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ABSTRACT: The reactions of [{(iPrDipNacNac)Mg}2] 1
(iPrDipnacnac = HC(iPrCNDip)2) with Ph3P�O at 100 °C
afforded the phosphinate complex [(iPrDipNacNac)Mg(OPPh3)-
(OPPh2)] 3. Reactions of 1 with Ph3P�E (E = S, Se) proceeded
rapidly at room temperature to low-coordinate chalcogenide
complexes [{(iPrDipNacNac)Mg}2(μ-S)] 4 and [{(iPrDipNacNac)-
Mg}2(μ-Se)] 5, respectively. Similarly, reactions of RNHC�S
((MeCNR)2C�S with R = Me, Et, or iPr) with 1 afforded NHC
adducts of magnesium sulfide complexes, [{(iPrDipNacNac)Mg-
(RNHC)}(μ-S){Mg(iPrDipNacNac)}] 6, that could alternatively be
obtained by adding the appropriate RNHC to sulfide complex 4.
Complex 4 reacted with 1-adamantylazide (AdN3) to give
[{(iPrDipNacNac)Mg}2(μ-SN3Ad)] 7 and can form various simple
donor adducts in solution, of which [(iPrDipNacNac)Mg(OAd)}2(μ-S)] 8a (OAd = 2-adamantanone) was structurally characterized.
The nature of the ionic Mg−E−Mg unit is described by solution and solid-state studies of the complexes and by DFT computational
investigations.

■ INTRODUCTION
Well-defined complexes of inorganic fragments in low-
coordination modes are expected to show significantly different
properties and a higher reactivity compared with those of solid
bulk materials. Metal chalcogenide materials are of interest for
various energy-related areas, and thus many synthetic methods
have been successfully applied to various nanostructured
materials and bulk solids.1−4 In the field of well-defined
molecular compounds with main group element−chalcogen
bonds,5,6 including heavier carbonyl analogues,7,8 significant
advances have been made in recent years regarding their
controlled synthesis, structure, and bonding, but many
challenges remain, especially for those of the early main
group metals. For magnesium, oxide complexes with an
LMgOMgL (L = anionic ligand) unit and low-coordinate oxide
ions9−12 were predominantly obtained by reactions of “high-
energy” dimagnesium(I) species13−15 with nitrous oxide
(N2O). In addition, some molecules with low-coordinate
BeOBe units have been structurally characterized.16,17 Well-
defined alkaline earth metal complexes of heavier chalcoge-
nides are very rare, and a majority of complexes with
magnesium and sulfur contacts stem from compounds
containing sulfur as part of larger anionic ligands (e.g., in
magnesium thiolate complexes).18−24 A rare magnesium
disulfide complex (A), see Figure 1, was reported by Ren
and Gu from the reaction of a MgI mimic and S8, plus related
work for Ca.25,26 Ghosh and Parkin reported a structurally
characterized magnesium selenide complex B (Figure 1) that

was prepared via an organomagnesium species and H2Se, and
this work also featured hydroselenide (biselenide) and a
related bisulfide species.27 For the related metal zinc, few
complexes with bridging low-coordinate chalcogenide ions are
known28−31 plus a unique anionic complex with a terminal
Zn−S bond.32 Here we report on the chemistry of low-
coordinate β-diketiminate magnesium sulfide complexes and
one related magnesium selenide complex.

■ RESULTS AND DISCUSSION
Synthesis. Previously, reactions of dimagnesium(I) com-

plexes with N2O afforded low-coordinate oxide complexes, but
these reactions can be plagued by the formation of significant
quantities of hydroxide byproducts.9,10,12 With the target of a
convenient synthesis of LMgEMgL complexes, E = group 16
elements, we studied the reactions of the dimagnesium(I)
complex [{(iPrDipNacNac)Mg}2] 112 with Ph3P�E (E = O, S,
Se). The addition of one equivalent of Ph3P�O to a yellow
benzene-d6 solution of 1 at ambient temperature showed no
reaction as judged by 1H and 31P{1H} NMR spectroscopy.
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Heating the solution to 60 °C for 3 days suggested only
minimal conversion, and heating to 100 °C afforded a slow
reaction, a partial conversion of 1, and a color change to
orange-red but no formation of the magnesium oxide complex
[{(iPrDipNacNac)Mg}2(μ-O)] 2.12 Reacting [{(iPrDipNacNac)-
Mg}2] 1 with four equivalents of Ph3P�O at 100 °C for 2
days afforded the full conversion of 1 to one main β-
diketiminate-containing complex with two different 31P{1H}
NMR singlets, indicative of a coordinated triphenyl-
phosphinoxide donor (Ph3PO···Mg, 36.8 ppm) and a
diphenylphosphinite ligand (Ph2PO−Mg, 85.8 ppm),
[(iPrDipNacNac)Mg(OPPh2)(OPPh3)] 3; see Scheme 1 and
Figure 2 for a molecular structure. Biphenyl was detected by
1H NMR spectroscopy as a byproduct from this reaction.
Complex 3 was isolated from n-hexane in 44% isolated yield as
a colorless solid that often appears red in earlier crops due to
the intense color in solution. For the related reaction of
sodium dispersion with Ph3PO in THF, the generation of
Ph2PONa is observed and the formation of NaPh as a
byproduct has been suggested due to the onward reactivity
with sodium diphenylphosphinite to C−C coupled sodium
5H-benzo[b]phosphindol-5-olate.33,34 The generated NaPh
has been shown to then react with the THF solvent to form
sodium vinyl alkoxide in this system.33,34 The relatively harsh
reaction conditions for the formation of 3 and the color of the
solution and the formation of biphenyl as the byproduct
suggest that the reaction proceeds via donor adducts of
magnesium(I) complexes with elongated Mg−Mg
bonds13−15,35 (e.g., Ph3PO bisadducts of 1) and could also
point to the formation of radicals during the process.
In contrast, reactions of Ph3P�E (E = S, Se) with 1,

followed by NMR spectroscopy in deuterated benzene,
proceeded very rapidly at room temperature, giving high in
situ yields of the low-coordinate chalcogenide complexes
[{(iPrDipNacNac)Mg}2(μ-S)] 4 and [{(iPrDipNacNac)Mg}2(μ-

