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ABSTRACT: Mono-β-diketonate compounds have been fleetingly
observed in base metal catalyzed reactions, which are of current interest
as alternatives to precious metal catalyzed reactions. Their isolation has
been challenging due to synthetic and structural limitations of acac-type
ligands, leading to the development of a related NacNac ligand platform.
Herein we report the synthesis of a β-diketone capable of kinetically
stabilizing relevant catalytic intermediates. Their eqcient synthesis
requires isolable acyl triflate and lithium enolate reactants. Further, the
syntheses of several transmetalation salts are reported and used in
transmetalation reactions with a series of late, first-row transition metal
compounds (FeII, CoII, NiII, CuI, CuII) of interest in base metal catalysis.
In all, a dozen single-crystal XRD structures are reported, among other
methods of characterization (i.e., IR, UV−vis, NMR, HRMS). The majority of the compounds present as mono-β-diketonate small-
molecule bridged dimers. They serve as eFective precatalysts and are accurately modeled by DFT calculations, validating the use of
computational methods for determining structures and mechanisms. Their reactivity with various small molecules and solvents is
also described. The utility of bis(2,6-dimesitylbenzoyl)methane (L) as a supporting ancillary ligand and a tool for further rational
development of this class of ligands is discussed.

fi INTRODUCTION
Precious metal catalyzed reactions, such as the Suzuki,1
Sonagashira,2 and Buchwald−Hartwig3,4 reactions, are the
most utilized in organic synthesis and are often of choice in
late-stage synthesis due to their high yield and reliability.5−7 An
important feature of these metal complexes is the steric
hindrance of the supporting ligandoften involving N-, P-,
and C-coordination centerswhich protects the reactive metal
center and promote low-coordinate reactive intermedi-
ates.6,8−13 The kinetic stabilization of relevant intermediates
has facilitated research into the mechanisms and led to the
rational design of improved catalysts.14−19 Due in part to the
rising costs of precious metals,20 there has been growing
interest in base metal catalysis as an alternative for these
essential reactions.10,21−26 However, the less expensive base
metals often display erratic yields unsuitable for late-stage
synthetic applications.5,6 Nonetheless, base metal catalyzed
reactions involving β-diketonate supporting ligands continue to
be explored as possible low-cost alternatives to precious metal
catalysts.27−35

β-Diketonates are among the most well studied classes of
ligands,38,39 and they are particularly well-suited to the base
metals due to their unique place within the spectrochemical
and nephelauxetic series (Figure 1).40−42 Specifically, β-
diketonates promote delocalization of d-electrons through
the pi system, while minimally perturbing the sigma
interactions with the d-orbitals, thus forming tightly chelated,

high-spin coordination compounds. However, it has been
diqcult to reap the same benefits of steric encumbrance within
the class of β-diketonate ligands for two reasons: (1) the
practical challenge of preparing sterically hindered examples;
(2) functionalization being directed away from the coordinat-
ing atoms.43 Therefore, isolating relevant catalytic intermedi-
ates and rationally designing improved catalysts remains
elusive.26,44−47 Consequently, many mechanisms catalyzed by
these base metal catalysts remain unclear. As an example, there
are at least five competing mechanistic proposals for Ullmann-
type couplingsa versatile carbon bond forming reaction that
has attracted much research interest.32,48−53 Therefore,
methods for preparing still more sterically encumbered ligands
for catalytic studies remains desirable.
Claisen-type condensations29 are the most common method

of preparing β-diketonates but have a limited steric scope that
has rarely exceeded dipivaloylmethane (dpm).54,55 This
limitation eventually led to the development of the N-
coordinative NacNac motif half a century ago56−61a
structurally related class of supporting ligands that continues
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to flourish.9,10,62−65 However, it is desirable to achieve a similar
steric profile via an O-coordinative platform due to diFerences
in catalytic behavior.9,66−68 Previously, work in this laboratory
demonstrated that acid chlorides can be used to expand the
scope of Claisen-type condensations, specifically as the steric
congestion around the reactive atoms increases, resulting in an
improved yield of dpm and the modular introduction of m-
terphenyl groups.43,69 Eventually, the inadequacy of m-
terphenoyl chlorides in the most challenging condensations
necessitated the synthesis and isolation of m-terphenoyl
triflates,70 a notably potent acylating functional group.71
Herein we report a series of late first-row transition metal

mono-β-diketonates lacking strong field supporting ligands.
These suspected and fleeting catalytic intermediates are fully
characterized, and some preliminary catalytic experiments of
iron (C−C bond-forming Kumada−Tamao−Corriu reaction)
and copper (C−O Ullmann reaction) are also disclosed. These
exotic coordination motifs are enabled by the first β-diketone
bearing two m-terphenyl groups. The necessary modifications
to the Claisen condensation reaction for this steric regime are
described as are several transmetalation salts useful for the
preparation of transition metal complexes. Lastly, DFT models
were calculated and shown to be in agreement with the
crystallographic data collected.

fi RESULTS AND DISCUSSION
Synthesis of Bis-m-terphenyl β-Diketonates. The

synthesis of bis(2,6-dimesitylbenzoyl)methane (L) is depicted
in Scheme 1. The synthesis of 2,6-dimesitylbenzoyl triflate 4,
itself prepared from the corresponding acid chloride 1, has
been previously reported.69 The enolate was prepared in two
steps from acid chloride 1. An excess (3 equiv) of MeMgBr, 3
M, was added to a solution of 1 in THF and refluxed for 16 h.
The reaction was quenched with a minimal amount of water,
followed by aqueous HCl and ethanol. The methyl ketone 2
was filtered from the biphasic mixture in excellent yield. This
ketone was then enolized with a slight excess of n-BuLi, 2.5 M
(1.05 equiv) in refluxing benzene, and removal of solvent
aForded powdered enolate 3 in 77% yield. Surprisingly, no

trace of tertiary alcohol was detected in either reaction,
attesting to the steric protection provided by the m-terphenyl
group. The remainder of the ketone was present in the crude
powder of 3 and was recovered after subsequent condensation.
The extent of enolization was determined by 1H NMR, and the
appropriate amount of acyl triflate 4 was slurried with crude 3
in DCM and stirred for 4 days at room temperature. The low
temperature was required as heating the reaction mixture
results in intramolecular acylation of a mesityl ring with
concomitant methyl group migration.70 A crude mixture of
H(L) and residual ketone 2 is obtained in 70% yield after
workup. The product can be separated by refluxing with KOH
in 2:1 hexane/toluene and filtering the ketone from a solution
of potassium β-diketonate. Recovered ketone 2 can be used in
subsequent condensations for a more eqcient overall synthesis.
Notably, the equivalent magnesium and sodium enolates result
in considerable O-acylation byproduct that cannot be easily
separated. Up to 50 g lots of L have been prepared using these
procedures. A single crystal of the protonated ligand was also
analyzed by XRD, revealing a monomeric enolic isomer with
C2-symmetry about the H−Cα axis (Scheme 2).

