggregate size. Our findings are ela-
borated in the following sections.

Results and discussion
Synthesis of the Li, Na and K enolates

As a part of our systematic studies of the Bronsted basicity and
nucleophilicity of organo-alkali metal reagents,”*>* 9-acetylan-
thracene (1) was treated with lithium, sodium and potassium
alkyl complexes [MCH,SiMe;], (M = Li, 2-Li;** M = Na, 2-Na;**
M = K, 2-K*) in dgbenzene (for the NMR-scale reactions)
or benzene (for the scale-up reactions) (Scheme 1).
9-Acetylanthracene was chosen as the substrate for its superior
steric protection over the products, as well as the crystallinity
induced by the anthracen-9-yl functional group. All the reac-
tions occurred as deprotonation at the methyl position exclu-
sively — we did not observe the possible nucleophilic addition
side reaction towards the C=O bond. The corresponding Li,

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Syntheses of Li, Na and K enolate clusters, 3-Li (hexamer), 3-Na (hexamer) and 3-K (tetramer).

Na and K enolates, [M{OC(=CH,)(C14Ho)}], (3-Li/Na/K, n = 6
for Li and Na, n = 4 for K), were isolated in 73-97% crystalline
yields. Among them, 3-Li and 3-Na crystallize into hexamers,
while 3-K crystallizes as a tetramer. The 'H and Li (for 3-Li)
NMR spectra of 3-Li/Na/K are reported in the ESIL,}i from the
in situ "H NMR monitoring of the corresponding NMR-scale
reaction. Upon formation, 3-Li/Na/K crystallise from the C¢Dg/
CeHe solutions rapidly, and can not be re-dissolved. For this
reason, their '*C and "H DOSY NMR spectra are absent.

Following the successful syntheses of the enolate clusters 3-
Li/Na/K, reactions between 1 and the monomeric organo-alkali
metal complexes, [M(CH,SiMe;)(MegTren)] (M = Li, 4-Li;>* M =
Na, 4-Na®**”) and [K(CH,Ph)(MesTren)] (5-K>%), were tested
(Scheme 2). The 4-Li/Na reactions yielded corresponding
MegTren-coordinated Li/Na enolate monomers, 6-Li and 6-Na,
respectively. In comparison, reaction between a benzyl potass-
ium monomer 5-K>® and 1 produced the potassium enolate tet-
ramer 3-K, while the Me¢Tren ligand dissociated and was
observed in the "H NMR spectroscopy as coordination-free. We
attribute the MegTren ligand dissociation in the potassium
reaction to two factors: (1) the relatively low affinity between
the MegTren ligand and K' (comparing with Li*/Na"): the low
affinity between MegTren and K" allowed us to realize the first
alkali metal cations selective reduction between K" and Li*;**
(2) The K enolate tetramer 3-K structure features much more
significant cation-arene interactions (vide infra, Fig. 4) com-
paring with the structures of 3-Li (Fig. 2) and 3-Na (Fig. 3). The
alkali metal cation-arene interaction is known to be more pro-
nounced for heavier alkali metal cations.?*?28:3°

This journal is © The Royal Society of Chemistry 2024

Single-crystal X-ray diffraction (SCXRD) structures of the Li, Na
and K enolates

The hexameric (3-Li, 3-Na), tetrameric (3-K) and monomeric
(6-Li, 6-Na) structures were confirmed by the SCXRD studies:
their solid-state molecular structures are presented in Fig. 2-6.
In the following section, we will focus on the structural influ-
ences induced by two factors: (i) the metal identity; (ii) the
aggregate size. In the aggregate clusters 3-Li/Na/K, we did not
observe pronounced n-n stacking®' between the anthracenyl
substitutes, or with the coordinated arene solvents. Hence, the
n-n stacking is not a major structural contributor and there-
fore, we are confident that the trends summarized in the fol-
lowing section are not only limited to the anthracen-9-yl
enolate, but also extrapolatable to other enolates.

The influence of the metal’s identity is obvious for enolate
clusters 3-Li/Na/K, especially in their aggregate sizes and geo-
metries. For the smallest Li*, the enolate hexamer 3-Li features
a LigOe hexagonal prismatic core (Fig. 2), which is similar to a
Li pinacolone enolate hexamer reported by Williard and co-
workers.”” In 3-Li, each Li center coordinates with three O
sites and features a coordination number of three. Upon
moving from Li" to Na‘, one may expect the metal’s coordi-
nation number to increase with the increase of metal’s ionic
radius. Indeed, 3-Na features a three-deck square prismatic
structure (Fig. 3), with the inner deck Na' centers featuring a
coordination number of four, while the outer decks Na'
centers’ coordination number is three. While 3-Li and 3-Na
can also be considered as two stacked layers of M;0; motif, it

Dalton Trans., 2024, 53, 4719-4728 | 4721
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Scheme 2 Syntheses of Li and Na enolate monomers 6-Li/Na.