Se)] 5 (see Figures 3 and 4, respectively) and Ph3P (Scheme
1). The isolation of complexes 4 (54%) and 5 (around 30%
yield) was predominantly limited by the need for separation
from triphenylphosphine and difficulties in the precipitation of
the desired product, especially for 5. NMR spectra for 4 and 5
show, as expected, resonances for highly symmetric complexes
in solution. [{(iPrDipNacNac)Mg}2(μ-Se)] 5 shows a noticeably
upfield 77Se NMR resonance at −764 ppm. For comparison,
Parkin’s tris(pyrazolyl)hydroborato-stabilized magnesium hy-
droselenido complex [(Tpp‑Tol)Mg(SeH)] displays a chemical
shift at −486 ppm.27 The much more facile activation of
Ph3P�E (E = O, S, Se) for E = S, Se compared with E = O
can be related to the weaker P�E bonds for E = S (ca. 301 kJ

Figure 1. Compounds A and B.

Scheme 1. Syntheses of Complexes 3−5

Figure 2. Molecular structure (30% thermal ellipsoids) of
[(iPrDipNacNac)Mg(OPPh3)(OPPh2)] 3·C6H6. Dip and iPr groups
are shown as wireframe. Only the major part of the disordered Ph2P
group is shown. Hydrogen atoms are omitted. Selected bond lengths
(Å) and angles (deg): P1−O1 1.4972(13), P2−O2 1.5459(17),
Mg1−O2 1.9000(16), Mg1−O1 1.9243(14), Mg1−N1 2.0511(17),
Mg1−N5 2.0767(16); O2−Mg1−O1 109.13(7), N1−Mg1−N5
95.12(6), P1−O1−Mg1 162.83(9), P2−O2−Mg1 143.26(11).
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mol−1) and Se (ca. 246 kJ mol−1) compared with E = O (ca.
546 kJ mol−1). The latter is also larger than that of a typical P−
C bond (ca. 513 kJ mol−1) (cf. the formation of phosphinite
3).36,37

Next, reactions between [{(iPrDipNacNac)Mg}2] 1 and
substituted imidazole-2-thiones were studied, which also
showed rapid conversions at room temperature to donor-
substituted sulfide complexes of the type [{(iPrDipNacNac)Mg-
(RNHC)}(μ -S){Mg( iP rD i pNacNac)}] 6 (RNHC =
(MeCNR)2C with R = Me 6a, Et 6b, and iPr 6c) in very
high yields, as shown in Scheme 2. Unfortunately, so far these
complexes could not be structurally characterized, due to their
high solubility and preferential crystallization or precipitation
of the uncoordinated sulfide complex 4, especially for the
larger RNHC ligand with R = iPr (6c), likely generated in an
equilibrium; see Scheme 3. The same compounds (6) were
shown by NMR spectroscopy to be obtained nearly
quantitatively when sulfide complex 4 was treated with one
equivalent of the respective N-heterocyclic carbene (RNHC);
see Scheme 2. NMR spectra of 6a and 6b both show
resonances for two different ligand environments, the latter
with slightly broader resonances and 13C{1H} NMR
resonances of 183−184 ppm for the coordinated NHC ligand.
The room-temperature 1H NMR spectrum for 6c shows
broader resonances and one ligand backbone CH unit.
Complexes 6b and 6c were studied by variable-temperature
NMR spectroscopy (Figures S27 and S32), and for 6b,
resonances above the coalescence temperature of ca. 60 °C
show one β-diketiminate ligand environment only. For 6c,
resonances for two ligand sets were observed at low
temperature, with coalescence near room temperature. These
processes suggest estimated barriers of ΔG⧧ ≈ 16 kcal mol−1

(6b) and ΔG⧧ ≈ 14 kcal mol−1 (6c) and depend on the steric
demand of the RNHC, with the bulkier one decoordinating
and rearranging more easily (Scheme 3), likely via donor-free
species 4, which is in line with the repeated observation of
crystallization of 4 from such solutions. In a similar manner,
the monomeric aluminum(I) complex MeDipNacNacAl:
(MeDipNacNac = HC(MeNDip)2) has been reacted with
Ph3PS and imidazole-2-thiones to form aluminum sulfide
complexes, also forming reduced phosphine or N-heterocyclic
carbene units, respectively.38 For comparison and in contrast
to the magnesium chemistry reported herein, the reaction of
MeDipNacNacAl: with Ph3PO proceeded at room temperature,
afforded PPh3, and transferred one oxygen to the aluminum
center without P−C bond cleavage.39

Figure 3. Molecular structure (30% thermal ellipsoids) of
[{(iPrDipNacNac)Mg}2(μ-S)] 4. Dip and iPr groups are shown as
wireframe. Only one of the disordered sulfur positions is shown.
Hydrogen atoms are omitted. Selected bond lengths (Å) and angles
(deg): Mg−S ca. 2.23−2.24 (mean, see Supporting Information),
Mg1−N1 2.0126(16), Mg1−N5 2.0209(16); Mg1−S−Mg1′ ca. 159,
N1−Mg1−N5 95.87(6).

