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Abstract

This contribution reports the alkaline earth-mediated formation of homonuclear sigma bonding between
the metalloid element, boron. The resultant triborane anions result from the formal dismutation of
bis(pinacolato)diboron (B:piny) and the generation of putative heavier group 2 boryl intermediates.
Initial reactions of the heavier alkaline earth bis-(trimethylsilyl)amides, [Ae{N(SiMes).}>] (Ae = Ca or
Sr), with an equimolar quantity of bis(pinacolato)diboron (B:pinz) provided the 4-coordinate group 2
silazide diborane adducts [Ae(B2pin) {N(SiMes),}2] in which the diborane acts as a bidentate ligand
via k?-0, 0’ coordination. Reaction of the calcium species at 60 °C with a further three molar equivalents
of B,pin; induced the elimination of pinBN(SiMe;), and the formation of the bis-triboranate derivative,
[Ca(Bspin;).], in which the 6-coordinate calcium centre is bound in a k3-0,0’,0"-coordination mode
by the three contiguous pinacolate oxygen atoms of both catena-B(sp*)-B(sp*)-B(sp?) bonded anions.
Although analogous treatment of [Ae(Bypin:){N(SiMes):}2] provided similar triboranate anion
formation, in this case two equivalents of the strontium silazide were retained within the structure of
the trimetallic species, [Sr(Bspins)(Sr{N(SiMes).}2)2]. Despite these contrasting outcomes both
triboranate complexes provide rare examples of catena-boron species beyond the common diboranes,
(R2B-BR3), in which the homologated unit is propagated by electron precise and otherwise unsupported
B-B bonds.

Introduction

Whereas carbon’s ability to catenate is perhaps the defining feature of organic chemistry, rational routes
to homonuclear, sigma bonded chains of carbon’s metalloid nearest neighbour, boron, are a rarity. The
electronic structures of both elemental boron and deltahedral boron clusters generally invoke an element
of B-B bonding.[ 1] These interactions are, however, generally augmented by bridging third-party atoms
or comprise a component of a multicentre bond. Although diborane(4) molecules, R.B-BR» (where R
= e.g. halide, alkyl, aryl, OR, NR3), do provide electron precise B-B bonded structures with a loose
analogy to ethane,[2] longer chain boron homologues propagated through 2 centre-2 electron sigma
bonding are uncommon.[3-6] This scarcity may, at least in part, be traced to a lack of boron-centred
synthetic methods comparable with those available to the organic synthetic chemist in which an
electrophilic carbon reagent (e.g. an organic halide) is combined with a carbon-centred nucleophile.
Boron’s more metallic and electropositive character ensured that a historical majority of borane reagents

are classified as sources of electrophilic boron, such that the development of complementary boron

-1-



nucleophiles is of more recent origin. Although predated by a variety of transition metal-boron bonded
molecules,[7-9] Yamashita and co-workers’ initial boryl (or boranyl) lithium species (e.g. 1, Figure
1),[10, 11] therefore, provided the impetus for the development of a significant number of boryl species
that display a direct interaction to an even more electropositive, generally alkali or alkaline earth metal,
cation.[12-15] In common with most routes to diborane(4) molecules, synthetic approaches to boryl
anions exemplified by the lithium species 1 require alkali metal reduction of a haloborane precursor,
while the synthesis of the alkaline earth derivatives 2 - 5 exploited the nucleophilic behaviour of 1 via

metathesis with (beryllium, magnesium) halide or (calcium, strontium) silazide reagents.[16-19]
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Figure 1: Examples of group 1 and group 2 boryl derivatives.

In parallel with the latter of these advances, we have pursued an alternative pathway in which B-B
heterolysis and the generation of a terminal magnesium boryl is induced through the addition of an
exogenous base such as 4-dimethylaminopyridine (DMAP) to an initially formed -diketiminato (BDI)
magnesium diboranate (6, Scheme 1).[20-22] Like compounds 1 — 5, compound 7 has proved to be a
potent source of nucleophilic boron toward both organic and inorganic electrophiles.[21, 23]
Desymmetrised B(sp?)-B(sp?®) diborane adducts have attracted recent attention as latent sources of
nucleophilic boron [2, 24-31] and, in a similar manner, we have observed that the diboranate precursor
to compound 7, compound 6, also acts as a surrogate source of the [Bpin]~ anion. Although this
chemistry has facilitated a range of C-B bond forming reactions, any potential Mg-B bonded species
are formed only as short-lived intermediates.[32] In common with these observations, however, we
have demonstrated that treatment of 6 with borane and diborane electrophiles proves a facile and
controllable route to B-B' bond formation and the isolation of unusual magnesium triboranate (or,
alternatively, bis(boryl)borate) derivatives (e.g. 8).[20, 33, 34] Although the boron anions are
propagated by contiguous and electron precise (i.e. 2c-2e) B(sp?)-B(sp®)-B(sp?) interactions,
compounds such as 8 are similarly labile to heterolysis and the generation of nucleophilic boryl
equivalents when treated either with a base (e.g. Scheme 1b) or an appropriate electrophile. Notably,
these latter reactions ensue through the elimination of an intact equivalent of B,pin,. Although this latter

