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We describe the catalyst-free insertion of carbon monoxide (CO)
into magnesium alkyl bonds, leading exclusively to enediolate
compounds through C-C coupling. Computational investigations
suggest a metallated ketene intermedate. Ultimately, the formed
enedoliate fragment can be liberated on reaction with a silane,
establishing a potential pathway for s-block metal alkyl formylation
catalysis.

The functionalization of carbon monoxide (CO) as an
abundant C1 building block forms the foundation of numerous
industrially  significant  catalytic processes,! such as
hydroformylation,?3# the Fischer-Tropsch process,>®7 and the
Pauson-Khand reaction.®® These processes are reliant on
transition metal catalysts, perhaps the most prominent
example being the cobalt and ruthenium catalysts required for
alkene hydroformylation. Contemporary chemistry looks
towards displacing these often high-cost, toxic systems with
more sustainable derivatives.1%1! As such, recent efforts have
explored the utility of main group elements in CO valorisation,
demonstrating numerous stoichiometric transformations such
as reductive CO coupling, complete C-O bond scission, and M-H
insertion.1213 |n this space, the alkaline earth metals have been
notably prolific.14

In landmark simultaneous reports, the groups of Hill and
Jones demonstrated that magnesium hydride systems readily
insert CO into their Mg-H bonds, leading to dimerization in
forming ethylene diolate complexes (Fig. 1 (a)),>'¢ and can
catalytically silylate CO to methanol equivalents.’® This was
later extended to calcium and insertion into M-N bonds (M =
Mg, Ca) in formal CO reductive amination,'” to barium,!8 and by
our group more recently to Be.!® The Jones group has also
demonstrated numerous examples of reductive CO
homologation using Mg' dimers, leading to e.g. the
ethenediolate, deltate and benzenehexolate anions.2%21 More
recently, CO activation has been extended to anionic alkaline
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earth metal(l) dimers???® and hydride complexes.?* These
promising transformations demonstrate the utility of these
abundant metals in functionalising CO. Yet, catalyst-free
alkaline earth-mediated transfer of this C1 building block to
hydrocarbon functional groups is limited, stymying progress in
displacing transition metals in hydroformylation catalyses. Early
work here demonstrated that Grignard reagents react with a CO
atmosphere in the presence of Ni(CO)4,2> or simply with an
excess of Ni(CO)s leading to a range of CO-functionalised
products, including acyloins via CO coupling (Fig. 1 (b)).26 Much
more recently, Maron, Xu, and co-workers extended this
chemistry to well-defined P’PNacnac-stabilised magnesium alkyl
species (PPNacnac = [HC{C(Me)Ndip},] -, Dip =2,6-PrCgHs),
leading to alkyl-substituted diolate and triolate complexes
through Ni-catalysed cabonylation (Fig. 1 (c)).?” To date, only

Fig. 1 (a): The initial examples of CO reactivity with alkaline earth hydrides; (b):

(a) Jones, 2015; Hill, 2015, 2017 (c): Xu, 2025
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recently reported Ni-catalysed CO insertion in Mg-C bonds; (d): This work —
catalyst-free insertion of CO into Mg-C(sp?) bonds.
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highly strained?® and/or activated Mg-C bonds are known to
insert CO without need for a catalyst,?® with occurrences being
very rare indeed, whilst Harder and co-workers reported a
unique reactive pathway involving 1,1-addition of CO into
intramolecular Mg-benzyl fragments.°

In this work (Fig. 1 (d)), we report the facile insertion of
carbon monoxide into the Mg-C bonds of terminal magnesium
alkyl complexes, in the absence of a catalyst. This exclusively
leads to alkyl-functionalised ethene diolate products, with no
significant formation of side-products. We additionally
demonstrate that these species undergo reaction with phenyl
silane, in the formation of the corresponding magnesium
hydride complex. Computational assessment of the reaction
coordinate suggests a divergent mechanism to that observed in
hydride insertion, forming a ketenyl intermediate prior to
formation of the target products. These results move a step
closer to achieving transition metal-free alkene carbonylation
processes.