Figure 4. Molecular structure (30% thermal ellipsoids) of
[{(iPrDipNacNac)Mg}2(μ-Se)] 5. Dip and iPr groups are shown as
wireframe. Only one of the main Se positions is shown. Hydrogen
atoms are omitted. Selected bond lengths (Å) and angles (deg):
Mg1−Se1 2.3497(18), Mg1′−Se1 2.4739(18), Mg1−N2 2.0071(16),
Mg1−N1 2.0130(16); Mg1−Se1−Mg1′ 137.89(6).

Scheme 2. Syntheses of Complexes 6
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Reactivity. With the low-coordinate sulfide complex
[{(iPrDipNacNac)Mg}2(μ-S)] 4 in hand, an initial assessment
of its reactivity was made. The reaction of 4 with 1-
adamantylazide (1-azidoadamantane) in deuterated benzene
afforded colorless crystals of the S−N bonded complex
[{(iPrDipNacNac)Mg}2(μ-SN3Ad)] 7, see Scheme 4 and Figure
5, in high in situ yield (67% isolated). Evidently, the
nucleophilic sulfide reacted with an electrophilic site at the
organic azide to form a bridging {SN3Ad}2− ligand, vide inf ra.
To the best of our knowledge, this is the first example of such a
ligand fragment, but it bears a resemblance to magnesium
complexes of N−N azide coupled {AdN3−N3Ad}2− frag-
ments40,41 and the {SN2O}2− ligand formed from sulfide
addition to N2O in a zinc complex.32 At room temperature,
complex 7 shows NMR resonances for a more symmetric
structure than expected from its molecular structure (i.e.,
showing one set of ligand resonances suggesting a flexible
coordination of the {AdN3S}2− ligand between the
(iPrDipNacNac)Mg+ units). At low temperatures, resonances
broaden at around −10 °C and Dip-isopropyl group methyl
resonances appear to be separated at −45 °C, but the
characteristic β-diketiminate backbone methine singlet is not
split down to −75 °C, the limit of this experiment (Figure

S38), showing the flexible coordination behavior of this
system. At high temperatures, complex 7 appears to be quite
thermally stable in solution and shows only minimal
decomposition after several days at 100 °C in deuterated
benzene.
Reactions of [{(iPrDipNacNac)Mg}2(μ-S)] 4 with two

equivalents of ketones were studied by NMR spectroscopy in
deuterated benzene and immediately and quantitatively
afforded simple donor adducts [{(iPrDipNacNac)Mg(Do)}2(μ-
S)] 8 in solution, with the donors (Do) 2-adamantanone
(OAd) 8a, benzophenone (OCPh2) 8b, and diisopropylketone
(OCiPr2) 8c. The related isonitrile donor adduct
[{(iPrDipNacNac)Mg(CNCy)}2(μ-S)] 8d was formed on
reaction with cyclohexylisonitrile (Scheme 4). Complex
[{(iPrDipNacNac)Mg(OAd)}2(μ-S)] 8a could in addition be
structurally characterized; see Figure 6. For adducts 8, one set
of 1H and 13C{1H} NMR resonances is observed for the β-
diketiminate ligand that is significantly shifted from those of
low-coordinate 4. If further uncoordinated 4 is added to these
solutions, then still only one set of β-diketiminate ligand
resonances is observed, showing the fluxional nature of this
interaction, and the resonances shift and sharpen toward those
of uncoordinated 4. No resonances were found for the

Scheme 3. Solution Equilibria of Complexes 6

Scheme 4. Syntheses of Complexes 7 and 8
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carbonyl carbon centers in 13C{1H} NMR spectra of the
adducts, possibly due to the fluxional behavior. NMR
resonances of adduct [{(iPrDipNacNac)Mg(OCiPr2)}2(μ-S)]
8c contain broadened peaks. Heating adduct 8c in deuterated
benzene to 80 °C afforded slow conversion to a product
mixture according to 1H NMR spectroscopy, including a new
1H NMR resonance at −0.99 ppm which was tentatively
assigned to bridging Mg−SH groups. This was later
corroborated by a few colorless crystals that were deposited
from solution that were structurally characterized as
[{(iPrDipNacNac)Mg(μ-SH)}2] 9; see Figure S61. Presumably,

the basic nature of the magnesium sulfide can deprotonate the
ketone, followed by ligand rearrangements to form
[{(iPrDipNacNac)Mg(μ-SH)}2] 9 as part of a product mixture.
Further heating led to the formation of some proligand,
iPrDipNacNacH.
Molecular Structures. [(iPrDipNacNac)Mg(OPPh2)-

(OPPh3)] 3, crystallized with a full molecule in the asymmetric
unit, shows a distorted tetrahedral Mg center sitting
significantly above the chelating diketiminate unit (by
approximately 0.99 Å) toward the Ph2PO ligand which is
located approximately perpendicular with respect to the
diketiminate, whereas the larger neutral Ph3PO donor is
approximately in plane with the diketiminate unit. The Mg−O
bond distance to the anionic diphenylphosphinite is only
slightly shorter than that to the neutral triphenylphosphinoxide
(Mg1−O2 1.9000(16) versus Mg1−O1 1.9243(14)), and the
P−O bond in the PV ligand (P1−O1 1.4972(13)) is, as
expected, shorter than that in the phosphinite (P2−O2
1.5459(17)). These features compare well to those of other
alkaline earth metal complexes with diphenylphosphinite
ligands.42−47

