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A New µ4-Oxo Tetranuclear Magnesium Compound: Coordination Effects of
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The µ4-oxo tetranuclear magnesium compound [Mg4(µ4-
oxo)(µ-tz)6] 1 (tz = 3,5-iPr2-1,2,4-triazolato) with six η1-η1-
bridging triazolato ligands was prepared in a one-step reac-
tion between MgBr2 and tzK. The solid state structure was
determined by X-ray diffraction analysis showing the tetra-
hedral arrangement of the Mg4O core. The reaction of MgBr2

with pzK and pzH gave [Mg(pz)2(pzH)2] 2 (pz = 3,5-tBu2-pyr-
azolato), which contains hydrogen bonds between two differ-

Introduction

The structural chemistry of magnesium amido and imido
compounds is becoming an increasingly active area of re-
search. The main reason for this recent interest is their use
as reagents in numerous organic transformations.[127]

Stimulated by the desire to elucidate the mechanisms of
such reactions, several magnesium bisamido species have
been structurally characterized as dimeric units of the type
[R2NMg(µ-NR2)2MgNR2];[8210] monomeric compounds
are formed in the presence of sterically demanding amido
ligands or additional donors.[11214] However, polynuclear
species with a higher magnesium atom count are still rela-
tively limited. The rather unusual nitrogen-centered hexa-
meric amido species [Mg6(µ6-N)(NHtBu)9] was reported as
early as 1980.[15] More than 10 years later, hexameric[16] and
trimeric arrangements[17,18] were found with bifunctional
amido ligands. With imido ligands, hexagonal prismatic
structures of the type [{(THF)MgNR}6] (R 5 Ph, 1-naph-
thyl) have been reported.[19,20] In addition to these pure
magnesium species a nice series[21,22] of mixed alkali metal
magnesium compounds including oxide-captured examples
such as [Li2Mg2{N(SiMe3)2}4(O2)x(O)y][23] and
[K2Mg2[N(SiMe3)2]4(O2)}8][24] has been reported by Mul-
vey and co-workers. In addition to these amido species, the
oxo-centered lithium magnesium cresylate cage
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ent ligands, as established by X-ray crystal structure ana-
lysis. In solution, compound 2 shows a dynamic behavior in-
volving two different processes. Line shape analysis of vari-
able temperature NMR experiments suggests that the
interconversion occurs via an η2-coordination of the pyrazol-
ato ligand.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

[LiMg4OR7·4THF] [R 5 o-Me(C6H4)O2] has been re-
ported.[25]

Pyrazolates and triazolates are known to be good
bridging ligands for the synthesis of polynuclear com-
plexes[26] and have proven to coordinate to magnesium in a
µ2-bridging mode[27,28] as well as an η2-fashion[29] forming
dimeric units. This prompted us to investigate whether these
ligands are suitable for the construction of unusual polynu-
clear magnesium species. Herein, we present the synthesis
and X-ray crystal structure determination of the µ4-oxo
tetranuclear magnesium compound [Mg4(µ4-oxo)(µ-tz)6] 1
(tz 5 3,5-iPr2-1,2,4-triazolato) with six η1-η1-bridging tria-
zolato ligands. Due to a structural pattern similar to those
known for divalent transition metal ions, compound 1 is an
appropriate model for the investigation of structural factors
that are independent of the d-electron configuration. The
second compound [Mg(pz)2(pzH)2] 2 (pz 5 3,5-tBu2-pyra-
zolato) employing a more sterically demanding pyrazolato
ligand features both protonated and deprotonated ligands
allowing an in-depth study of the coordination capabilities
of these versatile ligands.

