Chemical
cience

rsc.li/chemical-science

ROYAL SOCIETY
OF CHEMISTRY

ISSN 2041-6539

EDGE ARTICLE

Magnus R. Buchner et al.

Speciation of Be?" in acidic liquid ammonia and formation of
tetra- and octanuclear beryllium amido clusters

Volume 1
Number 21

7 June 2020
Pages 5349-5602




#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Speciation of Be?* in acidic liquid ammonia and
formation of tetra- and octanuclear beryllium
amido clustersy

{ ") Check for updates ‘

Cite this: Chem. Sci., 2020, 11, 5415

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Matthias Muller,? Antti J. Karttunen® and Magnus R. Buchner (2 *2

The hexa-p,-amido-tetraammine-tetraberyllium compounds [Be4(NH,)s(NH3) 41X, (X = CL, Br, I, CN, SCN,
N3) have been prepared from beryllium metal and NH4X or [Be(NH3)4]1X; in liquid ammonia at ambient
temperature. The obtained compounds feature an adamantyl shaped complex cation, which was
examined via X-ray diffraction, IR, Raman and NMR spectroscopy. The speciation in solution was studied
via N labeling experiments supplemented with quantum chemistry. Hereby, the intermediates
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acetimidoylacetamidinato-N,N')-beryllium(i), when [Be4(NH;)s(NHs)
While the unprecedented octa-nuclear complex cation [BegO(NH>)12(CsHsN)
pyridine. This cluster proves that the [Be,O
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1 Introduction

Over the last decades, beryllium chemistry has been consider-
ably encumbered by concerns over its severe toxicity."* This is
due to the development of berylliosis, a severe lung disease, in
some people who have inhaled minute amounts of beryllium
containing dust.®* While the physiological processes liable for
the development of beryllium related diseases are relatively well
understood,* this can not be said for the underlying molecular
mechanisms.®> This is mainly caused by the lack of simple
beryllium compounds with low-molecular, bio-relevant ligands,
like amino acids.” The obstacle for the synthesis of these model
systems is mainly due to solubility problems of either the
ligands or the beryllium precursor. In general, bio-molecules
are well soluble in aqueous media at physiological pH values.
However, in this pH range the dominating beryllium species is
Be(OH),, which is practically insoluble, under these condi-
tions.” If more acidic or basic solutions are used, aqueous
beryllium chemistry is dominated by aqua and hydroxide
complexes and the huge excess of water present, often prevents
the coordination of the investigated ligands.® Therefore,
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1+ core can be stabilized without bidentate O-donor ligands.

another, water related solvent system is needed, which exhibits
hydrogen bonding as well as autoprotolysis, but coordinates
significantly weaker to the Be*" ion.

Liquid ammonia is quite similar to water concerning its
solvent properties® and is able to dissolve organic molecules like
amino acids as well as beryllium salts readily.” Therefore, it is
a promising solvent to simulate the aqueous conditions in vivo,
without the solubility issues in H,0O. Analogous to this,
Be(NH,), represents a suitable model for Be(OH),, which is the
most likely beryllium species to be taken up by an organism.®
Additionally, Be(NH,), is a potential starting material to gain
access to homoleptic beryllium compounds with bio-relevant
ligands, because it should cleave off NH; when treated with
protic compounds. This would enable the study of the toxicity of
beryllium from a coordination chemist's point of view, without
the generation of non-volatile byproducts. This is of particular
importance, since beryllium chemistry is commonly restricted
to the use of the beryllium halides as starting materials. While
they are readily prepared from the elements and relatively easy
to handle,’ they come with several drawbacks. The presence of
halide ions often leads to the formation of halide salt as
byproducts, which can hardly be removed if the beryllium
complex is insoluble in non-coordinating or aprotic solvents.
Though, this is the common case if bio-relevant ligand systems
are investigated.

Complex cations are postulated to be the species liable for
the formation of beryllium associated diseases.'®** Yet here
another problem with the use of beryllium halides emerges,
since the halide anions can hardly be cleaved completely.™>'*
This obstacle is most prominent for BeF,. Here, the Be-F bond
is so strong that there is no compound known, that could
abstract the fluoride from the Be®" cation. Even an excess of H,O
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or NH; is just enough to recrystallize BeF, or form simple
solvent adducts.">*® This is less pronounced in the other
halides, but still present. There are plenty of adducts of BeCl,
and even an excess of ligand does not always lead to displace-
ment of the halides.”*® Thus, routes to related beryllium
precursors with more weakly coordinating counter-ions are
desirable.