This work began with the synthesis of magnesium organyl
complexes bearing our developed phosphine-appended amido

ligands (viz. RL; RL = {[R,PCHSi{iPr),]{Dip)N}; Dip = 2,6-PrCeHs;
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Scheme 1. Synthesis of Mg-organyl compounds 1-5 {yields in parentheses).
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Figure 2. Molecular structures of {(a) 2-Ph, and (b) 4-Cy, with thermal ellipsoids at
30% probability and hydrogen atoms removed for clarity aside from those of the
Mg-alkyl groups. Selected bond lengths (A) and angles (°) in 2-Ph: Mgl-P1
2.6969(7); Mg1-01 2.065(1); Mg1-C32 2.174(3); Mg1-N1 2.035(1); N1-Mg1-P1
82.77(4). In 4-Cy: Mg1-P12.654(1) Mg1-N1 2.018(1); Mg1-C32 2.243(2); Mg1-C32’
2.277(2); Mgl--Mgl’ 2.787(1); N1-Mg1-P1 86.62(4); Mg1-C32-Mgl’ 76.13(5);
C32-Mg1-C32’ 103.87(6).
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R = Ph, Cy), akin to reported beryllium hydride chemistry.'® This
utilized two approaches: (i) the protonated ligands are reacted
with "BuzMg, in loss of butane and formation of RLMg("Bu), or
(ii) the ligand potassium salts are reacted with Grignard
reagents (i.e. RMgBr), in loss of KBr and formation of the target
compounds (Scheme 1). This led to five complexes featuring the
%L ligand (R = Me, "Bu, Et, “Pent, and Ph), and a single complex
featuring the PhL ligand (R = "Bu; Scheme 1).' Solid-state
structures of complexes bearing Et {(1-Cy), "Bu (2-Cy and -Ph),
and “YPent (3-Cy) groups, crystallise as 4-coordinate monomeric
THF adducts {e.g. 2-Ph, Fig. 2(a)), whilst Me and Ph complexes
(4-Cy and 5-Cy, respectively) are isolated as THF-free dimeric
species, bridged by their organyl groups. The range of P-Mg
bond lengths (2.533-2-985 A) lies within those of the relatively
few phosphine-coordinated magnesium complexes
reported.3233,34,35,36,37,38,33,31 The shortest Mg-C distance of
2.130(6) A, observed in 2-Cy, aligns with those in established
monomeric magnesium alkyl species,*®4142 as do those
observed in dimeric 4-Cy and 5-Cy, which are somewhat longer
(e.g. 2.654({1) A in 4-Cy). The 3!P{'H} NMR spectra display a
singlet resonance for all compounds with shifts similar to those
for RLK salts,*344 whilst alkyl ligands are clearly observed in the
1H NMR spectra. Notable high-field shifts are observed for the
a-carbon of alkyl species (e.g. 2-Cy: -0.09 ppm).

Following isolation of the above magnesium organyls, their
reactivity towards CO was investigated. Samples of "Bu
substituted 2-Cy or 2-Ph as solutions in C¢Dg show a clear
reaction with CO over the course of two days, in a Teflon-sealed
NMR tube charged at atmospheric pressure. In addition to being
sluggish, in-situ 3'P{*H} NMR analyses were indicative of the
formation of multiple products. To improve these points, the
reactions were repeated on a preparative scale in a Teflon-
sealed Schlenk flask {e.g. 200 mg) or Fischer Porter {e.g. up to
1.8 g), with rapid stirring and 2 bar CO pressure.™ After 24 h,
NMR spectroscopic analysis indicates complete conversion of all
starting material, and now formation of a single new species. 'H
NMR spectraindicate a shift of the alkyl a-carbon C-H resonance
away from those observed at -0.09 (2-Cy) and 0.20 (2-Ph) ppm,
giving initial evidence for insertion into the Mg-C bonds in these
species. Concentrated pentane solutions of these products
stored at -30 °C overnight yield large colourless crystals —single-
crystal X-ray diffraction {(SC-XRD) analysis reveals these to be
dimagnesium dec-5-enediolate complexes 6-Cy and 6-Ph (Fig.
3(a) and (b)), isolated in relatively low yields of 38 and 28% due
to their high solubility. As observed in reported magnesium
hydride chemistry, these species likely arise from initial
insertion of CO into Mg-CB® bonds, followed by C-C coupling
(vide infra). Importantly, this forms a new C10 chain through
combining two C4 chains and two C1 building blocks, without
an external catalyst or significantly activated Mg-C bonds.
Importantly, such reactivity of metal-alkyls is only known for
early transition metal systems (e.g. Zr, Hf).#>4647 Structurally, a
clear C=C bond is found between C63 and C68 in the dec-5-ene
chain (d = 1.362(2) A), akin to distances observed in reported
ethenediolate ligands. The 13C{!H} NMR spectra for both
compounds are in keeping with this ligand motif: resonances