Results and Discussion

The general route for the synthesis of the triazole ligand
starts from 4-NH2-3,5-iPr2-1,2,4-triazole[30] (4-NH2-tz) fol-
lowed by diazotization to produce, after standard workup,
tzH in high yield (Scheme 1). Sublimation under reduced
pressure at 110 °C gave the analytically pure ligand. The
analogous triazole ligand with tert-butyl substituents was
not accessible since its higher steric demand prevents the
formation of the heterocycle. The deprotonation of tzH was
achieved with stoichiometric amounts of elemental potas-
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sium in refluxing THF. The white powders of tzK thus ob-
tained were analytically pure and used without further puri-
fication. The potassium salt is slightly soluble in THF, read-
ily soluble in acetonitrile and insoluble in hydrocarbon solv-
ents. The 1H NMR spectrum of the dried compound in
CD3CN shows no coordinated THF molecules.

Scheme 1

The reaction of magnesium bromide with two equivalents
of tzK in THF at room temperature for 48 h afforded 1 in
moderate yield (Scheme 2). The compound is only soluble
in polar solvents such as THF, and can be separated from
the finely dispersed KBr precipitate by centrifugation.
Recrystallization from cold THF gave 1 as large colorless
crystals. The NMR spectroscopic data in CD3CN show sig-
nals for one kind of ligand coordinated in a symmetric fash-
ion.

Scheme 2

The source of the oxygen anion cannot be unambigu-
ously identified although several experiments along this line
have been carried out. Repeated syntheses under more rig-
orous anhydrous conditions always led to the isolation of 1
arguing against the source being adventitious water. To
avoid contamination with water due to residual
MgBr2·H2O, the magnesium bromide was prepared from
the elements according to literature procedures.[31] The in-
corporation of oxygen due to a reaction with the employed
grease could be ruled out by using commercially available
non-silicon grease (Lithelen, Leybold Vakuum GmbH).
Such a reaction is not unprecedented, although entire
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O2SiMe3 or O2SiMe2 units are usually transferred.[32234]

The cleavage of THF, which cannot be replaced due to in-
solubility in hydrocarbon solvents, seems unlikely. Cleavage
of alkyl aryl ethers by Grignard reagents has been reported
but usually requires drastic conditions,[35,36] except for cer-
tain crown ethers, where cleavage of an O2Me bond was
found within 1 h at room temperature.[37] In addition, an
NMR experiment in [D8]THF (MgBr2, 2 equiv. tzK and 10
equiv. THF) did not show any by-products of the cleavage.
Replacement of the ethereal solvent by acetonitrile led to
unidentified reaction mixtures, from which no uniform
product crystallized. Incorporation of KOH remains a pos-
sibility, since the parent triazole is deprotonated by the reac-
tion with elemental potassium. However, the yield of 1 ar-
gues against it since the potassium metal was freshly cut
inside a well-maintained glove box prior to use. Finally, mo-
lecular oxygen might be a possible source as its complete
exclusion is difficult to accomplish by routine Schlenk tech-
niques. Reactions of organomagnesium compounds with
oxygen are known to give peroxide[23,24] and oxide spe-
cies.[38] Although this is a hint for a reaction with O2, the
oxygen source cannot be pinned down conclusively to one
of the above reasons.

