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The reactivity of a molecular magnesium silanide toward ketones
displays a significant variability of outcome, resulting in adduct
formation, deprotonation, dearomatisation or deoxygenation, that
is dependent on the structure and electronic character of the
carbonyl-containing reagent.

Addition of a silicon-centred nucleophile, primarily in the form of a
stabilised triorganosilyllithium reagent, to a carbonyl-containing
molecule has long been known to provide the kinetic product of
attack at the electrophilic C=0 carbon centre.' Such transforma-
tions, however, are also prone to be quite ill-defined and bedevilled
by a variety of subsequent thermodynamically-driven rearrangement
processes.” Although, for example, addition of t-butyldiphenyl-
silyllithium to acetophenone affords the expected a-hydroxysilane
at —20 °C, the initial C-Si bonded species rapidly undergoes
decomposition via a Brook-type rearrangement at more elevated
temperatures (Scheme 1a).® These latter processes, in particular, are
also strongly reminiscent of our recent use of the p-diketiminato
(BDI) magnesium silanide (1) as an easily generated source of the
triorganosilyl nucleophile,”” and its reactivity with a range of
organic isocyanates (Scheme 1b).®

Although some dependence was observed to result from
variation of the R/ArNCO alkyl or aryl substituent, these reactions
typically resulted in deoxygenation of the heterocumulene through
the generation of a magnesium siloxide and the corresponding
isonitrile. In a process reminiscent of that depicted in Scheme 1a,
this reactivity was computed to ensue via initial nucleophilic attack
of silicon at the sp-hybridised carbon of the magnesium-coordinated
isocyanate and rearrangement of the resultant C-silylated amidate
to the ultimately observed siloxymagnesium isonitrile adduct.®
Prompted by the potential for elaboration of such silanative
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Scheme 1 (a) Addition of t-butyldiphenylsilyllithium to acetophenone;®
(b) silanative deoxygenation of organic isocyanates by compound 1.5

deoxygenation to a more expansive palette of C-O-bonded small
molecules, in this contribution we report the reactivity of 1 with the
more diverse electronic and steric variability presented by the
commercially available ketones, acetophenone, benzophenone,
4-fluorobenzophenone and 9-fluorenone.

An equimolar reaction of 1 with acetophenone performed
on a NMR (ca. 50 mg) scale in C¢Dg resulted in the generation
of a pale pink solution at room temperature and complete
consumption of the starting material was evidenced within ten
minutes by "H NMR spectroscopy (Scheme 2). Well-defined and
mutually coupled doublet (6 0.23 ppm) and septet (4.63 ppm)
resonances were assigned as the respective methyl and Si-H
signals of dimethylphenylsilane, while the generation of a
predominant B-diketiminate-containing species (2) was appar-
ent from a BDI y-methine signal at 6 5.01 ppm that emerged
in unison with a broadened resonance integrating to 2H at
4.04 ppm. This latter signal was found to correlate by HSQC
and HMBC NMR experiments with resonances at ¢ 91.6 and
160.4 ppm in the corresponding "*C{"H} NMR spectrum. These
chemical shift data are reminiscent of those arising from the
{OC=CH,} unit of the handful of enolate anions provided by
deprotonation of the bulkier 2,4,6-Me;C¢H,COMe with mono- or
heterobimetallic magnesium alkyl and amide bases,” an inference
that was confirmed by X-ray diffraction analysis of a single crystal
of 2 isolated from hexane solution at —30 °C (Fig. 1).
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Dipp = 2,6-di-iso-propylphenyl

Scheme 2 Synthesis of compounds 2-5.

The structure of compound 2 comprises a centrosymmetric
dimer in which the BDI-coordinated magnesium centres are con-
nected via two 11,-O bridging acetophenolate ligands. Although the
resultant enolate structure is unremarkable and provides metric
data that are broadly commensurate with those arising from the
aforementioned Mg-1,-O bridged derivatives of the {OC(= CH,)2,4,6-
Me;CeH,} anion,” the structure of 2, to the best of our knowledge,
provides the first documented evidence of the Brgnsted basicity of a
magnesium silanide toward a C-H acidic reagent.