Initial Metalation with Li, K, and Tl. It was deemed
advantageous to have several options for the transmetalation
reactions. Therefore, salts of Li, K, and TlI were prepared
(Scheme 2). Highlighting the improved durability of L toward
strong nucleophiles, reaction of H(L) with n-BuLi, 2.5 M,
resulted in a dark green solution that slowly faded to red and
aForded the product in 89% yield. 1H NMR indicated that
there were no coordinated THF molecules, leading to the
tentative assignment as [Li(L)]2 (vide infra). During several
crystallization attempts, this material slowly and reversibly
decolorized upon scavenging THF in the glovebox to yield the

Figure 1. Nephelauxetic ratio (B/Bfree‑ion) and spectrochemical series
of common homoleptic MIII (M = Fe, Co, Ni) complexes with various
ancillary ligands.36,37 The linear regression shows that the two series
typically have an approximately linear relationship and that acac is an
outlier. The yellow star marks the calculated values of [NiII(L)-
(THF)(H2O)(μ-Cl)]2 14.

Scheme 1. Synthesis of H(L) via Acyl Triflate 1 and Lithium
Enolate 4 in DCM
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red mono-THF bridged dimer [Li(L)(THF)]2 and eventually
the colorless monomeric Li(L)(THF)2 5. Application of a high
vacuum liberated the coordinated THF molecules. The bis-
THF complex was also directly prepared in THF using n-BuLi,
2.5 M, in 67% yield and structurally characterized. Treatment
of H(L) with KH or TlIOEt in 1:1 THF/toluene yielded
[K(L)]2 6 and [Tl(L)]2 7 in 87% and 93% yields, respectively.
Single crystals of these complexes were grown and analyzed by

XRD to ascertain their coordination geometries (Scheme 2).
Both compounds showed interesting above-and-below dimeric
structures where both metal atoms exhibited O4-coodination
spheres with weak associations with nearby mesityl rings.
These materials were useful in subsequent metalation experi-
ments given their range of chlorophilicities (TlI > K ∼ Li > H).
In these and all other experiments using L, the ligand could be
recovered from waste streams by acidification and extraction
into toluene and then slurrying the crude organics into
acetone, from which the ligand was filtered.

Crystallography of Fe, Co, Ni, and Cu. The later first
transition series were chosen for initial studies using L owing
to their relevance in carbon bond-forming reactions.35,43 Each
metal dichloride was reacted with [K(L)]2 in THF. The FeII,
CoII, and NiII salts gave bridged compounds featuring an axially
coordinated THF ligand per metal center in a trans
configuration, [MII(L)(THF)(μ-Cl)]2 (M = Fe 8, Co 9, Ni
10) (Scheme 3). CuICl reacted slowly with the potassium salt,
but when stirred with [Tl(L)]2 immediately gave complex
[Cu(L)]2 16 (Scheme 3). Other derivatives could be
synthesized by treating these compounds with heat, vacuum,
other solvents, or atmosphere; see the Supporting Information
for detailed syntheses. Given that these structures closely
resembled putative and fleeting reactive intermediates, their
crystallographic analyses were prioritized (Figure 2). Eight of
these compounds were characterized by single-crystal XRD,
and all but one were bridged dimers. The steric bulk of L
resulted in considerable strain in ML2-type structures, and this
strain was much reduced in the dimers bridged by small
molecules. To guide the discussion of this unusual
coordination behavior, bond lengths, angles, and geometric
indices72,73commonly used indicators of steric strain in
metal complexeswere often referred to (Table 1).

Iron. The dimer [FeII(L)(THF)(μ-Cl)]2 8 crystallized as a
pentacoordinate complex. The coordinated THF molecules
were not removed with application of heat or high vacuum.
When comparing the M−Cl bond lengths, one bond was 0.17
Å longer than the other, suggesting an unequal electron
donation from each chloride to the two metal centers. Also
noteworthy, the FeII centers were observed to be between a
square pyramidal and a trigonal bipyramidal geometry (τ5 =

Scheme 2. Syntheses of the Li, K, and Tl Complexes of La

aAlso shown are crystal structures of the L and 5−7. Hydrogen atoms
omitted for clarity, excepting the enolic proton. Thermal ellipsoids for
the metal centers and chelate rings are drawn at the 50% confidence
level.

Scheme 3. Synthesis of Late First-Row Transitional Metal Complexes of L (M = FeII, CoII, NiII, CuII, and CuI)
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0.51). Also noteworthy, the ortho-mesityl ring dihedral angles
deviated significantly from ideal 120° to 132° and 145°, and
the fold angle strain of 2° deviated from the ideal null. Our
hypothesis was that crystal packing eFects were mainly
responsible for the observed angle strain in the β-diketonate
ligand. Previous work in this laboratory showed that bond
angles could display a great deal of flexibility in similar metal β-
diketonates, whereas bond lengths were notably consistent.32
Cobalt. Similar to the iron complex 8, metalation with