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) Synthesis of magnesium enediolate compounds 6-8 through reaction of magnesium alkyls with carbon monoxide, with compound numbers and isolated
yields in parentheses; {b) Molecular structure of 6-Cy, with thermal ellipsoids at 30% probability and hydrogen atoms removed for clarity. Selected bond lengths {A)
and angles (°): C63-C68 1.362(2); 01-C63 1.406(2); 02-C68 1.407(2); Mg1-O1 2.052(1); Mg1-02 2.054(1); Mg2-01 2.037(1); Mg2-02 2.057(1); Mg1-P1 2.6763(8); P2-

Mg2 2.6322({7); {c) Computed reaction profile for the transformation of 1M in the
kcal/mol and angstroms, respectively. All data have been computed at the (CPCM

relating to alkenyl-C centres are observed at 6 = 139.7 (6-Cy)
and 140.4 (6-Ph) ppm, with the a-C of the "Bu chain observed
at 34.5 (6-Cy) and 30.3 (6-Ph) ppm. A single ligand environment
is observed for the two RL ligands, e.g. with a single resonance
observed in their 3'P{*H} NMR spectra (6 =-14.7 (6-Cy) and -23.6
(6-Ph) ppm), reflecting the solid-state structure of these
species, whereby their phosphine chelating arms lie trans to the
ethenyl unit (see Fig. 3(b)).

Interestingly, this observed reactivity is divergent from
recently reported Ni-catalysed insertion of CO into the Mg-CBuY
bond of [PPPNacnacMgBu-(OEt;)], whereby three equiv. of CO
react per two Mg centres, forming the unique [BusCs0s]?2
anion.?” Small R groups {e.g. Me) were found react akin to the
above-described 2-Cy and 2-Ph. As such, we extended our
reactivity studies to 1 and 3-5, to explore any differences. We
are surprised to find that dimeric Me and Ph complexes (i.e. 4-
Cy and 5-Cy) in THF solutions do not react with CO, even after
prolonged reaction times with heating, potentially due to their
dimeric nature quenching reactivity. In contrast, monomeric Et
and “Pent species 1-Cy and 3-Cy demonstrate clean reactivity
towards CO (2 atm, RT), forming single species after 24 h. NMR
spectroscopic data for the former is in keeping with that for 6-
Cy, indicative of the formation of novel hex-3-enediolate
magnesium complex, 7-Cy (Fig. 3(a)). In contrast, in-situ *H NMR
spectra for reactions with 3-Cy indicate the elimination of one
equiv. cyclopentene per two Mg centres, and the presence of
two new ligand environments (3'P{*H} NMR: § =-13.6 and -14.2
ppm). As per complexes 6 and 7, *3C NMR indicates the
presence of a now unsymmetrical enediolate moiety (6 =127.0,
OC-H; 139.1, OC-%“Pent ppm), whilst a new 1H singlet is
observed at & = 6.07 ppm in the *H NMR which aligns with
resonances for known ethenediolate C-H moieties (e.g. in Mg
and Ca complexes in Fig. 1 (a): 5.63 and 5.00 ppm, respectively),
and in Xu’s but-3-enediolate.’®17:27 Thus, reaction of “Pent

compound 3-Cy with CO leads to the 2-cyclopentyl-

This journal is © The Royal Society of Chemistry 20xx

resence of CO. Relative free energies (DG, at 298 K) and bond distances are given in
RI-BP86-D3BJ/def2-TZVPP//{CPCM)-RI-BP86-D3BJ/def2-SVP level.

ethenedoliate complex 8-Cy (Fig. 3(a)). This, again, is divergent
from the reported Ni-catalysed reaction between
[PiPNacnacMg(®YPent)-(THF)] and CO, which rather leads to a
methylenecyclopentane species through an intermediary 1,2-
hydride shift. These observations highlight the effect of small
changes in ligand on the course of a reaction in reactive CO
chemistry, and indeed the effect of a catalytic transition metal
on affecting the reaction coordinate.

