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A magnesium hydride cation [(L)MgH]* supported by a macrocyclic
ligand (L = Me,TACD; 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclo-
dodecane) has been prepared by partial protonolysis of a mixed
amide hydride [(L)MgH,Mg(N{SiMes},),] and shown to undergo a
variety of reactions with unsaturated substrates, including
pyridine.

Magnesium dihydride [MgH,].. has been studied as potential
hydrogen storage material for quite some time.! A variety of
structurally well-characterized molecular magnesium hydrides
of diverse nuclearity? has also gained importance as
homogeneous catalysts for the hydrofunctionalization of
unsaturated substrates.? In contrast to insoluble [MgH>].., more
soluble albeit structurally ill-defined forms of MgH, have been
known: a so-called activated form of MgH, by Schlesinger et al.*
and [MgH,(L),] by Michalczyk.> Simple molecular [MgH,] or
[MgH]* however remained elusive. o-Bond metathesis has
turned out to be the method of choice to convert magnesium
precursors such as alkyls3" ¢ and amides’ into molecular
magnesium hydrides.? In contrast to its calcium homologs
[CaH]*,° o-bond metathesis of magnesium alkyls and silyls with
silanes was not successful so far.6™ We have now obtained the
dimer of [MgH]* stabilized by an NNNN-type macrocycle® via
partial protonolysis of a mixed amide hydride complex of the
type [Mg(NRy)H].

Colorless crystals of [(L)Mg(u-H),Mg(N(SiMes),),] (1) were
isolated in 82% vyield by treating magnesium bis(hexamethyl-
disilazide) [Mg{N(SiMes),}»(thf),] at room temperature with
Me,TACD (Me,TACD = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclo-
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dodecane) and PhSiH; in aromatic hydrocarbons (Scheme 1a).
Alternatively, 1 was obtained from a mixture of
[Mg{N(SiMes),},(thf),] and [MgH,(thf)g,3]°> with Me,TACD in
THF in 54% yield (Scheme 1b).
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Scheme 1. Synthesis of [(Me,TACD)Mg(u-H),Mg{(N(SiMes),},] (1) and of
[(Me,TACD),Mg;(p-H),1[B(3,5-Me,-CeHs)al,  (2); Me, TACD = 1,4,7,10-tetramethyl-
1,4,7,10-tetraazacyclododecane.

Figure 1. Molecular structure of [(Me,TACD)Mg(p-H),Mg{(N(SiMes),},] (1). Displacement
parameters are shown at the 50% probability level.

The dinuclear structure of 1 with a [Mg,(u-H),]?* core (Mg---Mg
2.8847(10) A) was revealed by X-ray diffraction. In the 1H NMR
spectrum of 1 in THF-dg a characteristic singlet at 6 3.61 ppm
was recorded for the Mg-H resonance. This dimer can be

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




ChemEomm

regarded as an adduct of [Mg{N(SiMes),},] with monomeric
MgH,.%7:10 The mechanism of its formation remains obscure.

Figure 2. Molecular structure of the molecular cation in [(Me,TACD),Mg,(u-H),][B(3,5-
Me,-CgHs)4], (2). Displacement parameters are shown at the 50% probability level.

Partial protonolysis of 1 by [NEtzH][A] ([A] = [B(3,5-Me,-CgH3)4])
in THF afforded the dimeric hydride cation [(L)MgH],%* (2) in
43% vyield together with the byproducts [Mg{N(SiMes3),},], NEts
and H; (Scheme 1). The hydride is revealed as a singlet at  3.38
ppm in the *H NMR spectrum in THF-ds. The deuteride 2-d,,
prepared analogously using PhSiDs,%d did not scramble with 2
over a period of 3 days, in contrast to the apparently more
reactive calcium homolog (complete deuteration within 8 h).?
Dideuterium reacted with 2 to give 2-d, exclusively after 54 h,
again significantly slower than the calcium homolog.