In general the solution behaviour of (pseudo) main group
metals in liquid ammonia is little investigated, with exception
of the first row. This chemistry is dominated by mononuclear
complex cations and anions.'”** Recently, we reported on the
chemistry of beryllium metal in either acidic or basic liquid
ammonia. Thereby, we obtained the tetraammineberyllium
salts [Be(NHj3)4]X, (X = Cl, Br, I, CN, SCN, N3), when the metal is
exposed to NH,X.” On the other hand, [Be(NH,),]* ", [Be(NH,);]~
and Be(NH,), can be isolated when metallic beryllium is reacted
with the alkali metals in ammonia.>* However, in order to utilize
the ammonia solvent system as an adequate model for physio-
logical, aqueous conditions, more insights into the pH-
dependent speciation in liquid NH; are mandatory. Accord-
ingly, we explored the boundaries of the oxidation of beryllium
metal in acidic ammonia solutions and the subsequent
formation of beryllium amido compounds.

2 Results and discussion

When an excess of beryllium was reacted with ammonium salts
in liquid ammonia at ambient temperature we observed a vivid
evolution of dihydrogen, analogous to the synthesis of
[Be(NH,),]X,.” Different to the [Be(NH;),]*" salts, where clear,
colorless solutions were obtained,” the reactions stop after
several days with significant amounts of beryllium left in the
reaction tubes. During the course of the reactions between
beryllium and NH,X (X = Cl, Br, I, CN, SCN, Nj;), whereas
NH,CN and NH,N; were generated in situ through the use of
TMS-CN and TMS-N; respectively, cuboctahedral single crystals
grew on top of the beryllium chips. The same observation was
made, when BeCl,, BeBr, or Bel, were reacted with beryllium
metal in liquid NH;. The single crystals were isolated at —78 °C
and analyzed via X-ray diffraction.

The hexa-p,-amido-tetraammin-tetraberyllium(n) cation
([Be(NH,)s(NH;)4]**, 1) was obtained from all these reactions
(Scheme 1). Within cation 1 four beryllium atoms are p,-linked
via six amido ligands to form an adamantyl-shaped complex
cation in which the tetrahedral coordination around the beryl-
lium cations is completed by four ammine ligands in total, as
depicted in Fig. 1.

The structural motif of cation 1 is known from the aqueous
chemistry of beryllium in the form of the decahydroxido-
tetraberyllium-dianion [Bey(OH),]>~ (ref. 25) as well as from

NH; r.t.
[Be(NH3)4]X; + 3 Be A’ [Bea(NH2)g(NH3)4]X2 + 3 Hp

Scheme 1 Synthesis of la—f through oxidation of beryllium in the
presence of [Be(NHz)4]X; in liquid NHz at ambient temperature. X = Cl
(a), Br (b), I (c), CN (d), SCN (e), Nz (f).
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Fig. 1 Molecular structure of the [Be4(NH,)g(NHz)42* cation (1) of 1a.
Ellipsoids are depicted at 70% probability at 100 K. Hydrogen atoms are
depicted with arbitrary radii.

the solid state structure of Be(NH,),,>® in which adamantyl-
shaped [Be,(NH,)s]*" fragments are linked via p,-[NH,]~
anions to each other similar to $-BeCl,.>” Therefore, cation 1 is
not an unusual coordination polyhedron for ionic beryllium
compounds. The Be-NH, atomic distances in the cations 1
range from 1.703(16) to 1.73(1) A. This is in the range of the Be-
NH, atomic distances (1.707(3)-1.744(4) A) reported for the
[Be(NH;),]*" cation.”?® Compared to those, the corresponding
Be-NH; atomic distances in 1 (1.78(2)-1.807(2) A) are signifi-
cantly longer. We assume that these distinct elongated atomic
distances are due to a strong interaction between Be>* and p,-
[NH,] . Fig. 2 illustrates the Be-N atomic distances towards
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Fig. 2 Box-plot of Be—NHsz atomic distances (light blue; 1.78(2)-
1.807(2) A) and Be~[NH,]~ atomic distances (blue; 1.703(16)-1.73(1) A)
in compounds 1a—f. Be—NHz atomic distances in [Be(NHx)4%* (gray
area; 1.707(3)-1.744(4) A).72
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NH; and p,-[NH,] " in the cations 1 depending on the counter-
ion. Here it becomes evident that despite numerous hydrogen
bonds among the ions, no significant influence on the Be-N
atomic distances is discernible.