Given the unique nature of the reaction between CO and the
described magnesium alkyl complex, the mechanism for this
process was investigated computationally by means of Density
Functional Theory (DFT) calculations at the dispersion-
corrected (CPCM)-RI-BP86-D3BJ/def2-TZVPP//{CPCM)-RI-BP86-
D3BJ/def2-SVP level. To this end, we focused on the
transformation involving the model species 1M, having R = Et
and where the bulky alkyl substituents in the ligand were
replaced by methyl groups. As depicted in Fig. 3(b), the process
begins with the slightly endergonic (AG = 2.7 kcal/mol)
coordination of CO to the magnesium center to produce INT1.
From this species, insertion of the coordinated CO into the Mg-
CF bond takes place to produce the k?-C,0-propionyl complex
INT2 in an exergonic process {AG =-3.6 kcal/mol). This insertion
reaction requires a low free activation barrier of 13.9 kcal/mol
(from the separate reactants 1M and CO) via TS1, a saddle point
associated with the formation of the new C-C bond with
concomitant Mg-C® bond rupture. Coordination of a second
molecule of CO leads to slightly endergonic (AG = 1.8 kcal/mol)
formation of intermediate INT3, from which a new, strongly
exergonic (AG = -12.9 kcal/mol) insertion reaction takes place
to produce the ketene intermediate INT4. All our attempts to
locate the corresponding transition state connecting INT3 and
INT4 on the potential energy surface were however fruitless.
Indeed, relaxed-scan calculations indicate that this step
involving the formation of the new C-C bond can be considered
as a barrierless reaction (see Supporting Information; Fig. S91).

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Molecular structure of 9, with thermal ellipsoids at 30% probability and
hydrogen atoms removed for clarity. Selected bond lengths (A) and angles (°):

Mg1-P1 2.556(1); Mg1-N1 2.055(4); Mg1-H1 1.85(3); Mgl-H1’ 1.86(2); MgI.--Mg1’
2.795(1); N1-Mgi-P1 90.9(1).

Once INT4 is formed, exergonic coordination of its ketene
carbonyl group to a new molecule of 1M would lead to INT5,
from which the final ethenediolate species 2M can be formed.
This final, highly exergonic reaction (AG = -75.4 kcal/mol) takes
place via TS2 with a rather low free activation barrier of only
AG* = 5.1 kcal/mol, which is fully consistent with a kinetically
accessible process occurring at room temperature.

Finally, having observed the (catalyst-free) insertion of CO
into Mg-C bonds, we sought to liberate the organic fragment in
service of a magnesium-centred catalytic process akin to
hydroformylation. No reaction is observed between complexes
6, 7, and 8 and dihydrogen (up to 2 bar, 70 °C). Reaction with a
hydridic reagent, however, is more promising: addition of
PhSiH3 to CsDs solutions of 6-Cy leads to the slow formation of
a new species (Scheme 2), with a clear triplet resonance
observed in the 'H NMR spectrum at & = 3.98 ppm — we
attribute this to a dimeric Mg-H system, whereby the hydride
ligand couples to two Cy,P-groups of the ligand scaffold.
Storage of such samples overnight at ambient temperature
leads to the formation of large colourless crystals. These are
found to be hydride complex 9 (Fig. 4), formed through
metathesis of Mg-O bonds in 6-Cy. Compound 9 is a relatively
rare example of a phosphine-coordinated group 2 hydride
complex, with previous examples being reported by Harder and
co-workers.3537 The Mg---Mg distance of 2.795(1) A is similar to
those observed in reported dimeric magnesium hydride
complexes. The P-Mg distance is significantly contracted when
compared with all other species reported here, at 2.556(1) A,
presumably due to the low-coordinate Mg centres in the
absence of alkyl C-H---Mg stabilisation. We are surprised to find,
in spite of this, that 9 does not readily coordinate THF, and
seems to exclusively crystallise as the solvent-free dimer. This is
in contrast to Nacnac-stabilised derivatives, whose reactivity in
the solvent-free state is significantly amplified. This may suggest
a high reactivity of group 2 complexes stabilised by our
phosphine-appended ligand systems, e.g. RL, which we will
report in due course.
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These could not be separated, and as such clean analytical
data for that complex could not be attained. Nevertheless,
the X-ray crystal structure is given in the Supporting
Information (Fig. S90).

Tt We presume that higher pressures promote more selective
reactions due to the low solubility of CO in aliphatic solvents
—that is, lower CO pressures perhaps lead to longer-lived
intermediates, which undergo divergent reactivity.
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The data supporting this article have been included as part of the Supplementarychgf?Or_[H% 5‘%@&6@322”,48
Crystallographic data for compounds 1-Cy, 1-Ph, 2, 3, 4, 5, 6-Cy, 6-Ph, 9, and ¢YLMgEt(p-
MgEt2)EtMg®YL have been deposited at the CCDC under accession numbers 2528198 to

2528207, sequentially, and can be obtained from https://www.ccdc.cam.ac.uk/structures/.
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