CoCl2 gives the chloride-bridged dimer [CoII(L)(THF)(μ-
Cl)]2 9 featuring axially coordinated THF ligands. The dimer
could be disrupted by recrystallization from acetonitrile to give
the first reported monomeric mono-β-diketonate species
lacking strong field ligands characterized by XRD, among
other techniques, as CoII(L)(Cl)(MeCN) 12. Unlike the iron
complex, the THF ligands could be removed from the cobalt
dimer by application of high-vacuum or by recrystallization
from chloroform/toluene to give [CoII(L)(μ-Cl)]2 13,
indicating reversibility of THF coordination. All three
demonstrate the tendency of CoII to achieve a tetrahedral
geometry, as illustrated by the geometric indices for 9, 12, and
13. The pentacoordinate dimer 9 with axial THF molecules
shows a τ5 of 0.55, an intermediate geometry similar to the iron
analog. Also like the iron analog, the same dimer shows

significant ortho-aryl dihedral strain that deviates from 120° to
nearly 144° but also exhibits a small fold angle of 0.5°. On the
other hand, the dimer lacking THF exhibits less strained ortho-
aryl dihedral angles of 127° and 137°, but a higher fold angle
strain of 5° and 0.7°. This pair of CoII dimers exemplifies the
balance struck between the optimal coordination geometry and
ligand bulk strain. The CoII monomer complex 12 has the
greatest ligand fold and ortho-aryl dihedral distortions of the
three at 9° and 151°, respectively, and also the shortest M−Cl
bond length of the reported structures. These extreme
distortions suggest a decreased importance of conjugation
with the β-diketonate π-system and an increased interaction
from the π-bonding electrons of electronegative MeCN and
Cl− ligands.

Nickel. The tendency to fold the chelate ring, thereby
reducing the conjugation with the acac-type ligand, is even
more evident with the two NiII complexes obtained. The
complex [NiII(L)(THF)(μ-Cl)]2 10 on average shows greater
ligand fold angles (6.85°) and elongated M−THF and M−Cl
bond lengths, thus reducing the electron density of the metal
center. This highlights that β-diketonates such as L make these
complexes extremely electropositive and promotes ionic
interactions with electronegative atoms such as Cl and O.
Like the FeII complex 8, the THF ligands cannot be removed

Figure 2. Crystal structures for the new metal β-diketonates are described. Thermal ellipsoids (50%) are shown for the chelate rings and
phosphorus atoms. Hydrogen atoms and solvent molecules were removed for clarity. Unabridged structures can be found in Figures S5−S12.

Table 1. Average Bond Angles, Lengths, And Geometric Indices Calculated from the scXRD Structures

Angles (°) Lengthsa (Å) Geometric Indices

Complex Fold Ortho-aryl dihedral Aryl-chelate dihedral M−O C−O C−C M−Cl τ5 τ4
FeII 8 2.06 132.27 56.47 1.989 1.274 1.404 2.349 0.51

145.72 62.88 2.121 2.516
CoII 9 0.5 143.795 63.96 1.974 1.276 1.402 2.306 0.55

58.31 2.071 2.494
CoII 13 5.01 137.54 63.03 1.896 1.292 1.4055 2.2975 0.78

0.68 126.63 49.6 1.911 1.273
CoII 12 9.12 147.87 64.11 1.942 1.283 1.394 2.219 0.92

149.75 54.73
NiII 10 6.85 147.75 61.88 1.996 1.263 1.3995 2.353 0.15

136.36 67.23 2.197 1.273
NiII 14 16.78 147.78 68.89 2.023 1.2715 1.410 2.377

134.53 59.91 2.197
CuII 11 13.64 125.505 66.5 1.895 1.283 1.402 2.282 0.28
CuII 15 3.6 133.09 71.01 1.895 1.272 1.396 0.096

59.33
CuII 17 0 134.21 55 1.928 1.282 1.397 0.05
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under a variety of conditions eFective for CoII complex 9.
Conversely, a dimeric nickel complex with coordinated water
molecules, [NiII(L)(THF)(H2O)(μ-Cl)]2 14, is obtained
when recrystallized from wet chloroform, consistent with
related compounds’ tolerance to water.74 The Racah parameter
and octahedral crystal field ligand splitting values are calculated
for 14 and further exemplify acac’s propensity to form tightly
chelated, high-spin complexes. The M−O and M−Cl bond
lengths are longer in the hydrated compound than in 10, and
the structure shows an astonishing 16.8° ligand fold distortion,
indicating deviation from the pseudoaromatic chelate ring
formed in the other complexes. Both compounds also show
exaggerated ortho-aryl dihedral angles to accommodate this
congested ligand sphere.
Copper. Copper is particularly known for enforcing regular

coordination geometry in β-diketonate compounds75,76 and
was used in our prior work as a platform for probing the steric
demand of new ligands.32 Metalation with CuICl gave complex
[CuI(L)]2 16, displaying diamagnetivity per 1H NMR studies
(Figure S23). The lack of any supporting ligands suggests that
the compounds could exist as another above-and-below dimer,
analogous to the [M(L)]2 (M = K, TlI) complexes. However,
the presence of additional resonances in the 1H NMR
spectrum, particularly among the methyl groups, suggests
that there could be additional speciation occurring. Despite
several years of attempts, this compound has resisted
crystallization. Nonetheless, its solutions have persisted for
several weeks and can be used in catalytic studies,
demonstrating that the increased steric bulk of the ligand
increases kinetic stability compared to the short-lived parent
Cu(acac) complexes.47 Exposure of a solution of 16 in CDCl3
to atmosphere results in crystals of [CuII(L)(μ-OH)]2 15,
suggesting O2 activation and H atom abstraction by the
compound as seen in related NacNac complexes.16 Lastly,
heating 16 slowly results in a disproportionation reaction to
give single crystals of CuII(L)2 17, exhibiting square planar
coordination geometry and significant ortho-aryl dihedral
strain in the supporting ligands. The CuII bridged-chloride
dimeric complex [CuII(L)(μ-Cl)]2 11 is also isolated lacking
supporting ligands. This complex shows another impressive
fold angle of 13.6°, disrupting the conjugation among the
chelate rings and chloride π-orbitals. Relative to the hydroxide-
bridged dimer 15, the chloride-bridged dimer 11 is somewhat
distorted from square planar with a τ4 geometric index of 0.28
and features the least strained m-terphenyl group. Complex 15
assumes a less strained coordination geometry indicated by a
geometric index of 0.096, yet a more strained ligand
configuration. We attribute this to the fact that the OH− is
higher on the spectrochemical series and therefore is a stronger
field ligand than Cl−, forcing the metal into a more rigid square
planar geometry.
Isostructural Trends. The supporting β-diketonate ligand