As similar as the cations are, they crystallize differently due
to the variety of anions and crystal ammonia contents. Thus
[Bes(NH,)s(NH;),4]Cl,-4NH;  (1a) and  [Bey(NH,)s(NH;)4]
Br,-4NH; (1b) crystallize isostructurally in the trigonal space
group P3 (143), while the iodide compounds were
obtained as [Be,(NH,)s(NH3)4]I,-6NH; (1c¢) in C2/c (15) or as
[Be4(NH,)s(NH;),]I,-9NH; (1¢/) in P3 (143), depending on the
reaction temperature. The nona-ammoniate 1¢’ was obtained
when the reaction was performed at ambient temperature within
days while the hexa-ammoniate 1¢ was formed at —40 °C in the
course of several weeks. This proves that this reaction can also be
carried out at lower temperatures. [Bey(NH,)s(NH;3),](CN),-4NH;
(1d) crystallizes isopointal to the chloride and bromide compound,
under the assumption that the center of gravity of the
cyanide anions occupy the Wyckoff positions of the halide anions.
[Be4(NH,)s(NH3)4](SCN), - 3NH; (1e) crystallizes in the monoclinic
space group P2,/c (14) and [Bey(NH,)s(NH;)4](N3), - 6NH; (1f) crys-
tallizes in the monoclinic space group C2/c (15) quite similar to 1c.
Projections of the unit cells of 1a—f are shown in Fig. S1-S7 of the
ESLt

After the extraction of several single crystals from the reac-
tion tubes of 1a-f at —78 °C under argon atmosphere, the tubes
were sealed again and thawed to ambient temperature. The
remaining ammonia was released at ambient temperature,
whereby the crystals turned opaque due to the loss of their
crystal ammonia. The remains of the single crystals where used
for IR and Raman spectroscopy as well as X-ray powder
diffraction. It turned out that they were all amorphous. Their IR
and Raman spectra are similar to each other and are depicted in
ESI Fig. S14 and S17-S21.f They show ammine and amide
bands as well as the characteristic bands of CN~, SCN™ and N3,
respectively.

We did not observe further aggregation to larger clusters in
the course of these reactions, even when a significantly larger
excess of beryllium metal was used or the reaction times were
prolonged. Therefore, cation 1 is the final product of the
oxidation of beryllium in ammonia in presence of ammono
acids like ammonium salts NH,X (X = Cl, Br, I, CN, SCN, N;) or
beryllium halides. When [Be,(NH,)s(NH3)4]X, (X = Cl, Br, I) and
M(NH,) (M = Na, K) were reacted in liquid ammonia at ambient
temperature, we were not able to isolate a distinct compound
other than the starting materials. Thus, a substitution of the
ammine through amide ligands to synthesize Be(NH,), or
a [Be4(NH,)10]>~ anion, analogous to [Bes(OH);,]>, seems not
feasible under the applied conditions.>

2.1 Speciation in solution

To gain more insight into the solution speciation and to find out
if the [Be,(NH,)6(NH;),]** cation is also stable in solution or if it
is formed exclusively in solid state, the remains of the single
crystals of 1a-f were flame sealed together with approx. 0.2 mL
of liquid ammonia in thick-walled NMR tubes. Their NMR

This journal is © The Royal Society of Chemistry 2020
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spectra were recorded at ambient temperature. Thereby, we only
observed signals for the iodide compounds, as the others
remained in solid state with no observable solubility in NH;. 1c
and 1¢ exhibit a °Be NMR signal at 4.5 ppm (wy,, = 4.4 Hz). In
their "H NMR spectrum a singlet at —0.49 ppm (wy, = 10.9 Hz)
corresponds to the amido ligands while no signal for the cor-
responding ammine ligands is observed. As evident from the
single crystal data, the Be-NH; bond is much weaker than the
Be-[NH,|™ bond. Therefore, we assume that there is a vivid
exchange between ammine ligands and ammonia that is fast on
the NMR timescale and the averaged signal is almost equal to
that of ammonia due to the huge excess of free NH;.