The k*-coordinated Me,TACD ligands stabilizes the dinuclear
core [Mg,(u-H),]%* with D,, symmetry in 2 (Figure 2). Staggered
conformation of the macrocyclic ligands within this magnesium
complex was also confirmed by DFT calculation (B3PW91) (ESI,
Figure S46), as opposed to the eclipsed conformation within the
homologous calcium complex as well as in the related
tetrahydride dications of rare earth metals [(L),Ln,(p-H)4]%* (Ln
=Y, Lu) (ESI, Figure S45).° 1 This difference reflects the
significantly shorter intermetallic distance when magnesium is
compared with calcium (ca. 30% reduction based on ionic radii
for c.n. 6).
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Scheme 2. Synthesis of the Lewis acid base adducts [(Me,TACD)Mg(u-H)sBHI[A] (3),

[(Me,TACD)Mg(p-H)BHpin][A] (4) and [(Me,TACD)Mg(H,AIBu,)][A] (5), as well as the

2| J. Name., 2012, 00, 1-3

insertion products [(Me,;TACD)Mg{OCH(Ph)R}][A] (6: R = H; 7: R =
[(Me,TACD)Mg(1,2-DHP)][A] (8a) ([A] = [B(3,5-Me,-CgH3)4]).

Ph) and

Reaction of 2 with the Lewis acids BH3(THF), HBpin and DIBAL(H)
gave the mononuclear adducts [(L)Mg(u-H)sBHI[A] (3),
[(L)Mg(p-H)BHpin][A] (4) and [(L)Mg(H,AI'Bu,)][A] (5) (Scheme
2), indicating the biphilic property of the [(L)MgH]* core.
Interestingly, each of the product exhibits a distinct type of
bridging ligand in the crystal.

X-ray diffraction on a single crystal of 3 revealed a mononuclear
structure with a magnesium center coordinated by a «*
Me,TACD ligand and three p,-bridging hydrides of the BH,
group in a distorted capped octahedral coordination geometry
(Figure 3). The k3-coordinated BH,4 unit agrees with the short
Mg--B distance of 2.335(5) A as in other 3-magnesium
tetrahydroborates (2.22 - 2.33 A), whereby k2-coordinated BH,
groups show longer Mg:--B distances (2.45 - 2.55 A).122. 143,15 The
k3-binding mode of the borate is also confirmed by IR
spectroscopy with one band for the stretching vibration v(B-H,)
at 2444 cm™ and two bands for the symmetric and asymmetric
stretching vibrations v(B-Hy) at 2291 cm™ and 2214 cm™1.12a 12b

Figure 3. Molecular structure of the molecular cation in [(Me,TACD)Mg(u-H)3BH][B(3,5-
Me,-C¢Hs)4] (3). Displacement parameters are shown at the 50% probability level.

The IR spectrum of 4 indicates one terminal and one bridging
hydride with two bands for the stretching vibration v(B-H;) at
2281 cm™ and v(B-Hy) at 2197 cm™. Asymmetric coordination
of pinacolborate follows from a broad 1B NMR signal at & 1.42
ppm. In the solid state, coordination of the magnesium center
by a k*-Me,TACD ligand, one bridging hydride and one oxygen
atom of the pinacolborate leads to distorted octahedral
coordination geometry (ESI, Figure S21).

In the 'H NMR spectrum of 5 the hydrides give rise to a broad
resonance at & 3.04 ppm, as found in other magnesium
hydridoaluminates.” The stretching vibration v(Al-H) in the IR
spectrum at 1654 cml compares to the band in
[(MesNacnac)Mg],[AlgHg(Fiso0),]*°  (v(Al-H): 1648
suggesting a k2-binding mode. Consistent with the mononuclear
strucutre, the 2’Al NMR spectrum shows a broad signal at &
130.8 ppm ([Mg(AlH4)2(THF),4]: 8 110 ppm).18

Electrophiles such as benzaldehyde and benzophenone inserted
into the Mg-H bond to give cationic alkoxides
[(L)Mg{OCH(Ph)R}][A] (6: R = H; 7: R = Ph) in 85% yield (Scheme
2). The H and 13C signals are similar to those of related

cml),

magnesium alkoxides.3b 126 20 Single crystal structure analysis of
6 confirmed the five-coordinate magnesium center in a
distorted square pyramidal coordination geometry (Figure 4,
left).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Molecular structure of [(Me,TACD)Mg(OCH,Ph)][B(3,5-Me,-CgH3),] (6, left) and
[(Me,TACD)Mg(1,2-DHP)][B(3,5-Me,-CHs)4] (8a, right). Displacement parameters are
shown at the 50% probability level. Selected interatomic distances [A] and angles [°] in
6: Mg1-01 1.873(4), Mg1-N1 2.227(4), Mg1-N2 2.214(4), Mg1-N3 2.209(4), Mg1-N4
2.188(4). In 8a: Mgl-N1 2.247(4), Mgl-N2 2.197(4), Mgl-N3 2.246(4), Mgl-N4
2.198(3), Mg1-N5 2.001(4), Mg1-N5-C15 160.0(2).