feature is to the detriment of overall atom economy in a purely stoichiometric process, the subsequent
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availability of the eliminated diborane may prove significant for the future elaboration of any onward

reactivity to a catalytic regime.
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Scheme 1: (a) Synthesis of compounds 7 and 8; (b) solution dismutation of compound 9.

In a very recent contribution, we have described our initial attempts to translate the chemistry
summarised in Scheme 1 to magnesium’s heavier congener, calcium.[35] Although the calcium n-hexyl
analogue of 6, compound 9 (Scheme 1b), proved readily accessible, attempts to induce comparable
behaviour as a source of boron nucleophile were thwarted by the larger Ca** radius and the consequent
more labile behaviour of the -diketiminate ligand, whereupon addition of bases such as DMAP induced
Schlenk-type dismutation and the generation of [(BDI).Ca] as the only identifiable reaction product
(Scheme 1b).[36, 37] With these issues in mind, we now report our attempts to extend this chemistry to
the synthesis of calcium (and strontium) analogues of the magnesium triboranate species 8, in the
anticipation that they might provide more kinetically robust surrogates for heavier alkaline earth boryl

nucleophiles.

Results and Discussion

An initial equimolar reaction between compound 9 and bis(pinacolato)diboron (B,pin;) was monitored
by 'H NMR spectroscopy. Although any attempt to induce reaction by mild heating again evidenced
the generation of multiple species including the homoleptic B-diketiminate derivative, [(BDI).Ca]
(identified by the appearance of a diagnostic BDI y-methine singlet at 6 4.75 ppm,[36] this reaction also
deposited a small number of single crystals of a new calcium species, 10. Compound 10 was identified
by single crystal X-ray diffraction analysis (vide infra) as the bis-triboranate derivative, [Ca(B3pins):]
(Scheme 2), which comprises a pair of catenated triboranate anions that are effectively identical to the

boron-based ligand that was previously identified as a constituent of compound 8.[20]
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Scheme 2: Reaction of 9 and B:pin, leading to the isolation of compound 10.
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While the identification of compound 10 confirms the viability of triboranate anion formation, the BDI
ligand evidently provides insufficient kinetic stability to allow the isolation of the direct heteroleptic
calcium analogue of compound 8. With this observation in hand we, therefore, sought a more rational
route to compound 10 via the similarly homoleptic, and readily available, bis(trimethylsilyl)amido
derivatives, [Ae{N(SiMes):}2] (Ae = Ca or Sr). Equimolar reactions between B,pin, and both
[Ae{N(SiMes).}2] reagents were, thus, monitored by NMR spectroscopy. The stoichiometric formation
of two new compounds, 11 (Ae = Ca) and 12 (Sr) was identified by '"H NMR spectroscopy through a
marginal downfield shift induced in the methyl proton resonances arising from the free diborane and
unperturbed bis(trimethylsilyl)amide reagents (Scheme 3 and see Figure S4). Diagnostic 'H and !'B
NMR data for the bis(trimethylsilyl)amide starting materials and their respective diborane-adducted
products (11 and 12) are summarised in Table 1, alongside those of the diborane starting material,
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Scheme 3. Syntheses of the alkaline earth complexes 11 and 12.

Table 1: 'H and ''"B NMR data for Bopin,, alkaline earth bis(trimethylsilyl)amides [Ae {N(SiMes),}]
(Ae = Ca, Sr) and compounds 11 and 12 (CsDs, 298 K).

C-CH; 6 / ppm Si-CH; 6 / ppm B o /ppm
Bopin, 1.02 - 313
[Ca{N(SiMe3)2}2] - 0.32 -
11 1.03 0.39 29.9
[Sr{N(SiMe3)>}-] - 0.27 -
12 1.05 0.35 31.7



Figure 2: Displacement ellipsoid (30% probability) plots of (a) the Cal component of compound 11
and (b) compound 12. All hydrogen and disordered atoms and co-crystallised solvent molecules have

been removed for clarity.

Table 2: Selected bond distances (A) and bond angles (°) for 11 (Ae = Ca), 12 (Ae = Sr) and the

diboranate derivative 9 for comparison.