A structural analysis of 1 reveals a slightly distorted tet-
rahedral oxo-centered arrangement of four Mg atoms
bridged by six η1-η1-triazolato ligands. Figure 1 shows an
ORTEP view of 1, crystallographic data are given in Table 1
and selected bond lengths and angles in Table 2. The Mg4O
unit is embedded in a matrix of 10 disordered molecules of
THF, none of which is coordinated to a metal atom. This
is consistent with the NMR spectroscopic data of the isol-
ated and dried material in CD3CN, where no THF signals
are detectable. This is similar to the situation with the struc-
tures of proteins surrounded by disordered water molecules.
Therefore, the structural parameters of the THF molecules
were only approximately refined. The geometry at the four-
coordinate Mg atoms is distorted tetrahedral, unlike the tri-
gonal-bipyramidal geometry in the inorganic species
[Mg4(µ4-O)(µ-Br)6·4Et2O] published in 1964 by Stucky and
Rundle,[38] where each Mg atom is additionally coordinated
by an Et2O molecule. The smaller coordination number in
1 apparently does not influence the Mg2O bond lengths
{1.937(2)21.950(2) Å in 1; 1.95 Å in [Mg4(µ4-O)(µ-
Br)6·4Et2O][38]}. Similar structural features are exhibited by
complexes of beryllium in the basic acetates [Be4(µ4-
O)(RCO2)6],[39] for example, and even in well-known trans-
ition metal systems such as [Co4(µ4-O)(µ-pz)6],[40,41] sug-
gesting that the formation of 1 arises from geometrical
packing and ionic effects rather than from the electronic
configuration of the metal. The structure of 1 should also
be compared with that of the cresylate species [LiMg4(µ5-
O)R7·4THF] (R 5 o-Me(C6H4)O2),[25] where a Mg4(µ4-O)
core is additionally coordinated by a lithium cresylate. This
leads to an oxo-centered, trigonal bipyramidal LiMg4(µ5-
O) core. Unlike in 1, all the Mg atoms are coordinated by
one molecule of THF. The Mg2O(central) bonds are
slightly longer [2.002(4) to 2.041(2) Å], presumably due to
the higher coordination number.
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Figure 1. Molecular view of [Mg4(µ4-oxo)(µ-tz)6] (1); iso-propyl
groups have been omitted for clarity

The MgON3 tetrahedra show a pronounced trigonal dis-
tortion with the Mg atom lying almost within the N3 plane
[O(1)2Mg(1)2N(1) 5 100.71°]. This structure ensures a
perfect alignment of the lone pairs of the N atoms toward
the metal and, in addition, obeys Bent’s rules:[42,43] the hy-
brid orbitals pointing towards the less electronegative atom
acquire a higher s character and therefore increased angles
[N(1)2Mg(1)2N(4) 5 117.16°]. The MgON3 tetrahedron
can be modeled with s11x/3p32x/3 hybrid orbitals in the
Mg2N directions and with s12xp31x orbitals for the Mg2O
axis. From this, the N2Mg2N bond angles are arccos[2(1

Table 1. Experimental crystallographic data for 1 and 2

1 2

Empirical formula C48H84MgN18O·10THF C44H78MgN8

Mol. wt. 1747.61 743.45
Crystal system monoclinic monoclinic
Space group P21/c C2/c
a (Å) 24.9166(9) 23.4784(17)
b (Å) 16.6528(6) 11.0558(9)
c (Å) 25.7123(9) 19.2892(15)
β (deg) 106.737(3) 112.149(6)
V (Å3) 10216.9(6) 4637.5(6)
Z 4 4
T (K) 133(2) K 133(2)
Density ρcalcd. (Mg/m3) 1.136 1.065
Absorption coefficient (mm21) 0.097 0.076
F(000) 3816 1640
Reflections collected 167504 11682
Reflection unique 17573 (Rint 5 0.0828) 3884 (Rint 5 0.0731)
Final R indices [I . 2σ(I)][a] R1 5 0.0727 R1 5 0.0471

wR2 5 0.2048 wR2 5 0.1256
Goodness-of-fit on F2 [b] 1.037 1.039

[a] R1 5 Σ|Fo 2 Fc|/Σ|Fo|; wR2 5 [Σw(F0
2 2 Fc

2)2/ΣwFo
4]1/2. [b] S 5 [Σw(F0

2 2 Fc
2)2/Σ(n 2 p)]1/2.

Eur. J. Inorg. Chem. 2002, 9502956952

1 x/3)/(3 2 x/3)]. Thus, the experimental angles yield an
estimation of x 5 0.73, showing a distinct redistribution of
s vs. p character compared to the sp3 reference.