Fig. 2 The SCXRD structure of 3-Li. Hydrogen atoms, solvent benzene
molecules in the lattice, and the two flanking phenyl rings of the anthra-
cene are omitted for clarity. Only one third of the molecule is labelled, but
the whole molecule is crystallographically independent. To facilitate
readers, we labelled the atoms in a chemically intuitive way, instead of
using the numeric atomic number system. The atomic numbers can be
found in the Cambridge Structural Database archive. Key bond lengths are
provided as ranges: Lisp—O (1.95-1.97 A), Lieg—O (1.85-1.92 A), O-Cc—cp,
(1.34-1.35 A), Cc—cn,~Cc—cn, (1.31-1.33 A), Cc—cpy,—Cipso (1.49-151 A).

is interesting to compare the M30j; layer structures (Scheme 3).
The larger Na' cation leads to longer Na-O bond, which
“tethers” the M and O in the middle of the M;0; unit

4722 | Dalton Trans., 2024, 53, 4719-4728
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Fig. 3 The SCXRD structure of 3-Na. Hydrogen atoms, solvent benzene
molecules in the lattice, and the two flanking phenyl rings of the anthra-
cene are omitted for clarity. Half of the whole molecule is crystallogra-
phically independent, while the key independent atoms are labelled. Key
bond lengths are provided as ranges: Na—O (2.24-2.38 A), O-Cc—ch,
(1.32-1.33 A), Cc—cn,~Cc—ch, (1.33-1.34 A), Cc—cp,~Cipso (1.49-1.51 A).

(Scheme 3). From another perspective, 3-Li is a “ring-ladder-
ing” loop, while 3-Na features a “ring-stacking” structure
(Scheme 3). It worth mentioning that the ring-laddering and
ring-stacking are ubiquitous structural features in group-
1 metal coordination chemistry and have been well documen-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The SCXRD structure of 3-K. Hydrogen atoms, solvent benzene
molecules in the lattice, and the two flanking phenyl rings of the anthra-
cene are omitted for clarity. Both benzene and toluene molecules occu-
pying the same positions throughout the crystal manifesting as disorder.
The asymmetric unit also contains a solvent-accessible void in which
there appear to be multiple orientations of both toluene and benzene.
An unambiguous model for these solvent molecules in this site could
not be achieved and hence the associated electron density was treated
using the Olex2 solvent mask routine. To facilitate readers, we labelled
the atoms in a chemically intuitive way, instead of using numeric
numbers. Key bond lengths are provided as ranges: K-O (2.51-2.75 A),
O-Cc—ch, (1.29-1.31 A), Cc—cn,~Cc—ch, (1.33-134 A), Cc—cn,~Cipso
(1.50-1.52 A).

Fig. 5 The SCXRD structure of 6-Li (left) and 6-Na (right). Hydrogen
atoms and solvent molecules in the lattice are omitted for clarity. Key
bond lengths: 6-Li: Li-O (1.827(2) A), O-C13 (1.2836(13) A), C13-C14
(1.3389(18) A), C13-C15 (1.5148(14) A); 6-Na: Na—O (2.1324(18) A), O—
C13 (1.279(3) A), C13-C14 (1.343(3) A), C13-C15 (1.521(3) A).

ted.*”> Reviewing the literature®® suggests that the determining
factor is metal identity, or more specifically, the metal ionic
radius, as we observed herein; though influences from ligand

This journal is © The Royal Society of Chemistry 2024
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atom (e.g., C vs. N vs. O) and ligand steric profile should also
be considered.

A further increase in the ionic radius going from Na' to K*
leads into a distorted cubic K,0, core in 3-K (Fig. 4), which fea-
tures significant cation-r interactions with the arene solvent
molecules. It is interesting to note that both benzene and
toluene solvent molecules coordinate to the K centers (albeit
disordered), and only three out of the four K centers are co-
ordinated by the arene solvent molecules. This solvent mole-
cule coordination discrimination, i.e., not all the K centres
are coordinated, results in an asymmetric K,0, core, and
could likely be a result of steric crowding. The cation-n
interaction is much more pronounced in 3-K than in 3-Li/Na
(not at all for 3-Li, very little Na-anthracenyl interactions in
3-Na), which can be attributed to the stronger xn-affinity of
K".>'»2% Compared with the pronounced metal identity
structural influence in the aggregate size and geometry, the
anionic enolate ligand structure, [OC(=CH,)(C,4H,)]™, in 3-
Li/Na/K, is largely unaffected by changes of the metal iden-
tity and the resultant changes of aggregate size. But we did
observe non-negligible differences of the anionic enolate
ligand structure between the clusters 3-Li/Na and the mono-
mers 6-Li/Na, which will be elaborated in the following
paragraphs.