To preclude deprotonation, a subsequent reaction was per-
formed between compound 1 and the non-enolisible ketone,

Fig. 1 Displacement ellipsoid (30% probability) plot of compound 2. BDI
Dipp substituents are shown in wireframe view for visual simplicity and
hydrogen atoms, apart from those attached to C31/C31* are also omitted
for clarity. Selected bond lengths (A) and angles (°): Mg1-N1 2.0992(12),
Mgl-N2 2106412, Mgl-O1 2.0052(10), Mgl-O1' 2.0498(10), O1-
C30 1.3522(17), C30-C31 1.330(2); O1-Mg1-01' 78.81(4), O1'~Mg1-N2
124.56(5), O1-Mg1-N2 119.22(4), O1'-Mg1-N1 125.89(5), O1-Mg1-N1
121.13(5), N1-Mg1-N2 90.98(5), C30-01-Mg1 140.38(9), C30-0O1-Mg1*
118.43(9). Atoms with superscripted labels are related to those in the
asymmetric unit by the 1 — x, 1 — y, 1 — z symmetry operator.
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benzophenone. Addition of benzene to an equimolar mixture of
the two solid reagents at room temperature resulted in the
immediate formation of a brown-green solution, analysis of
which by "H NMR spectroscopy revealed the emergence of a
major new BDI-containing species (3) characterised by a v-
methine resonance at ¢ 5.11 ppm (Scheme 2). Single crystals
suitable for X-ray diffraction analysis were obtained by recrys-
tallisation from hexane at room temperature, enabling the
identification of 3 as a monomeric benzophenone adduct of
the magnesium silanide (Fig. 2a). Consistent with this formula-
tion, the Mg1-O1 distance [2.0443(13) A] in 3 is effectively
identical to the terminal Mg-O interactions observed in the
only previous structurally characterised benzophenone adduct
of magnesium, the amide/alkoxide complex, [{(Me;Si),NMg[p-
OC(H)Ph,]-(OCPhy,)},], and in which the magnesium centres were
similarly 4-coordinate [2.046(3) A].® Although structural character-
isation of s-block benzophenone ketyl complexes has revealed that
the C-O and C-Cipso [1.233(2) and 1.478(2) A] distances are only
marginally perturbed in comparison to the corresponding bonds in
free benzophenone [1.222 and 1.496 A mean],’ confidence in the
assignment of the {OCPh,} unit of 3 as a neutral two electron donor,
is provided by its diamagnetism and the essentially planar geometry
of the oxygen-bonded C30 atom (Znges about C(30) = 359.99°).
Similarly, the Mg1-Si1 bond length [2.6488(6) A] demonstrates a
significant elongation in comparison to that of the 3-coordinate
starting material, compound 1 [2.5897(8) A],** and is commensurate
with the Mg-Si distances of previously described terminal silanides
of 4-coordinate magnesium.*>*°

We reasoned that the installation of an electron-
withdrawing arylfluorine substituent would enhance the elec-
trophilicity of coordinated benzophenone ligand and promote
intramolecular nucleophilic attack. Accordingly, an equimolar
quantity of 1 and 4-fluorobenzophenone was reacted in ben-
zene (Scheme 2). Initial scrutiny of the resultant dark brown
solution by "H NMR spectroscopy was consistent with the onset
of a more complex reaction. A predominant new compound (4),
however, could be identified in its "H NMR spectrum after 48
hours at room temperature, while removal of volatiles and
crystallisation from a saturated hexane solution yielded brown
single crystals at room temperature. Compound 4 was identi-
fied by X-ray diffraction analysis as an asymmetric monomer
with two C-O donor ligands arising from the interaction of 4-
fluorobenzophenone and the magnesium centre. One unper-
turbed ketone molecule is again coordinated to magnesium,
while the other may be identified as an alkoxide-like anion
resulting from silanide ion migration (Fig. 2b). Although, in
mitigation of our initial hypothesis, intramolecular attack
is facilitated by the presence of the strongly electronegative
para-positioned fluorine atom, this process results in ortho-
dearomatisation of the 4-fluorobenzophenone substituent
rather than C-Si bond formation at the former carbonyl carbon
atom. The Mg1-01 [1.971(2) A] and Mg1-02 [1.888(2) A] bond
lengths in 4 reflect the assignment of the two O-donor units as
neutral and alkoxide-like ligands, respectively. The dearomati-
sation at the 2-position of the 4-fluorophenyl substituent by
addition of the {SiPh,Me} unit at C55 is apparent from the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Displacement ellipsoid (30% probability) plots of (a) compound 3, (b) compound 4 and (c) compound 5. BDI Dipp substituents are shown in
wireframe view for visual simplicity. Hydrogen atoms, apart from that attached to C55 of 4 (plus the disorder in 4) have also been omitted for clarity.