Compound 2 may be prepared by two different routes.
The more straightforward method involves the addition of
two equiv. of pzH[44] and pzK[45] each to MgBr2 in THF
(Scheme 2). The product is soluble in most organic solvents,
including hexane and toluene. Compound 2 may also be
prepared by the addition of water to a hexane solution con-
taining [{Mgpz2}2], a species recently reported by Win-
ter.[29] During the reaction with water, a white precipitate is
formed and 2 is found exclusively in solution. Evaporation
of the solvent gave pure 2 in 40% yield (based on the
amount of pzK). The 1H NMR spectrum in C6D6 of the
precipitate shows six different signals in the tBu region
pointing to a mixture of compounds. At this point it is un-
clear whether one of these species is the compound
[Mg4(µ4-O)(µ-pz)6], similar to 1, although mass spectro-
metry points to its existence.[46] An interesting experiment
would be a similar reaction with the triazolato ligand to
find out whether water is the oxo anion source; however
tzK and MgBr2 do not react at all in toluene or hexane due
to their insolubility in these solvents.

The solid state structure of 2 determined by X-ray crys-
tallography shows the magnesium atom tetrahedrally sur-
rounded by two η1-coordinated pyrazole and two pyrazol-
ato ligands. Figure 2 shows an ORTEP view of 2, crystallo-
graphic data are given in Table 1 and selected bond lengths
and angles in Table 2. A particular feature are the intramo-
lecular hydrogen bonds between two pairs of different li-
gands [N(4)2H(4)···N(2) 2.7448(17) Å, 153(3)°] preventing
the possibility of η2-coordination [Mg(1)2N(1) 2.038(1) Å
vs. Mg(1)2N(2) 2.737(1) Å] although a preference for such
a coordination even in a sterically congested six-coordinate
species has been previously found.[29]
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Table 2. Selected bond lengths (Å) and angles (deg) for 1 and 2

Complex 1

Mg(1)2O(1) 1.950(2) Mg(2)2O(1) 1.941(2)
Mg(3)2O(1) 1.937(2) Mg(4)2O(1) 1.944(2)
Mg(1)2N(1) 2.065(3) Mg(1)2N(4) 2.058(3)
Mg(1)2N(7) 2.062(3) Mg(1)2Mg(2) 3.167(2)
Mg(1)2O(1)2Mg(2) 108.97(10) Mg(1)2O(1)2Mg(2) 108.62(10)
O(1)2Mg(1)2N(1) 100.71(11) O(1)2Mg(1)2N(4) 98.90(10)
O(1)2Mg(1)2N(7) 100.42(10) N(1)2Mg(1)2N(4) 117.16(12)

Complex 2

Mg(1)2N(1) 2.038(1) Mg(1)2N(2) 2.737(1)
Mg(1)2N(3) 2.202(1) Mg(1)2N(4) 2.957(1)
N(2)···H(4)2N(4) 2.7448(17) N(2)···H(4)2N(4) 154(3)
N(1)2Mg(1)2N(3) 105.77(5) N(1)2Mg(1)2N(1A)[a] 118.24(8)
N(1)2Mg(1)2N(3A)[a] 103.39(5)

[a] Equivalent atoms ‘‘A’’ generated with: 2x, y, 2z 1 1/2.

Figure 2. Molecular view of [Mg(pz)2(pzH)2] (2)

The 1H NMR spectrum of 2 at room temperature shows
broad resonances for one kind of ligand, indicating a dy-
namic process. As the sample was cooled to 183 K the in-
dividual resonances of the four tBu, two CH and one NH
protons appeared, consistent with the structure in the solid
state at 133 K (Figure 3). The temperature dependent be-
havior of the tBu region can be modeled with two separate
exchanges A1oB1 with rate constant kτ (coalescence tem-
perature ø243 K) as well as A1(B1)oA2(B2) with rate con-
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stant kH (coalescence temperature ø290 K) (Figure 3).
This is consistent with a rapid interchange of the A1 and
B1 signals of the deprotonated ligand. The process coales-
cing at higher temperatures corresponds to the exchange
of the bridging proton between different ligands inter-
changing A1 in A2 and parallel B1 in B2 (with equal rate
constant kH).

The rates were measured by line shape analysis by solving
the following matrix:[47249]
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Figure 3. a) Variable temperature 1H NMR spectra (500 MHz, [D8]toluene) of 2 showing the tBu resonances; b) computer simulated
spectra and proposed kinetic processes

where ν denotes the chemical shift of the four types of pro-
tons.