L promotes diFerent coordination spheres/geometries and
shows impressive flexibility. Notably, the ortho-aryl dihedral
(idealized as 120°) and fold angle (idealized as 0°) are
particularly flexible, ranging from 126−151° and 0.5−16.8°
respectively. The geometric indices, τ4 and τ5, also illustrate the
relative flexibility of the coordination sphere, as the metal
center and ligand sphere are varied. This versatility permits the
ancillary ligand L to promote exotic coordination chemistry
among these base metals. Crystal packing eFects may also
contribute to these observed structural features, hence the

need for solution-simulated computational studies of analo-
gous parent acac-type metal complexes.

Computational Studies of Ligand Series. For compar-
ison with the crystallographic data, DFT calculations were
carried out for many of the disclosed metal complexes using
the ORCA 5.0 package.77 These models included [MII(acac)-
(THF)(μ-Cl)]2, [MII(acac)(μ-Cl)]2, and M(acac)2 (M = Fe,
Co, Ni, Cu) and [MI(acac)]2 (M = Li, K, Tl). Models were
also prepared for [NiII(acac)(THF)(H2O)(μ-Cl)]2 and
CoII(acac)(MeCN)(Cl). As a reference, the Cu(acac)2 crystal
structure was available for comparison with the calculated
structure and CuII(L)2, whereas the Fe, Co, and Ni salts existed
as oligomers in the crystal state.78−80 The calculations were
performed by using the B3LYP functional, the DEF2-TZVPP
basis set, and the def2/J auxiliary basis set. The common use of
acac in reactions and the significant savings in computation
power motivated its use in these models, although some error
was introduced by its use in place of L. Of many parameters
available, diFerences in M−O, C−O, C−C, and M−Cl bond
lengths were selected to focus the conversation. The results are
summarized in Table 2.

First, the accuracy of the models was determined to validate
DFT as a tool to rationalize reaction mechanisms.81,82 The
percent error of calculations comparing the DFT and the
experimental XRD data was determined for all parent-acac
analogous structures (Supporting Information Table S90) and
ranged from 1 to 3%, indicating that the calculated structures
served as accurate models for the ligand platform. Therefore,
the use of DFT models was justified for rationalizing reaction
mechanisms more broadly as found in the literature, and the
calculations extended to nonisolated compounds were deemed
an accurate representation.

Comparison with NacNac Complexes. Historically,
related compounds bearing NacNac ligands have been
known and well-studied due to the ease of steric tuning for
catalytic applications by modifying the N-substitution.
Structurally related NacNac complexes selected for comparison
can be described as [MII(NacNac)(μ-Cl)]2 (M = Fe, Co, Ni,
Cu), although they bear N-aryl rings that help promote their
unique coordination environment. Most bear N,N-2,6-
diethylphenyl groups,63,83,84 except Ni, which bears N,N-2,6-
dimethylphenyl groups.85 Their XRD structures are very
similar, with M−O and M−Cl bonds being slightly shorter
by 1−2% due to the increased ionic character of metal−oxygen

Table 2. Calculated Bond Lengths Using the ORCA 5.0
Software Package77 Using the B3LYP Functional and DEF2-
TZVPP and def2/J Basis Sets

Bonds Fe Co Ni Cu
ML2 M−O 1.833 1.974 1.938 1.955

C−O 1.300 1.273 1.270 1.280
C−C 1.411 1.408 1.401 1.415
M−Cl

[M(L)(μ-Cl)]2 M−O 1.935 1.935 1.928 1.944
C−O 1.275 1.275 1.271 1.280
C−C 1.403 1.402 1.398 1.401
M−Cl 2.341 2.341 2.316 2.327

[M(L)(THF)(μ-Cl)]2 M−O 2.029 1.997 1.988 1.945
C−O 1.269 1.269 1.268 1.268
C−C 1.404 1.403 1.403 1.400
M−Cl 2.390 2.339 2.396 2.340
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bonds relative to nitrogen (Table S91). The C−N bond is
about 8% longer relative to the C−O bonds as well, while the
C−C bonds are slightly shorter in the NacNac examples.
These experimental results are also similar to the DFT
calculations of related [M(acac)(μ-Cl)]2 (M = Fe, Co, Ni, Cu)
described above. Therefore, the new acac-type ligand L
represents a valuable parallel to well-established NacNac
chemistry and a new generation of β-diketonates capable of
promoting a similar coordination environment, importantly,
with unique higher-spin coordination environments.
Catalytic Studies of Cu(I/II) and Fe(II) in C−X Bond

Forming Reactions. Elucidating the mechanisms of these
late, first-row transition metals is important for the develop-
ment of the β-diketonate platform in light of the many
contradicting mechanisms proposed for its cross-coupling
reactions.86−89 A suqciently sterically hindered supporting
ligand is required to facilitate such studies. Bis-m-terphenyl β-
diketonates can stabilize the proposed catalytic intermediates,
and their eqcacy in cross coupling reactions with base metals
highlights their relevance. Preliminary work in this direction is
disclosed for an iron-catalyzed Kumada−Tamao−Corriu and a
copper-catalyzed Ullmann cross-coupling reaction.
The Kumada−Tamao−Corriu coupling reaction is a

carbon−carbon bond forming reaction between an aryl or
alkyl Grignard-type nucleophile and a vinyl or aryl halide
electrophile catalyzed by nickel or palladium.90 Kochi
discovered that ferric salts were eFective transition metal
catalysts for this coupling reaction.91 Previous investigations in
this lab into the mechanism of the Kumada coupling reaction
using sterically hindered catalysts showed similar eqciency to
Fe(acac)3.92 In the present work, precatalysts including FeCl3,
Fe(acac)3, Fe(dbm)3,87,93 [Fe(Aracac)(THF)2]2(μ-OTf)2
(Aracac = 2,6-Mes2BzPin),92 and [FeII(L)(THF)(μ-Cl)]2 8
were screened in a model reaction (Scheme 4). Experimentally,