The molecular structure of [{(iPrDipNacNac)Mg}2(μ-S)] 4
was determined multiple times, and the best two data sets are
included here. In all cases, 4 was obtained with half a molecule
of the complex in the asymmetric unit and contains three-
coordinate Mg centers. The sulfur positions were found to be
disordered on or very close to special positions in the
asymmetric unit. As such, the multiple individual bond lengths
are not given and a mean value of Mg−S 2.23−2.24 Å was
obtained. The Mg−S−Mg angles for this model show some
variation, with an average around 159°, and are likely flexible
and easy to distort. For context, the Mg−S distances in rock
salt MgS are ca. 2.57 Å and in zinc blende MgS are ca. 2.42 Å,
showing the expected significant effect of the coordination
number on bond distances.48 An Mg−S distance of 2.44 Å can
be inferred from single-bond covalent radii49 and show the
significant shortening in 4, but not as low as that determined
for diatomic MgS of ca. 2.143 Å.50 The Mg−S bond lengths in
4 are significantly shorter than those observed in Ren’s
disulfide-bridged NacNac magnesium complex A (2.4518(10)
Å and 2.5149(10) Å) and those found for related terminal
NacNac magnesium thiolates (e.g., in [(DipNacNac)Mg(THF)-
(SPh)]25 (Mg1−S1 2.3839(9) Å)). In addition, a few related
low-coordinate β-diketiminate metal(II) sulfide complexes of
general formula [{(NacNac)M}2(μ-S)] exist with M = Fe,51

Ni,52 and Sn.53

MgSe complex 5 is isomorphous to 4, and again the Se atom
is disordered on or very close to special positions. There is,
however, one main position in the asymmetric unit which
shows two different Mg−Se distances (Se1−Mg1 2.3497(18),
Se1−Mg1′ 2.4739(18) Å) among shorter contacts and a
relatively acute Mg1−Se1−Mg1 angle of 137.89(6)°, alongside
more obtuse angles, and likely again hints that the Se position
in this ionic arrangement is easy to distort and preferably bent.
Parkin’s magnesium selenide complex [{(p‑TolTp)Mg}2Se] B27

displays comparable Mg−Se bond lengths of 2.404(3) Å and
2.408(3) Å in a four-coordinate Mg environment and a linear
Mg−Se−Mg moiety. In solid MgSe, the Mg−Se distances are
ca. 2.70 Å (rock salt) and ca. 2.54 Å (zinc blende),48 and single
bond radii provide 2.55 Å.49

Complex [{(iPrDipNacNac)Mg}2(μ-SN3Ad)] 7, crystallized
with a full molecule in the asymmetric unit. The central
{SN3Ad}2− ligand bridges two Mg centers in a μ-

Figure 5. Molecular structure (30% thermal ellipsoids) of
[{(iPrDipNacNac)Mg}2(μ-SN3Ad)] 7. Dip and iPr groups are shown
as wireframe. Hydrogen atoms are omitted. Selected bond lengths (Å)
and angles (deg): Mg1−S1 2.3926(5), Mg2−S1 2.4343(5), Mg1−N1
2.0443(11), Mg1−N5 2.0523(11), Mg1−N2 2.0944(11), Mg2−N45
2.0111(11), Mg2−N41 2.0098(11), Mg2−N4 2.0123(11), S1−N4
1.8257(12), N2−N3 1.3061(15), N3−N4 1.2726(16); Mg1−S1−
Mg2 148.43(2), N4−S1−Mg1 94.98(4), N4−S1−Mg2 54.12(4),
N1−Mg1−N5 95.48(5), N2−Mg1−S1 80.86(3), N41−Mg2−N45
97.27(4), N4−Mg2−S1 47.32(3), N4−N3−N2 120.52(11).

Figure 6. Molecular structure (30% thermal ellipsoids) of
[{(iPrDipNacNac)Mg(AdO)}2(μ-S)] 8a·C6H6. Dip and iPr groups
are shown as wireframe. Hydrogen atoms, solvent molecule, and
minor disordered parts are omitted for clarity. Selected bond lengths
(Å) and angles (deg): Mg1−S1 2.2610(5), Mg1′−S1 2.2610(5),
Mg1−N1 2.0723(14), Mg1−N5 2.0733(14), Mg1−O1 2.0875(14),
O1−C36 1.225(2); Mg1−S1−Mg1′ 180.0, N1−Mg1−N5 94.14(5),
N1−Mg1−O1 101.64(6), N5−Mg1−O1 101.49(6), N1−Mg1−S1
122.81(4), N5−Mg1−S1 124.03(4), O1−Mg1−S1 108.91(5).
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κ2S,N3:κ2S,N1 fashion. The N−N bond lengths in 7 (N2−N3
1.3061(15) Å, N3−N4 1.2726(16) Å) are indicative of
significant delocalization across the N3 fragment and are
similar to those in the two N3 fragments in the N6-chain
complexes of [{(MeDipNacNac)Mg(μ-N3Ad)}2].

40,41 The S−N
bond (1.8257(12) Å) is noticeably longer than would typically
be expected for a S−N single bond (ca. 1.74),49 likely due to
electrostatic repulsion in the dianionic unit. To the best of our
knowledge, this is the first structurally characterized {SN3R}2−

ligand that has some resemblance to the {SN2O}2−

coordinated to a zinc center.32

The donor adduct [{(iPrDipNacNac)Mg(AdO)}2(μ-S)] 8a
with four-coordinate Mg centers shows a linear Mg−S−Mg
fragment (cf. the linear arrangement in B) with Mg−S bond
lengths of 2.2610(5) Å that are only slightly elongated
compared to the mean value found in uncoordinated
[{(iPrDipNacNac)Mg}2(μ-S)] 4. The hydrosulfide (bisulfide)
complex [{(iPrDipNacNac)Mg(μ-SH)}2] 9 (Figure S61) shows
the expected dimeric structure with a Mg−S distance of 2.51 Å
(mean) and a Mg−S−Mg angle of 89.52(3)° and can be
compared to the shorter Mg−S distance of 2.4424(6) Å in
[{(MeDipNacNac)Mg(μ-SnBu)}2].24
Computational Studies. A DFT study at the M06L/def2-