The real part of the eigenvalues corresponds to the posi-
tion of the peaks, while the imaginary part corresponds to
their bandwidths. The solutions of this matrix were used to
form the spectrum as the sum of four Lorentzian peaks. In
addition, a slight shift of the barycenter of the experimental
signals with temperature required a linear adjustment αT,
which was added to each diagonal element. This is probably
due to a general modification of the average Mg2N bond
lengths with temperature. Targeting only a qualitative simu-
lation, kinetic terms corresponding to spin-lattice relaxation
were not ascribed. Both the chemical shift ν and the rate
constant k have the common meaning of a frequency and
therefore, in this case, k is defined in units of the chemical
shifts. The coalescence appears when the frequency of the
chemical exchange becomes similar to those of the mag-
netic resonance.

A fit of the chemical rate constants to the Arrhenius
equation yielded activation energies of Eτ 5 8.3 kcal/mol
and EH 5 15.2 kcal/mol; use of the Eyring form gave sim-
ilar results (Eτ 5 8.0 kcal/mol and EH 5 14.7 kcal/mol).
The low value of Eτ points to an interchange of the two
N atoms of the deprotonated ligand via η2-coordination.
Surprisingly, in previously reported magnesium η2-pyrazol-
ato complexes dynamic processes were proposed, but seem
to be faster than the NMR time scale.[29] The value of EH

is consistent with a facile exchange of the proton between
two ligands favored by an N2H···N hydrogen bond estab-
lished in the low temperature structure. These intramolecu-
lar rearrangements are complex processes at the quantum
level. However, the employed classical rate laws allow a
semi-quantitative statement that, due to the possible η1-
and η2-coordination modes, the pseudo-rotation of the de-
protonated ligand is more rapid than the intramolecular
proton exchange.

Eur. J. Inorg. Chem. 2002, 9502956954

Conclusion

Here, we present a µ4-oxo tetranuclear main group metal
compound with azolato ligands. Due to the lack of d-elec-
trons, compound 1 represents a model for this structural
prototype allowing the conclusion that the forces to build
this structure pattern are mainly of an ionic nature and that
d-d electron interactions seem not to play a role. In addi-
tion, our investigations of 2 offer an illustration for the
paradigm used in supramolecular concepts stating that hy-
drogen bonds and coordination effects compete in the same
range of bonding energies.

Experimental Section

General Remarks: All preparations were carried out under an atmo-
sphere of dry nitrogen. All common reagents and solvents were
purchased from commercial suppliers and used without further
purification unless otherwise indicated. Melting points were deter-
mined on a Büchi B-540 melting point apparatus in sealed glass
tubes and are uncorrected. NMR spectra were recorded on Bruker
Avance 200 or Bruker Avance 500 spectrometers. The chemical
shifts are referenced to external SiMe4.

tzH: 4-NH2-3,5-iPr2-triazole was synthesized according to a pub-
lished method from iPrCOOH and hydrazine hydrate at 180 °C.
Subsequently, a solution of 4-NH2-3,5-iPr2-triazole (4.28 g, 0.025
mol) in aqueous HCl (6 , 5.5 mL ) was treated with a solution of
NaNO2 (2.01 g, 0.029 mol) in 30 mL of water and stirred until
evolution of N2 ceased. The temperature was kept in the range
20230 °C by occasional cooling with an ice bath. After neutraliza-
tion, extraction with CH2Cl2 and evaporation of the solvent the
pure product was obtained as colorless crystals (3.42 g, 88%). m.p.
154 °C. 1H NMR (C6D6, 200.1 MHz):δ 5 12.98 (br. s, NH, 1 H),
3.19 [hept, CH(CH3)2, 2 H], 1.35 [d, CH(CH3)2, 12 H]. 13C NMR
(C6D6, 125.8 MHz):δ 5 164.0 (C ring), 27.6 [CH(CH3)2], 21.5
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[CH(CH3)2]. C8H15N3 (153.2): calcd. C 62.71, H 9.87, N 27.42;
found C 62.79, H 9.61, N 27.23.