Selected bond lengths (A) and angles (°): (3) Mg1-01 2.0443(13), O1-C30 1.233(2), Mg1-Si1 2.6488(6), O1-Mg1-Si1 112.02(4), N1-Mg1-Sil1 117.52(4); (4)
Mg1-01 1.971(2), Mg1-02 1.888(2), O1-C30 1.239(3), O2-C43 1.325(3); O2-Mg1-01 96.19(9), O1-Mgl-N1 116.69(10), O1-Mgl1-N2 103.96(9), O2~
Mg1-N1114.74(9), 02-Mg1-N2 131.50(10); (5) Mg1-01 2.0567(10), Mg1-02 1.8505(10), O1-C30 1.2332(15), Si1-02 1.5931(10); O2-Mg1-01 110.67(4),
02-Mgl1-N2 119.62(5), N2-Mg1-01 101.56(4), N2-Mg1-N1 94.41(4), N1-Mg1-01 101.39(4). C30-0O1-Mgl 153.57(9), Si1-0O2-Mgl 150.50(7).

alternating long [C50-C51, 1.441(4), C52-C53, 1.430(5) A] and
short [C51-C52, 1.357(4), C53-C54, 1.326(4) A] C-C bonds that
clearly denote the Cq carbocycle as a cyclic diene. Although, as a
result of the dearomatisation process, the former carbonyl carbon
centre retains its planar sp* hybridisation state (Zangles about C45 =
360.0°), the C43-C50 [1.380(4) A] and C43-C44 [1.489(4) A] bond
lengths indicate that the resultant anion is best considered as a
triorganosilicon-substituted, magnesium enolate (Scheme 2).

We then turned to DFT calculations to shed light on the
divergent reactivity leading to compounds 3 and 4 (see ESIt for
methodology details). The generation of adduct species equivalent
to compound 3 was found to be comparably exergonic with both
benzophenone (—10.2 kcal mol™") and 4-fluorobenzophenone
(A = —11.7 keal mol ). We anticipated that any transformation
of these adduct species would occur through silanide addition at
the carbon atom of the coordinated carbonyl. This process,
however, was precluded by the steric demands of the SiPhMe,
unit. Rather, the onward progression of the reactions was calcu-
lated to proceed via direct silanide-to-ortho-carbon transfer to the
coordinated diaryl ketones. These processes were calculated to be
only marginally more viable for the transformation of compound
1 to compound 4 [AG = —37.3 keal mol '] (Fig. S12, ESI{) than for
silylation of a phenyl substituent of benzophenone [(4") AG =
—33.5 kecal mol '] (Fig. $13, ESIt). On this basis, therefore, the
room temperature formation of compound 4 may be judged to
result from a marginally enhanced kinetic preference for the
fluoroaromatic substituent to undergo intramolecular attack by
the coordinated triorganosilyl residue. The evidently subtle, but
influential, impact of the fluoride substituent during the for-
mation of 4 was underscored by the location of a transition state
leading to intramolecular attack of the silyl nucleophile at the
2-position of the non-fluorinated ring of 4-fluorobenzophenone
and the generation of 4’ [AG = —36.3 kcal mol '] (Fig. S13, ESIY).
This invokes a barrier height [+15.9 kcal mol™'] that is only
1.5 kecal mol™ " higher than the observed process of addition
providing dearomatisation of the fluorinated phenyl substituent.

This journal is © The Royal Society of Chemistry 2022

In mitigation of these theoretical deductions, and consistent with
competitive kinetic access to these alternate reaction pathways,
analogous reactions to those providing 3 and 4 performed at
elevated (>40 °C) temperatures provided more complex and
intractable mixtures of products.