TZVP level of theory with D3 dispersion addition followed by
single-point calculations at the M06-D3/def2-TZVP level of
theory (M06-D3/def2-TZVP//M06-L-D3/def2-TZVP) was
conducted for the compound series with the full ligand
model [{(iPrDipNacNac)Mg}2(μ-E)] E = O (2), S (4), Se (5)
and the small ligand model system [{(MeMeNacNac)Mg}2(μ-
E)] (MeMeNacNac = HC(MeNMe)2), E = O, S, Se, see Table 1
for selected data). The optimization of both the full ligand
sphere and a cut-back model was conducted to gain some
insight into the influence of the ligand bulk for these species.
The DFT opt imized fu l l l igand model spec ies
[{(iPrDipNacNac)Mg}2(μ-E)] reproduced the overall structures
found by X-ray diffraction well, but the sterically smaller
models [{(MeMeNacNac)Mg}2(μ-E)] reproduce only the linear
Mg−O−Mg geometry with coplanar metal−ligand arrange-
ments well but show significantly more bent Mg−E−Mg units
for E = S and Se, resulting in sub-90° bond angles. These
trends show the importance of the influence of the sterically
demanding ligands for the structures of the compounds for E =
S and Se and may provide a reason for the significant disorder
of the S and Se positions in the molecular structures of 4 and 5.
The sub-90° bond angles in [{(MeMeNacNac)Mg}2(μ-S)] for E
= S and Se appear to be in part due to influences from
dispersion forces.54,55 Removing the dispersion addition for
[{(MeMeNacNac)Mg}2(μ-S)] leads to a more relaxed Mg−E−
Mg angle of 106.4° (E = S) but a virtually unchanged angle for
E = Se (82.6°), suggesting that these systems are easy to distort
(Figure S64).
Inspecting the calculated charges of the Mg and E atoms

from natural population analysis (NPA) and the quantum

theory of atoms in molecules (QTAIM) analysis in the series
shows the most charge separation on Mg with the most
electronegative O and less charge separation descending the
chalcogen group to S and Se. The negative charge
accumulation and slight polarization by the Mg centers at
the chalcogen atom (E) can be visualized in the contour plot of
the Laplacian of the electron density for [{(iPrDipNacNac)-
Mg}2(μ-S)] 4 (Figure 7) and in related images for E = O

(Figure S65) and Se (Figure S66). High-lying occupied
orbitals for [{(iPrDipNacNac)Mg}2(μ-E)] show px and py
orbitals of the chalcogens approximately perpendicular to the
Mg−E−Mg bond (for O, HOMO−3 and HOMO−4; for S
and Se, HOMO−1 and HOMO−2) and one significantly
stabilized pz orbital (for O, HOMO−12; for S, HOMO−12;
for Se, HOMO−11) approximately along the Mg−E−Mg
bond which is around 1.4 eV (ca. 32 kcal/mol, 135 kJ/mol)
lower in energy compared to the respective px and py orbitals
(see Figures S62 and S63). Other occupied orbitals show
common β-diketiminate ligand-based features. All of these
findings support that these complexes possess highly ionic
Mg−E−Mg units that are easy to distort for E = S and Se.

■ CONCLUSIONS
Reactions of the magnesium(I) complex [{(iPrDipNacNac)-
Mg}2] 1 with Ph3P�E (E = O, S, Se) required forcing
conditions for E = O and afforded the phosphinate complex
[(iPrDipNacNac)Mg(OPPh3)(OPPh2)] 3 highlighting P−C
rather than P−O bond cleavage. For E = S and Se, facile
reactions afforded the low-coordinate chalcogenide complexes
[{(iPrDipNacNac)Mg}2(μ-S)] 4 and [{(iPrDipNacNac)Mg}2(μ-
Se)] 5, respectively, which show low-coordinate Mg−E−Mg
units with short Mg−E bonds. Similarly, RNHC�S species

Table 1. Selected Metrical Data and Calculated Charges from NPA and QTAIM

Mg−E [Å] Mg−E−Mg [deg] charge on Mg NPA (QTAIM) charge on E NPA (QTAIM)

[{(iPrDipNacNac)Mg}2(μ-O)] 2 1.805 179.9 +1.88 (+1.73) −1.86 (−1.64)
[{(MeMeNacNac)Mg}2(μ-O)] 1.799 179.9 +1.81 −1.84
[{(iPrDipNacNac)Mg}2(μ-S)] 4 2.243 139.8 +1.76 (+1.69) −1.69 (−1.54)
[{(MeMeNacNac)Mg}2(μ-S)] 2.275 87.58 +1.69 −1.61
[{(iPrDipNacNac)Mg}2(μ-Se)] 5 2.377 131.0 +1.73 (+1.68) −1.65 (−1.49)
[{(MeMeNacNac)Mg}2(μ-Se)] 2.413 82.51 +1.66 −1.56

Figure 7. QTAIM contour plots of the Laplacian of electron density
(solid lines positive, dashed lines negative) for [{(iPrDipNacNac)-
Mg}2(μ-S)] 4 through the Mg2S plane showing only the core atoms
(S orange, Mg green, and N blue), selected bond paths (black), and
bond critical points (yellow). Selected values for the electron density,
ρ (black), Laplacian, ∇2ρ (blue), and bond ellipticity, ε (green), are
given for key bond critical points in Table S2.
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were rapidly reduced by 1 to magnesium sulfide complexes
[{(iPrDipNacNac)Mg(RNHC)}(μ-S){Mg(iPrDipNacNac)}] 6.
Sulfide complex 4 readily reacted with 1-adamantylazide
(AdN3) to afford [{(iPrDipNacNac)Mg}2(μ-SN3Ad)] 7 with a
dianionic ligand containing a new S−N bond. Donor adducts
of magnesium sulfide complexes were also obtained, for
example , the structura l ly character ized example
[(iPrDipNacNac)Mg(OAd)}2(μ-S)] 8a (OAd = 2-adamanta-
none) that features a linear Mg−S−Mg unit. DFT computa-
tional studies highlight the ionic nature of the Mg−E−Mg
units (E = O, S, Se) in [{(NacNac)Mg}2(μ-E)] complexes,
and structural and computational studies show the linear
arrangement for E = O and the range of severely bent to linear
geometries for E = S and Se.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02132.