The enolate monomers 6-Li/Na share a similar five-coordi-
nate core structure (Fig. 5), where the MegTren ligand’s four
nitrogen atoms and the oxygen atom of the enolate ligand
furnish the inner coordination sphere. The Na-N/O bonds in
6-Na are longer than the corresponding Li-N/O bonds in 6-Li,
reflecting sodium’s larger ionic radius. The geometries of
enolate ligand in 6-Li/Na are very similar, which is also
reflected by the density functional theory (DFT) charge distri-
bution studies. Examining the natural bonding orbital (NBO)
atomic charges for the modelled monomers 6'-Li/Na indicates
little differences between the Li and Na complexes (Fig. 6). For
both 6’-Li and 6'-Na, a positive charge of approximately 0.9 is
located on the metal cation, and a countering negative charge
is located on the oxygen atom.

However, despite being largely immune to the change of
metal identity, the enolate ligand structure can be influenced
by the aggregate size. By comparing the enolate units in the
hexamers (3-Li/Na) and monomers (6-Li/Na), we noted that the
C-O bonds are significantly shorter in the monomers (mono-
mers 1.27-1.28 A vs. hexamers 1.32-1.35 A) (Scheme 4). While
the C=C and C-Ar bonds appear as slightly longer in the
monomers, these elongation (0.01-0.02 A) are too small to be
considered as pronounced. The shortening of C-O bond in the
monomers could be attributed to a weaker stabilization of
the negative charge on the oxygen cf. the hexamers: In the hex-
amers, each anionic oxygen is coordinated by three (3-Li) or
four (3-Na) metal cations, but the number is one in the
monomers.

To further understand whether there is a thermodynamic
preference between the liner and the bent M-O-C angles, or if
it is largely kinetic-driven (i.e., depends on the steric conges-
tion), we conducted potential energy surface scans. The meth-

Dalton Trans., 2024, 53, 4719-4728 | 4723
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Fig. 6 NBO charge per atom from natural population analyses of 6'-Li and 6’-Na.
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Scheme 4 Comparing the bond lengths in the enolate units of the hex-
amers and the monomers. The most pronounced structural changes are
observed in the C-O bond length and the M—O-C bond angle (high-

lighted in red).
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odology has been well-established to probe the energetic pre-
ference for cis or trans conformations in coordination chem-
istry.>* The calculations are based on the hypothetical model
of the monomeric M-O-C(=CH,)Ar (Ar: anthracenyl), which
removes all the ligand and secondary bridging units, minimiz-
ing the steric influence. The M-O-C angle was initially set to
90° leaving the remainder of the M-O-C(=CH,)Ar moiety
unchanged from the optimized structure and was then sequen-
tially increased by 5° until equal to 270°. All geometric para-
meters were relaxed to loose convergence criteria at each angle
step except the M-O-C angle itself which was fixed. It was
found that the minimum energy of M-O-C(=CH,)Ar was at
205° regardless of the metal identity, with the near linear
structures being favored over the more bent structures. The
resulting plots are shown in Fig. 7. We also observed that the
90° angle (metal cation pointing towards the C=CH, unit) is
preferred over the 270° angle (metal cation pointing towards
the aryl), which could be a result of steric repulsion between
the bulky anthracenyl and the metal cation.

This journal is © The Royal Society of Chemistry 2024
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Conclusion

Herein, we report the syntheses and structures of a series of Li,
Na and K enolates. Without any external ligand, the enolates
aggregate into hexamers (Li and Na) and tetramer (K), and
their geometries are heavily influenced by the metal identity,
as well as the particularly pronounced metal cation-arene
interactions in the potassium case. With the presence of the
MegTren ligand, the Li and Na enolates exist as monomers
with similar structures. The coordination of the MegTren
ligand to Li" or Na" is the key to form the monomeric struc-
tures. In comparison, the MegTren ligand failed to coordinate
to K, hence the corresponding K enolate monomer is not
available.

This work adds five new members to the alkali metal
enolate family. In particular, the two monomers 6-Li and 6-
Na are the newest examples of the scarce collection of alkali
metal enolate monomers. The aggregates, 3-Li/Na/K, exhibit a
clear structural trend dictated by the metal identity, specifi-
cally, the metal ionic radius. Comparisons between the
monomers 6-Li/Na and their corresponding hexamers 3-Li/Na
unveils an interesting influence of the aggregate size towards
the carbon-oxygen bond length in the enolate ligand. It
would be interesting to see how the structural observations in
this work would be translated into the enolate reactivity -
more investigations are underway and will be reported in due
course.

This journal is © The Royal Society of Chemistry 2024
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