tzK: A solution of tzH (1.65 g, 10.8 mmol) in 60 mL of THF was
treated with one equivalent of potassium metal (0.43 g). The solu-
tion was stirred under reflux for 5 h after which all the metal had
reacted. The solvent was removed under reduced pressure to give
the product as a white powder that was pure enough for further
reactions (1.92 g, 93%). m.p. . 300 °C 1H NMR (CD3CN,
200.1 MHz):δ 5 2.84 [hept, 2 H, CH(CH3)2], 1.18 [d, 12 H,
CH(CH3)2]. C8H14KN3 (191.3): calcd. C 50.22, H 7.38, N 20.44;
found C 49.88, H 7.29, N 20.42.

[Mg4(µ4-oxo)(µ-tz)6] (1): Freshly distilled THF (20 mL) was added
to a mixture of MgBr2 (0.21 g, 1.14 mmol) and tzK (0.43 g,
2.25 mmol). The resulting suspension was stirred for 48 h at room
temp. The fine precipitate was then centrifuged and the solution
decanted. After evaporation of the solvent to a volume of approx-
imately 10 mL, colorless crystals of 1 formed overnight (0.11 g,
38% based on Mg). 1H NMR (CD3CN, 200.1 MHz, room temp.):
δ 5 3.07 [sept, 3JH,H 5 7 Hz, 2 H, CH(CH3)2], 1.16 [d, 3JH,H 5 7,
12 Hz, CH(CH3)2]. 13C NMR (CD3CN, 125.8 MHz, room temp.):
δ 5 171.11 (C ring), 29.71 [CH(CH3)2], 23.13 [CH(CH3)2].
C48H84Mg4N18O (1026.5): calcd. C 56.16, H 8.25, N 24.56; found
C 55.78, H 8.41, N 24.03.

[Mg(pz)2(pzH)2] (2): Freshly distilled THF (20 mL) was added to a
mixture of MgBr2 (0.16 g, 0.87 mmol), pzK (0.38 g, 1.74 mmol)
and pzH (0.31 g, 1.72 mmol). The resulting suspension was stirred
for 48 h at room temp. The solvent was then removed under re-
duced pressure and the resulting white residue was extracted with
hexane. After removal of hexane, the powder was recrystallized
from toluene at 225 °C to give 2 as colorless crystals (0.21 g, 32%).
1H NMR (C6D6, 500.1 MHz, 193 K): δ 5 13.22 (s, 1 H, NH), 6.15
(s, 1 H, CH), 6.05 (s, 1 H, CH), 1.60 [s, 9 H, C(CH3)3], 1.54 [s, 9
H, C(CH3)3], 1.22 [s, 9 H, C(CH3)3], 1.16 [s, 9 H, C(CH3)3].). 13C
NMR (C6D6, 125.8 MHz, room temp.): δ 5 159.57 (CH ring),
98.72 (C ring), 31.76 [C(CH3)3], 30.991 [C(CH3)3]. C44H78MgN8

(743.5): calcd. C 70.25, H 10.54, N 14.90; found C 70.70, H 10.52,
N 14.96.

X-ray Crystal Structure Analysis: The data were collected on a Stoe
IPDS II-array detector system instrument with graphite-monochro-
mated Mo-Kα radiation (λ 5 0.71073 Å). The structures were
solved by direct methods and refined against F2 on all data by full-
matrix least-squares procedures with SHELX-97.[50]

1: To verify the complex composition of 1·10THF and especially
the connectivity in the 10 solvent molecules, complete crystal struc-
ture determinations were carried out with five different crystals.
The best results are presented in this paper. All THF molecules are
disordered and refined with restraints. In the Mg4 unit two iPr
groups are disordered.

CCDC-166225 (1) and CCDC-166226 (2) contain the supplement-
ary crystallographic data for this paper. These data can be obtained
free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html [or
from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, UK; fax: (internat.) 144-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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