Experimental section, NMR spectroscopy, X-ray crys-
tallography, and DFT computational studies (PDF)

Accession Codes
CCDC 2276315−2276321 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: + 44 1223 336033. The
research data (NMR spectroscopy, computational studies)
supporting this publication can be accessed at https://do10.
17630/dd27cd97-6132-444d-9749-aa548dd8c7d8. Further
data that support the findings of this study are available in
the Supporting Information of this article.

■ AUTHOR INFORMATION
Corresponding Author

Andreas Stasch − EaStCHEM School of Chemistry, University
of St. Andrews, St. Andrews KY16 9ST, United Kingdom;
orcid.org/0000-0002-7407-8287; Email: as411@st-

andrews.ac.uk

Authors
Stuart Burnett − EaStCHEM School of Chemistry, University
of St. Andrews, St. Andrews KY16 9ST, United Kingdom

Rochelle Ferns − EaStCHEM School of Chemistry, University
of St. Andrews, St. Andrews KY16 9ST, United Kingdom

David B. Cordes − EaStCHEM School of Chemistry,
University of St. Andrews, St. Andrews KY16 9ST, United
Kingdom; orcid.org/0000-0002-5366-9168

Alexandra M. Z. Slawin − EaStCHEM School of Chemistry,
University of St. Andrews, St. Andrews KY16 9ST, United
Kingdom; orcid.org/0000-0002-9527-6418

Tanja van Mourik − EaStCHEM School of Chemistry,
University of St. Andrews, St. Andrews KY16 9ST, United
Kingdom; orcid.org/0000-0001-7683-3293

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.3c02132

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to the University of St. Andrews and the
EPSRC doctoral training grant (EP/N509759/1) for support.
We gratefully acknowledge computational support via the
EaStCHEM Research Computing Facility.

■ REFERENCES
(1) Gao, M.-R.; Xu, Y.-F.; Jiang, J.; Yu, S.-H. Nanostructured metal
chalcogenides: synthesis, modification, and applications in energy
conversion and storage devices. Chem. Soc. Rev. 2013, 42, 2986−3017.
(2) Santner, S.; Heine, J.; Dehnen, S. Synthesis of Crystalline
Chalcogenides in Ionic Liquids. Angew. Chem., Int. Ed. 2016, 55, 876−
893.
(3) Zhang, Y.; Zhou, Q.; Zhu, J.; Yan, Q.; Dou, S. Z.; Sun, W.
Nanostructured Metal Chalcogenides for Energy Storage and
Electrocatalysis. Adv. Funct. Mater. 2017, 27, No. 1702317.
(4) Kooi, B. J.; Wuttig, M. Chalcogenides by Design: Functionality
through Metavalent Bonding and Confinement. Adv. Mater. 2020, 32,
No. 1908302.
(5) Franz, D.; Inoue, S. Advances in the development of complexes
that contain a group 13 element chalcogen multiple bond. Dalton
Trans. 2016, 45, 9385−9397.
(6) Bag, P.; Weetman, C.; Inoue, S. Experimental Realisation of
Elusive Multiple-Bonded Aluminium Compounds: A New Horizon in
Aluminium Chemistry. Angew. Chem., Int. Ed. 2018, 57, 14394−
14413.
(7) Loh, Y. K.; Aldridge, S. Acid−Base Free Main Group Carbonyl
Analogues. Angew. Chem., Int. Ed. 2021, 60, 8626−8648.
(8) Sun, T.; Li, J.; Wang, H. Recent Advances in the Chemistry of
Heavier Group 14 Analogues of Carbonyls. Chem. Asian J. 2022, 17,
No. e202200611.
(9) Lalrempuia, R.; Stasch, A.; Jones, C. The reductive
disproportionation of CO2 using a magnesium(I) complex: analogies
with low valent f-block chemistry. Chem. Sci. 2013, 4, 4383−4388.
(10) Boutland, A. J.; Pernik, I.; Stasch, A.; Jones, C. Magnesium(I)
Dimers Bearing Tripodal Diimine−Enolate Ligands: Proficient
Reagents for the Controlled Reductive Activation of CO2 and SO2.
Chem.�Eur. J. 2015, 21, 15749−15758.
(11) Schnitzler, S.; Spaniol, T. P.; Okuda, J. Reactivity of a
Molecular Magnesium Hydride Featuring a Terminal Magnesium−
Hydrogen Bond. Inorg. Chem. 2016, 55, 12997−13006.
(12) Burnett, S.; Bourne, C.; Slawin, A. M. Z.; van Mourik, T.;
Stasch, A. Umpolung of an Aliphatic Ketone to a Magnesium Ketone-
1,2-diide Complex with Vicinal Dianionic Charge. Angew. Chem., Int.
Ed. 2022, 61, No. e202204472.
(13) Freeman, L. A.; Walley, J. E.; Gilliard, R. J. Synthesis and
reactivity of low-oxidation-state alkaline earth metal complexes. Nat.
Synth. 2022, 1, 439−448.
(14) Rösch, B.; Harder, S. New horizons in low oxidation state
group 2 metal chemistry. Chem. Commun. 2021, 57, 9354−9365.
(15) Jones, C. Dimeric magnesium(I) β-diketiminates: A new class
of quasi-universal reducing agent. Nat. Rev. Chem. 2017, 1, No. 0059.
(16) Paparo, A.; Smith, C. D.; Jones, C. Diagonally Related s- and p-
Block Metals Join Forces: Synthesis and Characterization of
Complexes with Covalent Beryllium−Aluminum Bonds. Angew.
Chem., Int. Ed. 2019, 58, 11459−11463.
(17) Paparo, A.; Matthews, A. J. R.; Smith, C. D.; Edwards, A. J.;
Yuvaraj, K.; Jones, C. N-Heterocyclic carbene, carbodiphosphorane
and diphosphine adducts of beryllium dihalides: synthesis, character-
isation and reduction studies. Dalton Trans. 2021, 50, 7604−7609.
(18) Englich, U.; Ruhlandt-Senge, K. Thiolates, selenolates, and
tellurolates of the s-block elements. Coord. Chem. Rev. 2000, 210,
135−179.
(19) Ruhlandt-Senge, K. Synthesis and Characterization of the First
Three-Coordinate Donor-Free Magnesium Thiolates, [Mg-
(STriph)2]2 (Triph = 2,4,6-Ph3C6H2) and [Mg(SMes*)2]2 (Mes* =
2,4,6-t-Bu3C6H2), and the Four-Coordinate Magnesium Thiolate