At 50 °C, 2 reacted with a stoichiometric amount of pyridine in
THF to give the 1,2-dihydropyridyl complex [(L)Mg(1,2-DHP)][A]
(8a) within 2 h, isolated in 87% yield (Scheme 2). In the *H NMR
spectrum five signals for the 1,2-dihydropyridyl protons at &
6.45, 5.76, 4.72, 4.21 and 3.46 ppm in a ratio of 1:1:1:1:2 are
recorded.3¢ 6" X-ray diffraction on a single crystal indicates a
five-coordinate magnesium center in square pyramidal
coordination geometry and a de-aromatized 1,2-DHP ring
(Figure 4, right).

Magnesium 1,2-DHP complexes are known to isomerize to the
thermodynamically more stable 1,4-isomer by heating to 60
°C.% 21 Unexpectedly, 8a did not convert even after 3 days at 95
°C or in the presence of 30 equiv. of pyridine after 16 h at 95
°C.2f Remarkably, Mg?* catalyzed the quantitative conversion of
8a in THF-ds to [(L)Mg(1,4-DHP)][A] (8b) at 70 °C within 4 h in
the presence of 10 mol% of [Mg(thf)s][A]l, (9) (prepared by
treating 2 with [NEtzH][A]). The isomerization follows a zero
order kinetics in [8a] with k = (1.64+0.06)-10° mol-L"1:s'1. With
20 mol% of 9, full conversion was reached after 2 h at 70 °C. At
this time, we can only speculate that the strong Lewis acid Mg?*
accelerates the hydride transfer from the 2- to 4-position in the
pyridine ring by accepting the hydride intermittently. Ligand
exchange may also play a role.

8a and 8b slowly underwent exchange with pyridine-ds at 70 °C
through a mixed deutero/hydropyridyl species 8a-4H-ds/8b-4H-
ds to give completely deuterated species 8a-dg/8b-ds, identified
by *H and 2D NMR spectroscopy. The exchange reactions follow
pseudo first order kinetics with rate constants for 8a (k1(343 K)
=(3.89+0.11)-10°% 57, half life time t;/, = 49.5 h) and 8b (k,(343
K) = (1.23+0.02)-10> s7%, half life time t;; = 15.7 h). The
exchange of 8a in pyridine-ds is slower than the exchange of 8b,
which is slower than the exchange of [(MesTACD)Mg(1,4-DHP)]
(k1(343 K) = (7.30+0.13)-10> s7%; half life time ty, = 2.6 h),??
possibly due to steric constrained in the 1,2-regioisomer.

At 70 °C, 10 mol% of 8a, 8b and 9 catalyzed the hydroboration
of pyridine using pinacolborane within 45 h (8a gave 90%
conversion, forming a 1/3 mixture of the 1,2-/1,4-regioisomers;
8b gave 89% conversion, forming a 1/9 mixture of 1,2-/1,4-
isomers; 9 gave only 1,4-isomer at 74% conversion).

In conclusion, we have prepared and characterized the
magnesium hydride cation 2 using the cyclen-derived Me,TACD
ligand containing the simple [MgH]* unit. While Lewis acids

This journal is © The Royal Society of Chemistry 20xx
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reacted with 2 to give mononuclear adducts 3-5, unsaturated
substrates such as carbonyls and pyridine smoothly inserted
into the Mg—H bond. The mechanism for the remarkable Lewis-
acid catalyzed isomerization of the 1,2-DHP complex to its 1,4-
regioisomer is currently under study.
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Cationic Magnesium Hydride [MgH]* Stabilized by an NNNN-Type
Macrocycle

Lara Elisa Lemmerz, Debabrata Mukherjee, Anthony Wong, Gabriel Ménard, Laurent Maron and Jun
Okuda

A magnesium hydride cation [(L)MgH]* supported by a macrocyclic ligand (L = Me,TACD;
1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclo-dodecane) has been shown to react with Lewis
acids as well as with unsaturated substrates including pyridine.
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