Based on the obtained spectra of 1c¢ additional NMR exper-
iments were performed to find out whether intermediates
between known [Be(NH;),]*" and 1 exist. Accordingly 0.25-4 eq.
of Be were reacted with 1 eq. of Bel, in liquid ammonia (see also
ESI Table S17). For this, the flame sealed NMR tubes with the
corresponding Be/Bel, mixtures in liquid NH; were stored for
several days in a sealed container to ensure that the reactions
were complete and the generated beryllium species were in
equilibrium with each other. This also ensured that the NMR
tubes could withstand the pressure of the formed dihydrogen,
which could otherwise have led to the explosion of the NMR
tubes inside the spectrometer. All recorded "H and *Be NMR
spectra are shown in Fig. S10.T We observed a singlet at 4.3 ppm
(w1, = 60.3 Hz) in the '"H NMR spectrum and a singlet at
3.3 ppm (w1, = 2.3 Hz) in the °Be NMR spectrum when Bel, was
dissolved in liquid NH;, which is assigned to [Be(NH;),]*" in
accordance to the literature.”® Exchange spectroscopy (EXSY)
revealed interchange between coordinated ammine ligands and
the solvent (ESI Fig. S12t). Since the Be-NH; bond in 1 is
significantly weaker than in [Be(NH;),]**, as evident from the
Be-N distances in the solid state, ammine ligand dissociation in
1 should be easier. This explains why no signal corresponding
to Be-bound ammine was observed in the "H NMR spectrum
of 1.

If beryllium metal was added step by step, three additional
signals emerged in the °Be NMR spectra at 3.7, 4.1 and 4.5 ppm,
two of which (3.7 and 4.1 ppm) plus the signal of [Be(NH;),]**
disappeared when 3 eq. of Be were added. The only remaining
signal corresponded to cation 1. Addition of more Be did not
alter the spectra and unreacted metal remained in the NMR
tubes. This is in accordance with our observations in the
previous section. The two signals appearing in the interim at 3.7
(w1, = 4.3 Hz) and 4.1 ppm (w4, = 5.7 Hz), which are clearly
noticeable in the °Be NMR spectra of 0.25 eq. and 0.5 eq. Be with
1 eq. Bel, in NH; (Fig. 3) correlate with two intermediates on the
way to cation 1. The corresponding 'H NMR spectra showed
signals of one beryllium coordinated ammine at 3.69 ppm and
one beryllium coordinated amide at 0.28 ppm in solution,
which belong to the two intermediates respectively. However
based on these spectra we could not identify the nature of these
species.

To obtain more information on these intermediates, four of
the NMR experiments were repeated in >N enriched ammonia
(99.9% "°N). The recorded 'H and "N NMR spectra in '>NHj are
shown in Fig. 3 (for Be NMR spectra in "’NH; see ESI Fig. S97).

Chem. Sci., 2020, M, 5415-5422 | 5417
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Fig. 3 'H, °Be & >N NMR spectra of four Be/Bel, mixtures in liquid **NHz and *>NHs respectively. Species are assigned via color code. Chemical

shift ¢ is given in ppm.