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.3c02132
Inorg. Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02132?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c02132/suppl_file/ic3c02132_si_001.pdf
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://do10.17630/dd27cd97-6132-444d-9749-aa548dd8c7d8
https://do10.17630/dd27cd97-6132-444d-9749-aa548dd8c7d8
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Stasch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7407-8287
https://orcid.org/0000-0002-7407-8287
mailto:as411@st-andrews.ac.uk
mailto:as411@st-andrews.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stuart+Burnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rochelle+Ferns"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+B.+Cordes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5366-9168
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandra+M.+Z.+Slawin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9527-6418
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tanja+van+Mourik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7683-3293
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c02132?ref=pdf
https://doi.org/10.1039/c2cs35310e
https://doi.org/10.1039/c2cs35310e
https://doi.org/10.1039/c2cs35310e
https://doi.org/10.1002/anie.201507736
https://doi.org/10.1002/anie.201507736
https://doi.org/10.1002/adfm.201702317
https://doi.org/10.1002/adfm.201702317
https://doi.org/10.1002/adma.201908302
https://doi.org/10.1002/adma.201908302
https://doi.org/10.1039/C6DT01413E
https://doi.org/10.1039/C6DT01413E
https://doi.org/10.1002/anie.201803900
https://doi.org/10.1002/anie.201803900
https://doi.org/10.1002/anie.201803900
https://doi.org/10.1002/anie.202008174
https://doi.org/10.1002/anie.202008174
https://doi.org/10.1002/asia.202200611
https://doi.org/10.1002/asia.202200611
https://doi.org/10.1039/c3sc52242c
https://doi.org/10.1039/c3sc52242c
https://doi.org/10.1039/c3sc52242c
https://doi.org/10.1002/chem.201502755
https://doi.org/10.1002/chem.201502755
https://doi.org/10.1002/chem.201502755
https://doi.org/10.1021/acs.inorgchem.6b02509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202204472
https://doi.org/10.1002/anie.202204472
https://doi.org/10.1038/s44160-022-00077-6
https://doi.org/10.1038/s44160-022-00077-6
https://doi.org/10.1039/D1CC04147A
https://doi.org/10.1039/D1CC04147A
https://doi.org/10.1038/s41570-017-0059
https://doi.org/10.1038/s41570-017-0059
https://doi.org/10.1002/anie.201906609
https://doi.org/10.1002/anie.201906609
https://doi.org/10.1002/anie.201906609
https://doi.org/10.1039/D1DT01393A
https://doi.org/10.1039/D1DT01393A
https://doi.org/10.1039/D1DT01393A
https://doi.org/10.1016/S0010-8545(00)00319-2
https://doi.org/10.1016/S0010-8545(00)00319-2
https://doi.org/10.1021/ic00117a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00117a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00117a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic00117a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c02132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mg(SMes*)2(OEt2)2 and Selenolate Mg(SeMes*)2(THF)2. Inorg.
Chem. 1995, 34, 3499−3504.
(20) Chadwick, S.; Englich, U.; Senge, M. O.; Noll, B. C.; Ruhlandt-
Senge, K. Novel Structural Principles in Magnesium Thiolate
Chemistry: Monomers, Trimers, and the First Magnesiate Thiolate.
Organometallics 1998, 17, 3077−3086.
(21) Teng, W.; Englich, U.; Ruhlandt-Senge, K. Syntheses,
Structures, and Reactivities of Heteroleptic Magnesium Amide
Thiolates. Inorg. Chem. 2000, 39, 3875−3880.
(22) Xia, A.; Heeg, M. J.; Winter, C. H. Synthesis and
characterization of cyclopentadienyl thiolato complexes of magne-
sium. J. Organomet. Chem. 2003, 669, 37−43.
(23) Kruczynski, T.; Pushkarevsky, N.; Henke, P.; Köppe, R.; Baum,
E.; Konchenko, S.; Pikies, J.; Schnöckel, H. Hunting for the
Magnesium(I) Species: Formation, Structure, and Reactivity of
some Donor-Free Grignard Compounds. Angew. Chem., Int. Ed.
2012, 51, 9025−9029.
(24) Ren, W.; Zhang, S.; Xu, Z.; Ma, X. Reactivity of a β-
diketiminate-supported magnesium alkyl complex toward small
molecules. Dalton Trans. 2019, 48, 3109−3115.
(25) Ren, W.; Gu, D. An Azobenzenyl Anion Radical Complex of
Magnesium: Synthesis, Structure, and Reactivity Studies. Inorg. Chem.
2016, 55, 11962−11970.
(26) Liu, Y.; Zhu, K.; Chen, L.; Liu, S.; Ren, W. Azobenzenyl
Calcium Complex: Synthesis and Reactivity Studies of a Ca(I)
Synthon. Inorg. Chem. 2022, 61, 20373−20384.
(27) Ghosh, P.; Parkin, G. Terminal hydrochalcogenido and
bridging selenido derivatives of magnesium supported by tris(3-p-
tolylpyrazolyl)hydroborate ligation: the syntheses and structures of
[Tpp‑Tol]MgEH (E = S, Se) and {[Tpp‑Tol]Mg}2Se. Chem. Commun.
1996, 1239−1240.
(28) Ruf, M.; Vahrenkamp, H. Molecular Zinc Oxide and Sulfide
Complexes stabilized by Pyrazolyl borate Ligands. J. Chem. Soc.,
Dalton Trans. 1995, 1915−1916.
(29) Ruf, M.; Vahrenkamp, H. Small Molecule Chemistry of the
Pyrazolylborate-Zinc Unit TpCum,MeZn. Inorg. Chem. 1996, 35, 6571−
6578.
(30) Rong, Y.; Parkin, G. The Synthesis and Structures of Tris(2-
pyridylseleno)methyl Zinc Compounds with κ2-, κ3-, and κ4-
Coordination Modes. Aust. J. Chem. 2013, 66, 1306−1310.
(31) Webb, D.; Fulton, J. R. Utilising an anilido-imino ligand to
stabilise zinc-phosphanide complexes: reactivity and fluorescent
properties. Dalton Trans. 2019, 48, 8094−8105.
(32) Baeza Cinco, M. A.; Wu, G.; Kaltsoyannis, N.; Hayton, T. W.
Synthesis of a “Masked” Terminal Zinc Sulfide and Its Reactivity with
Brønsted and Lewis Acids. Angew. Chem., Int. Ed. 2020, 59, 8947−
8951.
(33) Zhang, J. Q.; Ye, J.; Huang, T.; Shinohara, H.; Fujino, H.; Han,
L.-B. Conversion of triphenylphosphine oxide to organophosphorus
via selective cleavage of C-P, O-P, and C-H bonds with sodium.
Commun. Chem. 2020, 3, 1.
(34) Zhang, J.-Q.; Ikawa, E.; Fujino, H.; Naganawa, Y.; Nakajima, Y.;
Han, L.-B. Selective C−P(O) Bond Cleavage of Organophosphine
Oxides by Sodium. J. Org. Chem. 2020, 85, 14166−14173.
(35) Green, S. P.; Jones, C.; Stasch, A. Stable Adducts of a Dimeric
Magnesium(I) Compound. Angew. Chem., Int. Ed. 2008, 47, 9079−
9083.
(36) Dean, J. A. Lange’s Handbook of Chemistry; McGraw-Hill, 1993;
Vol. 15, pp 4517−4521.
(37) Luo, Y.-R. Comprehensive Handbook of Chemical Bond Energies;
CRC Press, 2007.
(38) Chu, T.; Vyboishchikov, S. F.; Gabidullin, B.; Nikonov, G. I.
Oxidative Cleavage of C=S and P=S Bonds at an AlI Center:
Preparation of Terminally Bound Aluminum Sulfides. Angew. Chem.,
Int. Ed. 2016, 55, 13306−13311.
(39) Chu, T.; Vyboishchikov, S. F.; Gabidullin, B. M.; Nikonov, G. I.
Unusual Reactions of NacNacAl with Urea and Phosphine Oxides.
Inorg. Chem. 2017, 56, 5993−5997.