9 11 12
Ae(1)-N(1) 2.348(5) 2.2937(11) 2.407(3)
Ae(1)-N(2) 2.354(5) 2.2873(12) 2.413(3)
Ae(1)-0(1) 2.228(5) 2.4562(9) 2.592(2)
Ae(1)-0(3) 2.386(5) 2.4764(9) 2.599(2)
B(1)-B(2) 1.754(10) 1.701(2) 1.710(6)
N(1)-Ae(1)-N(2)  82.76(19) 124.62(4) 118.90(10)
N(1)-Ae(1)-0(3)  113.84(18) 98.61(4) 98.12(9)
N(@2)-Ae(1)-O(1)  120.17(19) 96.64(4) 98.85(9)
O(1)-Ae(1)-0(3)  88.98(17) 75.26(3) 71.69(7)

The results of the subsequent X-ray diffraction analyses performed on compounds 11 and 12 (Figure 2
and Table 2) revealed both compounds to be four-coordinate bis(trimethylsilyl)amide derivatives in
which the group 2 centres are each further ligated by a molecule of Bypin,. Distorted tetrahedral
geometries in both adducts are enforced by the chelation of two pinacolato oxygen atoms from the
diborane about the alkaline earth metal centres. The elongated M-O distances for the heavier congener

[Ae(1)-O(1): Ae = Ca, 2.4562(9); Ae = Sr, 2.592(2) A; Ae(1)-O(3): Ae = Ca, 2.4764(9); Ae = Sr,



2.599(2) A] are consistent with the expected increase based on the respective Ae?* atomic radii [Ca =
1.00; Sr=1.18 A].[38] The encapsulation of the calcium centre in 11 via k*-N,N"- and k>-0,0"-chelation
is reminiscent of the [B-diketiminato and bis(pinacolato) coordination observed in the calcium
diboranate 9 (Table 1). The shorter Ca-N bond distances between the silazide ligands of 11 in
comparison to those provided by the B-diketiminate ligand of 9, [Ca(1)-N(1/2): 11 = 2.2937(11) and
2.2873(12); 9 = 2.348(5) and 2.354(5) A], however, is as expected for the respective mono- rather than
bi-dentate mono-anions. The B(1)-B(2) bond lengths [11, 1.701(2); 12, 1.710(6) A] are closely
comparable to that of free Bopin, [1.704(2) A],[32] but are significantly shorter than that reported for 9
[1.754(10)] due to the sp*-hybridised boron centre present in the [(n-Hex)B,pin,]~ diboranate anion.[35]
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Addition of further equivalents of B,pin, to 11 in ds-toluene at room temperature did not initiate any
apparent reaction. Heating of the reaction mixture at 60 °C, however, induced the precipitation of
colourless single crystals of compound 10 and the appearance of two new singlet signals at 6 1.03 and
0.39 ppm (See, Figure S4) in the resultant '"H NMR spectrum. The appearance of these latter resonances
in a 2:3 ratio leads us to assign them to the respective pinacolato and silazido methyl environments of
pinBN(SiMes),, which is formed as a by-product of the formation of 10.[39] Although compound 10
itself displayed sufficient solubility in aromatic solvents to allow its subsequent characterisation by 'H
NMR spectroscopy, these data were largely uninformative, presenting a single pinacolate methyl signal
at 8 1.02 ppm as the sole observable resonance at all temperatures. Similarly, the corresponding '*C {'H}
NMR spectrum comprised solely of the resonances attributable to the pinacolate chelate, while its !'B
NMR spectrum manifested as a single resonance at & 31.3 ppm as the only identifiable environment
consistent with 3-coordinate boron. Although these observations were not further investigated, the
solid-state structure of 10 leads us to suggest that they are a likely consequence of an as yet undefined

dynamic process.



Figure 3: Displacement ellipsoid (30% probability) plot of the Cal-containing molecule of compound
10. All hydrogen atoms, disordered atoms and co-crystallised solvent molecules have been removed for

clarity. Symmetry operation to generate equivalent atoms: 1-x, 2-y, 1-z.

Single crystal X-ray diffraction analysis allowed the identification of compound 10 as a homoleptic
species comprising two effectively identical molecules. Discussion is, thus, limited to the Ca(1)-
containing unit. The six-coordinate geometry of each calcium centre in 10 is enforced by two-fold #*-
O-chelation through three pinacolatoborate oxygen atom, as part of a centrosymmetric calcium bis-
triboranate complex, [Ca(Bspins)z] (Figure 3, Table 3). In common with the magnesium derivative,
8.,[20] the triboranate anions of compound 10 bear a superficial similarity to several neutral catena-
triboranes comprising linear chains propagated by unsupported B-B-B chains and described by
Braunschweig and co-workers.[40] Whereas these latter triborane molecules were prepared via
hydroboration of B=B double bonds of base-stabilised diborenes, the formation of the homoleptic
compound 10 is better rationalised as resulting from the displacement of two neutral molecules of

pinBN(SiMe3), and the formal addition of a [Bpin]~ anion to a further equivalent bis(pinacolato)diboron