In the °Be spectrum of [Be(*’NH;),]*" we do not observe Jgn
coupling, which is presumably due to exchange between the
ammine ligands and '>NHj;. This exchange is also observed in
the °Be NMR spectrum of 1. Therefore, we do not observe a /e
coupling towards the ammine ligands. However, the observa-
tion of a quartet at 4.6 ppm (q, Jgen = 5.3 Hz) in the °Be
spectrum (ESI Fig. S97) clearly shows that three amido ligands
are bound to each beryllium nucleus. This proves the existence
of cation [Be,("’NH,)s(*’NH;),]*" in solution. However, this
coupling is not observed in the proton decoupled >N NMR
spectrum, since the resolution is to low to resolve the expected
septet caused by coupling to two beryllium nuclei. Only the
signal for the [NH,]~ ligands of the [Be,("’NH,)s("’NH,),]*"
cation is observed at 14.3 ppm (w;, = 19.7 Hz), while the
ammine ligands exhibit fast exchange with free ammonia.
Therefore, the chemical shift of the averaged signal is again
almost equal to that of ammonia. The >N NMR signal of the
[Be(*>NH3),]** cation emerges at 18.9 ppm (wy,, = 27.8 Hz). For
the intermediates only two signals at 12.8 ppm (w;, = 22.0 Hz)
and 21.6 ppm (w,/, = 9.6 Hz) are present. The "H NMR spectra
in "’NH; show doublets at —0.40 ppm (d, “/xy = 57.8 Hz) for
[Bes(*’NH,)s(*°NH;),]** and at 4.38 ppm (d, “Jnu = 67.40 Hz) for
[Be(*>NH;),]*". However, the 'Jyy coupling of the latter
collapses as soon as beryllium metal is introduced. Surprisingly,
the “Jyu coupling of the intermediate signals at 0.28 ppm (d,
YJxu = 56.4 Hz) and 3.69 ppm (d, “Jxu = 59.46 Hz) persists. The

5418 | Chem. Sci, 2020, 1, 5415-5422

reason for these observations might be caused by proton
exchange between [NH,]” and NHj;. Therefore, the “Jyu
coupling of the weaker bound NH; collapses as soon as [NH,]|~
ions are present in solution.

To evaluate, whether anionic beryllium amide species were
present in solution, we dissolved K[Be(NH,);***° in "’NH; and
examined it NMR spectroscopically. This compound shows one
singlet at 12.2 ppm (wy,, = 12.0 Hz) in the °Be NMR spectrum.
This huge down-field shift compared to the species described
above, shows that the trigonal planar coordination around the
Be nucleus is retained in solution. In the 'H and >N NMR
spectra no signal other than that of ammonia emerges
(Fig. S11t). This suggests that, in contrast to the species
observed above, the amido ligands are bound weakly. Dissoci-
ated amido ligands then easily deprotonate ammonia, which
leads to an averaged signal for all amido ligands and ammonia.
This low Be-NH, bond strength is presumably caused by the
negative charge of the complex ion. This should also be the
reason why [Be(NH,);]~ remains three-coordinated in the
presence of a huge excess of NH;. Thus, we can exclude the
presence of anionic beryllium amide species during the
formation of complex cation 1.

Based on these observations we propose a plausible reaction
pathway for the formation of 1 from beryllium metal and
[Be(NH;),]*" (Scheme 2). At first ammono acidic [Be(NH;)4]**
reacts with one eq. Be under H, formation. This generates one

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Reaction pathway from [Be(NHs3)41%* to 1 via three inter-
mediates observed in the NMR spectra (Fig. 3). The assignment is based
on their experimental (purple) and calculated (red) °Be NMR chemical
shifts.

free amido ligand and p,[NH,]” bridged dinuclear [Be,(-
NH,)(NH;)s]*" (2). 2 would still have strongly bound ammine
ligands, which should not exchange with free NH;. Therefore,
the respective signals at 3.69 and 21.6 ppm in the 'H and N
NMR spectra are assigned to the ammine ligands of 2. This is
supported by the large 'Jyy; coupling constant, which is close to
the one observed for [Be(NH;),]** and is indicative for a stronger
N-H bond than in [NH,] . Accordingly the °Be NMR signal at
3.7 ppm is also ascribed to 2. We assume that the "H NMR
signal of the p,-[NH,]  group is covered by the solvent signal,
while the respective >N NMR signal is too weak and broad for
observation. This is also supported by quantum chemistry,
which gives Be-NH, distances of 1.76 A for 2, which are longer
than in 1.