the reaction proceeded rapidly (i.e., <15 min), with complete
conversion (by 1H NMR) and mass balance with a 5 mol %
catalyst loading with respect to FeII. No side products, such as
additions to the ester, were observed. Slower apparent turnover
rates were observed with 8 as the catalyst compared to
Fe(acac)3, which increased the reaction time. Thus, extremely
hindered ligand L enabled isolation of relevant intermediates
for future mechanistic investigations.
Both [CuI(L)]2 and [CuII(L)(μ-Cl)]2 10 were investigated

as potential catalysts using a model reaction for the copper
catalyzed Ullmann-type diaryl ether coupling reaction94−97
the formation of 2-phenoxynaphthalene (Scheme 5). Previous
catalytic investigations have suggested the loss of a β-
diketonate from the CuII precatalysts was a significant barrier
to catalyst activation.32 The bulky L supported precatalysts
aForded the desired product at 90 °C after several days, and
trace diaryl ether product was also observed by TLC at
ambient temperature after 4 days. Supported by L, the CuI
precatalysts aForded the best yields, while the CuII precatalysts

also performed well (see the Supporting Information). The
slow deactivation of CuI was noted as an important side
reaction. These results suggested that increasingly large ligands
increased turnover number but decreased turnover rate, as
demonstrated by the robustness and sluggishness of the L-
supported precatalysts as compared to smaller β-diketonates.
This observation was also in agreement with the common use
of base metals in several mol % versus parts per million levels
of precious metal precatalysts.

fi CONCLUSIONS
The most sterically hindered β-diketonate to date has been
prepared and used to support the first reported series of
isolated mono-β-diketonate salts of late first-row base metals of
interest in sustainable catalysis. The supporting ligand’s
eqcient, decagram synthesis utilizes an isolated acyl triflate
and lithium enolate in the key bond-forming reaction. The
proteoligand, three MI salts, and eight MII salts have been
characterized crystallographically. Its salts have been used to
gain insight into their structure and to verify their catalytic
relevance (e.g., for iron [Kumada−Tamao−Corriu reaction]
and copper [Ullmann reaction]). This ligand serves both as an
ancillary ligand in catalysis and as a path forward in isolating
reactive intermediates and rational development of catalytic
reactions. The Li, K, and TlI salts serve as transmetalation
agents for other metals for further studies. Although not
crystalline, CuI was stable on the order of weeks rather than
minutes. The MI salts tend to present as unsupported, above-
and-below the O4-coordination plane dimers, whereas the MII

salts tend to present as small molecule bridged dimers. These
examples finally bring acac into the level of steric encumbrance
enjoyed by NacNac for half a century. Further, these are
among the first isolable examples of what are otherwise elusive
reactive intermediates in base metal catalyzed reactions. DFT
models using the parent acac ligand for all crystallized MII

compounds and ML2-type compounds were generated for
comparison, finding good agreement between calculations and
experimental data.

fi EXPERIMENTAL SECTION
Syntheses were performed in a nitrogen-filled glovebox or in a fume
hood using standard air-free Schlenk techniques. Organic reagents
were purchased from Alfa Aesar, TCI Chemical, or Sigma-Aldrich and
used as received. Deuterated solvents were purchased from Cam-
bridge Isotope Laboratories and stored over 4 Å molecular sieves. All
other solvents were purchased in anhydrous form from Sigma-Aldrich
and further dried with and stored over 4 Å molecular sieves. 170 and
298 were synthesized according to literature procedures. NMR spectra
were recorded on a Bruker Avance-III 400 NMR spectrometer.
Infrared spectra were recorded on an Agilent Cary 630 FTIR
instrument with ATR attachment. UV−vis spectra were recorded on
an Agilent Cary 60 UV−Vis Spectrophotometer using quartz cuvette

Scheme 4. Synthesis of Methyl 4-n-Hexylbenzoate via
Kumada-Type Coupling Reaction

Scheme 5. Synthesis of 2-Phenoxynaphthalene via Ullmann-
Type Coupling Reaction
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with a 1 cm path length. Melting point was determined with a SRS
Digimelt. Mass spectrometry data were collected on an Thermo-
Scientific ISQ LT mass spectrometer. Magnetic data were collected in
specified solvent solutions at room temperature using Evans’
method.99,100 The reported value is the mean of three separately
prepared and measured solutions. Magnetic susceptibility data were
corrected for diamagnetic contributions for the core diamagnetism of
each sample (estimated using Pascal’s constants). X-ray crystal
structures were collected by using a Bruker D8 Quest Eco three circle
goniometer platform equipped with a Bruker APEX-II CCD detector.
A graphite monochromator was employed for wavelength selection of
the Mo Kα radiation (λ = 0.71073 Å). The data were processed by
using APEX III software provided by Bruker. The structures were
solved by the methods noted below. Hydrogen atoms were placed in
calculated positions by using the standard riding model and refined
isotropically.
Synthesis of 2,6-Dimesitylacetophenone (3). To an oven-