(Eq.1). The elongation of the B(1)-B(2) [1.720(2) A] and B(2)-B(3) [1.721(2) A] bonds of 10 in
comparison to the B-B bond of 11 [1.701(2) A] is consistent with the now 4-coordinate geometry of the
B(2) centre in the triboranate anion and are closely comparable to those observed in the identically
formulated anion characterised in the magnesium derivative, compound 8.[20] Despite the formal
anionic charge borne by this latter unit and the now six-coordinate geometry of the Ca(1) atom, the
Ca(1)-O bond distances are only marginally contracted in comparison to those of the 4-coordinate

B,pin, adduct [11: range 2.4562(9) - 2.4764(9); 10: range 2.3780(10) - 2.4619(11) A].

Table 3. Selected bond distances (A) and bond angles (°) for 10 and 13.

10° 13b

Ae(1)-0(1) 2.4619(11) 2.6126(16)
Ae(1)-0(3) - 2.5343(14)
Ae(1)-05 - 2.5452(15)
Ae(1)-0(4) 2.3780(10) 2.5069(14)°
Ae(1)-0(6) 2.4237(11) 2.6706(16)
Ae(2)-N(1) _ 2.451(2)
Ae(2)-N(2) _ 2.2291(19)
B(1)-B(2) 1.720(2) 1.720(3)
B(2)-B(3) 1.721(2) 1.742(3)
O(1)-Ae(1)-0(4) 78.59(4) 77.69(5)°
0(1)-Ae(1)-0(6) 87.83(4) 82.82(5)"
0(4)-Ae(1)-0(6) 79.50(4) 73.84(5)8
B(1)-B(2)-B(3) 107.84(12) 104.91(16)

2 Ae = Ca; ® Ae = Sr; © Sr(2)-0(4); ¢ Sr(2)-0(2); ¢ O(1)-Sr(1)-0(3); £ O(1)-Sr(1)-0(5); ¢ O(3)-Ae(1)-
0(5).

Similar treatment of the strontium compound 12 with excess Bopin, also required a temperature of 60
°C to stimulate the generation of a new species, 13 (Eq. 2). As was observed in the calcium-derived
reaction, the precipitation of X-ray diffraction quality single crystals occurred during the 12 hour period
of heating, though redissolution of these crystals in CsDs allowed their analysis by NMR spectroscopy.
Although the resultant data were somewhat reminiscent of those provided by compound 10, the 'H and
BC{'H} NMR spectra were notable in continuing to display signals attributable to silazide methyl
residues (8y 0.38; 8¢ 5.9 ppm), which in the "H spectrum exhibited an identical integral intensity as the

pinacolate methyl resonances (ou 1.02 ppm).
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Figure 4: Displacement ellipsoid (30% probability) plot of compound 13. For purposes of clarity, all
hydrogen and disordered atoms have been removed and pinacolate and silazide methyl substituents are

shown as wireframe for clarity. Symmetry operation to generate equivalent atoms: %2-X, Y2y, 1-z.

A further single crystal X-ray diffraction analysis revealed the origin of these observations and allowed
the identification of compound 13 as the tris-strontium complex, [Sr(B;pin:)>(Sr{N(SiMes):}2)2]
(Figure 4, Table 2). As observed in compound 10, the central alkaline earth metal centre in 13 presents
as a homoleptic octahedral derivative in which Sr(1) is bonded to six pinacolate oxygen atoms of two
triboranate units [Sr(1)-O(1/3/5), 2.6126(16), 2.5343(14) and 2.5452(15) A]. In contrast to compound
10, the strontium derivative has retained two [Sr{N(SiMes),}.] moieties, in which Sr(2)/Sr(2)! are -
0,0’ bound via two pincolate oxygen donors, O(4)/O(4)' and O(2)/O(2)!, which, respectively comprise
the central Bpin and a single peripheral Bpin units of each triboranate anion. Somewhat surprisingly,
although the B(1)-B(2) bond of 13 is a component of the 5-membered Sr(2) chelate, its bond length
[1.720(3) A] is identical to that observed in the calcium bis-triboranate derivative, 10, whereas the B(2)-
B(3) bond distance is longer [1.742(3) A]. This elongation suggests that the structures of such tri-boron
anions may be further perturbed toward the in-situ [Bpin]~ anion equivalents through the deliberate
incorporation of additional Lewis acidic metal centres. We will, thus, continue to examine this

supposition and to explore the reactivity of compounds 10, 13 and related species.
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