We have previously observed that similar ortho-dearoma-
tisation of benzophenone itself is facilitated by reaction with
the diboranate derivative, [(BDI)Mg{pinB-B(n-Bu)pin}| (pin =
pinacolato), which comprises the identical f-diketiminato mag-
nesium platform as compound 1 and behaves as a surrogate for
the [Bpin]~ nucleophile.'* In contrast to this boron-derived
reactivity, however, the enolato component of compound 4
displayed no evidence for onward aldol-type C-C coupling with
further equivalents of the 4-fluorobenzophenone substrate.
[(BDI)Mg{pinB-B(n-Bu)pin}] was also found to induce aldol-
type C-C coupling of 9-fluorenone but without any observable
generation of the putative dearomatised intermediate. The
spontaneous nature of this latter process was, thus, ascribed
to the higher energetic cost associated with the disruption of
the more extended m-system of the fused ring ketone."" With
this rationale in mind, compound 1 was treated with two molar
equivalents of 9-fluorenone, resulting in the immediate devel-
opment of a brownish-green colouration of the reaction
mixture. Monitoring by "H NMR spectroscopy indicated that
complete conversion to compound 5 was achieved after 48
hours at 60 °C. The '"H NMR spectrum of 5 displayed reso-
nances between ¢ 7.59-7.32 ppm and a series of mutually
coupled quartet, two triplet and doublet resonances between
0 6.95-6.56 ppm, which were assigned to the CH environments
of an intact fluorenyl unit. A "H-"*C-HMBC NMR experiment
also inferred that a carbon atom resonating at J 144.6 ppm
corresponded to the O—C carbon of a fluorenone-like residue.
The origin of these observations was resolved by an X-ray
diffraction analysis of compound 5, which was performed on
a single crystal isolated from a saturated hexane solution
(Fig. 2c). Compound 5 is a 4-coordinate p-diketiminato
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magnesium siloxide, comprising an analogous {OSiMe,Ph}
anion to that observed in our previous study of the reactivity
of 1 toward organic isocyanates (Scheme 1b).° In this instance,
however, the magnesium coordination sphere is completed
by a molecule of spiro[fluorene-9,9’-phenanthren-10’-one].
Although the synthesis of this spirocyclic ketone has previously
been achieved by reductive coupling of 9-fluorenone and sub-
sequent acid-catalysed pinacol rearrangement,'” the simulta-
neous generation of the siloxide unit in 5 argues for a
mechanism that is better precedented by our earlier observa-
tions of isocyanate reduction (Scheme 1b). Although the gen-
eration of 5 has not been further investigated, and we cannot
discount possible radical-based pathways,"® the generation of
nucleophilic carbene intermediates by photochemical or ther-
mally initiated 1,2-Brook-type rearrangement of an acyl or
amidoylsilane is well precedented.'* We suggest, therefore, that
the formation of the spirocyclic unit of 5 is best rationalised as
resulting from insertion of the carbene product of 9-fluorenone
deoxygenation into a C-C(O) bond of a further molecule of
magnesium-coordinated 9-fluorenone. Under this regime car-
bene generation occurs via the formation of a C-silylated alk-
oxide intermediate that undergoes Brook-type rearrangement in
a similar manner to our previously proposed pathway for iso-
cyanate deoxygenation.® In contrast to the stable isonitrile
products, however, we hypothesise that the resultant highly
reactive di-organocarbene can initiate C-C activation of a further
molecule of magnesium-coordinated 9-fluorenone. Commensu-
rate with its identity as a formally charge neutral donor, the O1-
C30 bond length of the resultant spirocycle [1.2332(15) A] is
closely comparable to the respective O1-C30 distances observed
in compounds 3 and 4 [(3) 1.233(2); (4) 1.239(3) A], while the Si1-
02 bond length [1.5931(10) A] lies in the range established for the
previously reported products of isocyanate deoxygenation.

In conclusion, the magnesium silanide 1 offers a variety of
substrate-dependent reactivity when reacted with ketone small
molecules. Whilst the reaction of 1 with acetophenone yields an
enolate species by silane protonation, benzophenone forms a
magnesium adduct species. Installation of a 4-fluorophenyl sub-
stituent, however, induces a sufficiently enhanced kinetic facility for
intramolecular nucleophilic attack and the isolation of a further
enolato species by arene dearomatisation. In further contrast to
these behaviours, treatment of 9-fluorenone with 1 yields a more
complex outcome and the generation of a magnesium siloxide
resulting from ketone deoxygenation and the inferred insertion of
the resultant carbenic species into a (O)C-C bond of a further
molecule of the ketone reagent.

BOE performed the synthesis and characterisation of the
new compounds reported. MSH and CLM conceptualised the
study and finalised the manuscript for submission. CLM per-
formed the computational study and MFM finalised the X-ray
diffraction analyses for publication.
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