dried, nitrogen-filled 1 L round-bottom flask containing a PTFE-
coated, magnetic stir bar, reflux condenser, and septum was added
2,6-dimesitylbenzoyl chloride 2 (50 g, 130 mmol). Anhydrous THF
(260 mL) was cannulated through the condenser into the RBF
followed by MeMgBr (111 mL, 3 M, 390 mmol). The solution
refluxed at 60 °C for 16 h. An aliquot of the resulting dark red/brown
solution was removed, quenched with 0.1 M HCl and extracted into
ethyl acetate. TLC (eluent: 19:1 hexane/EtOAc) was used to confirm
the consumption of the acyl chloride and therefore reaction
completion (2 Rf = 0.83; 3 Rf = 0.71). Upon completion, the
reaction mixture was cooled to 0 °C. Deionized water (50 mL) was
added in portions. The reaction was stirred for 5 min followed by the
addition of ethanol (190 proof) (100 mL) and HCl (5 M, 200 mL)
upon which the solution turned yellow. The reaction was stirred for
15 min, and then the white precipitates were collected via vacuum
filtration and rinsed with hexane until no yellow color remained. The
white solids were dried in vacuo overnight. Yield = 42.23 g (91%). 1H
NMR (CDCl3, 400 MHz): δ 7.48 (t, 1H), 7.12 (d, 2H), 6.91 (s, 4H),
2.31 (s, 6H), 2.06 (s, 12H), 1.73 (s, 3H). 13C{1H} NMR (CDCl3, 101
MHz): δ 204.4, 141.9, 137.7, 137.3, 136.6, 136.3, 129.3, 128.8, 128.2,
30.1, 21.2, 20.7. Major peaks (ν, cm−1): 2967 (w), 2915 (w), 2855
(w), 1580 (m), 1484 (w), 1446 (s), 1375 (m), 1267 (m), 1103 (w),
1029 (m), 954 (w), 846 (s), 820 (m), 760 (s). Mp > 260 °C (limit of
instrument). HRMS (ESI-TOF), m/z: [M + H]+ Calcd for C26H28O
357.2218; Found 357.2208.
Synthesis of Lithium 1-(2,6-Dimesitylphenyl)-1-ethenolate

(4). To an oven-dried, nitrogen-filled 2 L round-bottom flask
containing a PTFE-coated, magnetic stir bar and a reflux condenser
were charged 3 (101 g, 283 mmol) and benzene (500 mL). n-BuLi
(2.5 M in hexanes, 400 mL, 286.1 mmol) was cannulated into the
reaction flask while stirring. The reaction solution turned dark brown
and was set to reflux at 85 °C for 16 h. Benzene was removed via
vacuum distillation. The remaining solids were pumped into the
glovebox, slurried into hexane (200 mL) and collected via vacuum
filtration. Solids were rinsed with minimal hexane and dried under
vacuum to yield 4 as an oF-white powder (92.8 g, 77% conversion to
enolate determined by 1H NMR). The product was used in the
synthesis of H(L) without subsequent purification.
Synthesis of Bis(2,6-dimesitylbenzoyl)methane [H(L)]. In a

nitrogen-filled glovebox, to a 500 mL round-bottom flask equipped
with a stir bar and septum was charged a solution of 1 (48.56 g, 99
mmol) in CH2Cl2 (300 mL). 4 (92.8 g, 77% purity, 198 mmol) was
added in portions. The solution was stirred at ambient temperature
for 4 days. The flask was removed from the glovebox, and the
contents were quenched with deionized water (10 mL), followed by 1
M HCl (100 mL) and 5 M HCl (100 mL) and stirred for 30 min. The
layers were separated, and the aqueous layer was extracted with
CH2Cl2 (50 mL). The organic layers were combined, concentrated,
and slurried into acetone (100 mL) at 0 °C. The solids were filtered
and washed with acetone until the filtrate appeared colorless, followed
by the addition of portions of hexane. This crude powder was purified
by column chromatography (dry loading, isocratic 15% CH2Cl2/
hexane). H(L) was isolated as a colorless, crystalline solid. Yield =

48.3 g (70%). Additionally, 3 (55 g, 154 mmol) was recovered, giving
an eqciency of 82% in m-terphenyl for the reaction. 1H NMR
(CDCl3, 400 MHz): δ 16.11 (s, 1H), 7.36 (t, J = 7.6 Hz, 2H), 6.95 (d,
J = 7.6 Hz, 4H), 6.78 (s, 8H), 4.80 (s, 1H), 2.26 (s, 12H), 1.75 (s,
24H). 13C{1H} NMR (CDCl3, 101 MHz): δ 188.5, 140.2, 137.9,
136.4, 136.1, 135.8, 129.8, 129.7, 129.2, 128.4, 128.0, 125.4, 102.8,
21.3, 20.9. Major peaks (ν, cm−1): 2938 (w), 2916 (m), 286 (w),
1585 (s), 1441 (s), 1373 (s), 1263 (m), 1023 (m), 845 (s), 759 (s).
UV−vis (CH2Cl2): λmax(ε) 307 nm (5,690 M−1 cm−1), 335 nm
(6,090 M−1 cm−1). Mp > 260 °C (limit of instrument). HRMS (ESI/
Q-TOF), m/z: [M + H]+ Calcd for C51H52O2 697.4045; Found
697.4030.

Synthesis of [Li(L)]2. To an oven-dried 100 mL round-bottom
flask equipped with a stir bar and a septum were charged H(L) (6.97
g, 10 mmol) and pentane (25 mL). n-BuLi, 2.5 M (4.4 mL, 11 mmol),
is added via syringe, and the color rapidly transitions from purple to
red to green. The mixture is allowed to stir at ambient temperature for
16 h. The product is filtered and washed with pentane to yield title
compound as an oF-white solid. Yield = 6.63 g (89%). Unreacted
starting material is recovered from the filtrate by quenching with
water and stirring in acetone. 1H NMR (400 MHz, benzene-d6) δ:
7.00 (s, 2H), 6.79 (s, 12H), 5.22 (s, 1H), 2.22 (s, 12H), 1.89 (s,
24H). Attempts to crystallize the material for XRD analysis repeatedly
led to scavenging of THF from the glovebox, resulting in the
determined structure of Li(L)(THF)2 5.