(40) Bonyhady, S. J.; Green, S. P.; Jones, C.; Nembenna, S.; Stasch,
A. A Dimeric Magnesium(I) Compound as a Facile Two-Center/
Two-Electron Reductant. Angew. Chem., Int. Ed. 2009, 48, 2973−
2977.
(41) Bonyhady, S. J.; Jones, C.; Nembenna, S.; Stasch, A.; Edwards,
A. J.; McIntyre, G. J. β-Diketiminate-Stabilized Magnesium(I) Dimers
and Magnesium(II) Hydride Complexes: Synthesis, Characterization,
Adduct Formation, and Reactivity Studies. Chem.�Eur. J. 2010, 16,
938−955.
(42) Hill, M. S.; Mahon, M. F.; Robinson, T. P. Calcium-centred
phosphine oxide reactivity: P−C metathesis, reduction and P−P
coupling. Chem. Commun. 2010, 46, 2498−2500.
(43) Langer, J.; Al-Shboul, T. M. A.; Younis, F. M.; Görls, H.;
Westerhausen, M. Coordination Behavior and Coligand-Dependent
cis/trans Isomerism of Calcium Bis(diphenylphosphanides). Eur. J.
Inorg. Chem. 2011, 2011, 3002−3007.
(44) Al-Shboul, T. M. A.; Volland, G.; Görls, H.; Krieck, S.;
Westerhausen, M. Oxidation Products of Calcium and Strontium
Bis(diphenylphosphanide). Inorg. Chem. 2012, 51, 7903−7912.
(45) Härling, S. M.; Krieck, S.; Görls, H.; Westerhausen, M.
Influence of 18-Crown-6 Ether Coordination on the Catalytic Activity
of Potassium and Calcium Diarylphosphinites in Hydrophosphor-
ylation Reactions. Inorg. Chem. 2017, 56, 9255−9263.
(46) Platten, A. W. P.; Borys, A. M.; Hevia, E. Hydro-
phosphinylation of Styrenes Catalysed by Well-Defined s-Block
Bimetallics. ChemCatChem. 2022, 14, No. e202101853.
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