Synthesis of [K(L)]2 (6). In a nitrogen-filled glovebox, to a 100
mL round-bottom flask equipped with a stir bar and septum were
charged H(L) (3.49 g, 5 mmol), KH (400 mg, 10 mmol), and 1:1
THF/toluene (30 mL). The contents were heated to 50 °C for 1 h.
The flask was cooled to an ambient temperature. The light-brown
slurry was vacuum filtered, and the solids were rinsed with toluene
until only residual KH remained (gray solids) in the frit. The KH was
quenched with i-PrOH in the ambient atmosphere. The filtrate was
concentrated, and the crude solids were triturated in pentane (30
mL). The solids were collected via vacuum filtration to give [K(L)]2 6
as an oF-white powder. Yield = 3.20 g (87%). 1H NMR (CDCl3, 400
MHz): δ 7.16 (t, J = 7.5 Hz, 2H), 6.85 (s, 4H), 6.75−6.67 (m, 8H),
4.63 (s, 1H), 2.38 (s, 12H), 1.94 (s, 12H), 1.71 (s, 12H). 13C{1H}
NMR (CDCl3, 101 MHz): δ 187.2, 144.1, 140.4, 137.9, 135.6, 134.9,
129.1, 129.0, 128.3, 127.3, 127.0, 126.6, 125.3, 102.0, 77.4, 77.1, 76.7,
22.0, 21.5, 21.3, 21.0. Major peaks (ν, cm−1): 1610 (w), 1582 (m),
1560 (m), 1484 (w), 1427 (s), 1403 (s), 1371 (m), 1190 (w), 1026
(w), 850 (s), 768 (m), 734 (s). UV−vis (CH2Cl2): λmax(ε) 342 nm
(23,500 M−1 cm−1). Unreacted starting material was recovered as a
white powder from the filtrate by being quenched with water and
stirred in acetone and vacuum filtration.

Synthesis of [Tl(L)]2 (7). In a nitrogen-filled glovebox, to a 100
mL round-bottom flask with a stir bar and septum were charged H(L)
(3.0 g, 4.3 mmol) and THF (50 mL), and the contents were stirred to
form a clear solution. TlOEt (0.3 mL, 4.3 mmol) was added via a
syringe, turning the solution bright yellow. The reaction was stirred at
ambient temperature for 1 h and then the solvent was removed under
vacuum to yield [Tl(L)]2 7 as a pale-yellow powder. Yield = 3.6 g
(93%). 1H NMR (CDCl3, 300 MHz): δ 7.22 (t, J = 7.5 Hz, 2H), 6.87
(d, J = 7.5 Hz, 4H), 6.76 (s, 8H), 4.60 (s, 1H), 2.27 (s, 12H), 1.80 (s,
24H). 13C{1H} NMR (CDCl3, 101 MHz): δ 187.8, 143.5, 139.3,
137.9, 136.8, 136.0, 128.9, 127.8, 127.3, 103.7, 21.2. Major peaks (ν,
cm−1): 1610 (w), 1582 (m), 1560 (m), 1485 (m), 1423 (s), 1399 (s),
1373 (m), 1185 (w), 1121 (w), 1027 (w), 848 (s), 769 (m), 735 (s).

Synthesis of [Fe(L)(THF)(μ-Cl)2]2 (8). In a nitrogen-filled
glovebox, a 350 mL bomb flask containing a PTFE-coated magnetic
stir bar was charged with [K(L)]2 6 (1.6 g, 2.18 mmol), anhydrous
FeCl2 (304 mg, 2.39 mmol), and anhydrous THF (10 mL). The
bomb flask was sealed under a reduced pressure. The mixture was
heated at 90 °C for 3 days. The resulting orange solution was cooled
to room temperature and vacuum filtered to remove KCl precipitates.
Precipitates were washed with THF until only an oF-white color
remained. The filtrate was concentrated under vacuum. The resulting
orange powder was slurried into CH2Cl2 (10 mL) and vacuum filtered
to remove any remaining FeCl2. The filtrate was concentrated to give
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[Fe(L)(THF)(μ-Cl)2]2 8 as a bright orange powder. Yield = 1.33 g
(71%). IR (solid in Parabar oil, cm−1): 2977 (w), 1614 (w), 1585
(m), 1510 (w), 1491 (s), 1439 (s), 1339 (m), 1275 (m), 1071 (s),
1037 (s), 851 (s), 780 (m), 765 (s), 747 (m). UV−vis (THF): λmax
(ε) 470 nm (340 M−1 cm−1), 454 nm (350 M−1 cm−1), 337 nm
(29,000 M−1 cm−1), 307 nm (27,000 M−1 cm−1). μeff = 9.81(3)
(Evans’ Method, C6D6, 25 °C).
Synthesis of [Co(L)(THF)(μ-Cl)2]2 (9). In a nitrogen-filled

glovebox, a 350 mL bomb flask containing a PTFE-coated magnetic
stir bar was charged with [K(L)]2 6 (367 mg, 0.5 mmol), anhydrous
CoCl2 (195 mg, 1.5 mmol), and THF (3 mL). The bomb flask was
sealed under reduced pressure and heated to 90 °C for 3 days. The
dark teal solution was cooled to room temperature. The solids were
filtered in the glovebox, and slow evaporation of the solvent aForded
crystals of [Co(L)(THF)(μ-Cl)2]2 9 as dark teal blocks. Yield = 254
mg (40%). IR (solid in Parabar oil, cm−1): 2989 (w), 1614 (w), 1580
(m), 1547 (s), 1510 (s), 1491 (s), 1439 (m), 1357 (s), 1275 (m),
1185 (w), 1036 (s), 944 (w), 913 (w), 883 (w), 842 (s), 760 (s).
UV−vis (THF): λmax (ε) 668 nm (320 M−1 cm−1), 587 (180 M−1

cm−1), 515 (120 M−1 cm−1), 336 (27,000 M−1 cm−1), 306 (23,000
M−1 cm−1). μeff = 4.30 (Evans’ Method, CDCl3, 25 °C).
Synthesis of Co(L)(Cl)(MeCN) (12). In a nitrogen-filled glovebox,

crystals of [Co(L)(μ-Cl)2]2 13 were dried to a powder under reduced
pressure. The teal powder was crystallized via slow CH3CN
evaporation at room temperature to yield Co(L)(Cl)(MeCN) 12 as
dark purple crystals. IR (solid in Parabar oil, cm−1): 2999.4 (w), 2322
(w), 2292 (w), 1614 (w), 1581 (m), 1529 (s), 1499 (s), 1447 (s),
1354 (s), 1037 (m), 855 (s), 829 (m), 780 (s), 747 (m). UV−vis
(CH3CN): λmax (ε) 650 (312 M−1 cm−1) 526 (294 M−1 cm−1), 342
(32,000 M−1 cm−1), 301 (25,000 M−1 cm−1). μeff = 3.96 (Evans’
Method, CDCl3, 25 °C).
Synthesis of [Co(L)(μ-Cl)2]2 (13). In a nitrogen-filled glovebox,

crystals of [Co(L)(THF)(μ-Cl)2]2 9 were dried to a powder under
reduced pressure. The teal powder was crystallized via CHCl3/toluene
vapor diFusion to yield [Co(L)(μ-Cl)2]2 13. IR (solid in Parabar oil,
cm−1): 2990 (w), 1614 (w), 1585 (m), 1551 (m), 1510 (s), 1495 (s),
1443 (m), 1361 (m), 1343 (m), 1279 (w), 1190 (w), 1074 (s), 1041
(w), 944 (w), 914 (w), 888 (w), 851 (s), 780 (m), 765 (m), 698 (m).
μeff = 5.38 (Evans’ Method, CDCl3, 25 °C).
Synthesis of [Ni(L)(THF)(μ-Cl)]2 (×10). In a nitrogen-filled

glovebox, a 350 mL bomb flask containing a PTFE-coated magnetic
stir bar was charged with [K(L)]2 6 (1 g, 1.36 mmol), anhydrous
NiCl2·dme (359 mg, 0.33 mmol), and 1:1 THF/dme (4 mL). The
bomb flask was sealed under reduced pressure. The solution was
heated to 90 °C for 3 days. The resulting yellow solution was cooled
to room temperature and vacuum filtered in a nitrogen glovebox.
Yellow precipitates were washed with THF. The yellow powder was
slurried into dry CHCl3 (10 mL) and vacuum filtered to remove any
remaining KCl or NiCl2·dme precipitates. The filtrate was dried to
give [Ni(L)(THF)(μ-Cl)2]2 10 as a yellow powder. Yield = 130 mg
(27%). IR (solid in Parabar oil, cm−1): 2988 (w), 1614 (w), 1585
(m), 1551 (s), 1510 (m), 1495 (m), 1443 (m), 1365 (s), 1279 (w),
1190 (w), 1130 (w), 1041 (s), 848 (s), 892 (m), 851 (s), 825 (m),
776 (m), 698 (m). UV−vis (CHCl3): λmax (ε) 473(1400 M−1 cm−1),
427 (1700 M−1 cm−1), 344 (53,000 M−1 cm−1), 294 (51,000 M−1

cm−1). μeff = 4.10 (Evans’ Method, CDCl3, 25 °C).
Synthesis of [Ni(L)(μ-Cl)2(THF)(H2O)]2 (14). The resulting

yellow powder [Ni(L)(THF)(μ-Cl)2]2 10 was dissolved into
CHCl3 (hydrous, 10 mL). The resulting light green solution formed
crystals of [Ni(L)(μ-Cl)2(THF)(H2O)]2 14 via slow evaporation of
solvent at room temperature. IR (solid in Parabar oil, cm−1): 3005
(w), 1653 (w), 1610 (m), 1580 (s), 1551 (m), 1521 (m), 1507 (m),
1484 (m), 1437 (s), 1372 (s), 1270 (m), 1202 (m), 1031 (m), 848
(s), 821 (m), 774 (m), 760 (s), 744 (m). UV−vis (CH2Cl2): λmax (ε)
462 (23 M−1 cm−1), 653 (120 M−1 cm−1). μeff = 5.6 (Evans’ Method,
CDCl3, 25 °C).
Synthesis of [Cu(L)(μ-Cl)2]2 (11). In a nitrogen-filled glovebox, to

a 100 mL round-bottom flask with a stir bar were added [K(L)]2 6
(2.21 g, 3 mmol), CuCl2 (0.807 g, 6 mmol), and THF (25 mL). The
dark green solution was stirred at room temperature for 16 h, upon

which orange precipitates were vacuum filtered. The dark green
filtrate was concentrated and recrystallized from hot toluene. Dark
brown crystals were collected via vacuum filtration, rinsed with
hexanes, and dried to give [Cu(L)(μ-Cl)]2 11 as a light brown
powder. Yield = 0.95 g (38%). IR (solid in Parabar oil, cm−1): 3000.5
(w), 1610 (w), 1580 (w), 1491 (s), 1439 (s), 1375 (w), 1327 (s),
1182 (w), 1033 (m), 943 (w), 780 (m), 846 (s), 816 (m), 760 (s),
731 (m). UV−vis (CH2Cl2): λmax (ε) 314 nm (25,000 M−1 cm−1),
351 nm (30,200 M−1 cm−1), 767 nm (240 M−1 cm−1). μeff = 2.8
(Evans’ Method, CDCl3, 25 °C).

Synthesis of [Cu(L)(μ-OH)2]2 (15). Single crystals of 15 were
grown by the slow evaporation of 16 from CDCl3 under an ambient
atmosphere.

Synthesis of [Cu(L)]2 (16). In a nitrogen-filled glovebox, to a 20
mL vial equipped with a stir bar and a cap were charged [Tl(L)]2 7
(450 mg, 0.5 mmol), CuCl (200 mg, 2 mmol), and toluene (10 mL),
and then the contents were stirred at ambient temperature for 1 h.
The solution was filtered, and the solvent was removed in vacuo to
give [Cu(L)]2 16 as a staticky yellow powder. Yield = 286 mg (75%).
1H NMR (400 MHz, CDCl3) δ: 7.27 (t, 2H), 6.81 (d, 4H), 6.70 (s,
8H), 5.08 (s, 1H), 2.32 (s, 6H), 1.68 (s, 6H), 1.64 (s, 6H). 13C{1H}
NMR (CDCl3, 101 MHz): δ 187.97, 143.21, 139.30, 137.84, 136.73,
135.87, 129.07, 128.88, 128.26, 127.72, 127.26, 125.34, 103.56, 77.37,
77.05, 76.73, 21.13, 21.11. IR (solid in Parabar oil, cm−1): 3004 (w),
1610 (w), 1576 (w), 1535 (m), 1480 (m), 1431 (m), 1349 (s), 1271
(w), 1162 (w), 1122 (w), 1066 (w), 1025 (w), 846.1 (s), 768 (m),
746 (m).
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