2 reacts with a further eq. of Be under H, evolution to tri-
nuclear [Be;(NH,);(NH;)s]*" (3a). This complex constitution is
supported by numerous examples of six-membered beryllium
heterocycles.”®**** 3a should already have relatively weak Be-
NH; bonds, which leads to exchange between the coordinated
ammine and free NH; in solution. Therefore, no ammine signal
is expected in the NMR spectra. On the other hand the p,-
[NH,]™ groups should be strongly bound, like in 1. This is also
supported by the computational Be-NH, distance of 1.73 A
which is almost identical to the corresponding distances
calculated for 1. The [NH,]” moieties of 3a account for the
signals at 0.28 and 12.8 ppm in the 'H and "N NMR spectra,

This journal is © The Royal Society of Chemistry 2020
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respectively. Accordingly the °Be NMR signal at 4.1 ppm belongs
to 3a. We can not exclude that 3a is in equilibrium with the
dinuclear cation [Be,(NH,),(NH;),]*" (3b), since this would
exhibit the same NMR signals and there are also some examples
of four-membered beryllium heterocycles.'®**** However, we
regard 3a the more probable intermediate since reaction with
one eq. Be and the free amido ligand, which was generated in
the first step, results in the formation of 1 without further
byproducts. Scheme 2 shows all plausible species, which are
assigned to the signals in the NMR spectra in Fig. 3.

We also investigated the reaction pathway and NMR chem-
ical shifts presented in Scheme 2 using quantum chemical
methods (computational details for the DFT-PBEO/def2-TZVP
calculations are available in the ESIt). The optimized geom-
etry of cation 1 shows excellent agreement with the available
experimental structural data. In the case of cation 1 of 1a, the
predicted Be-NH, distance is 1.72 A which compares very well
with the experimental range of 1.703(16)-1.73(1) A. For the
longer Be-NHj distances, the predicted value 1.82 A is also in
line with the experimental range of 1.78(2)-1.807(2) A. The
predicted “Be NMR shifts shown in Scheme 2 strongly support
the experimental assignment of the NMR signals. The predicted
NMR shifts are slightly overestimated compared to the experi-
mental values, but the overestimation is very systematic and the
relative trends of the experimental and computational NMR
shifts are in good agreement.

2.2 Reactivity

Since the ammine ligands of 1 are only weakly bound to the
beryllium cations, we were curious if they could by substituted
by other N-donor solvents and whether this would break the
adamantyl-shaped cation and give access to more beryllium
amido compounds. So, [Be,(NH,)s(NH3),]I,, which showed
a reasonable solubility in ammonia, was treated with various
solvents.

The suspension of 1¢’ in pyridine resulted in a vivid evolu-
tion of ammonia and a mucilaginous precipitate. The suspen-
sion was heated to 80 °C for several days. Thereby, column
shaped crystals grew in the upper part of the reaction tube,
while considerable amounts of precipitate remained
unchanged and no signals were observed in the °Be NMR
spectra of that solution. The single crystals were isolated
for X-ray diffraction and IR spectroscopy and consist of
[OBeg(NH,)15(py)a]l2 - 5py (4), whose cation is depicted in Fig. 4.

This beryllium-oxy-amide cluster contains a central [OBe4]®"
unit with Be-O atomic distances of 1.671(4) & 1.678(4) A, equal
to those in Dberyllium-oxy-carboxylates.’”?®* Besides the
beryllium-oxy-carboxylates there is also an oxy-nitrate** and an
oxy-carbonate known.** Cation 4 is the first oxy-amide of
beryllium that has the [OBe,]°" core and only the second
described beryllium-oxy-amide. The other is a linear beryllium-
oxy-amide anion ([OBe,(NH,)4]*"), in which the Be-O atomic
distance of 1.502(2) A is significantly shorter than in 4.2* The
[OBey°" core in 4 is surrounded by twelve amido
ligands which form a distorted icosahedral anionic fragment:
[OBe4(NH,)1,]°". The Be-N atomic distances towards the central
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Fig. 4 Build-up of the molecular structure of the [BegO(NH>)12(py)

2
%"
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oA \Be-pyje-

cation of 4. Ellipsoids are depicted at 70% probability at 100 K. Hydrogen

atoms are depicted with arbitrary radii. In the structure on the right carbon atoms are shown as wire frame and hydrogen atoms are omitted for

clarity.

beryllium atoms, that are coordinated by the p,-oxido ligand
and three amido ligands each, range from 1.733(4) to 1.770(4) A
which tends to be longer than the corresponding distances in 1.
Cation 4 is completed by four [Be-py]** fragments (py = pyri-
dine), that are arranged tetrahedrally around the icosahedral
[OBe,(NH,)1,]°~ fragment. The outer four beryllium atoms are
coordinated by three p,-amido ligands and one pyridine mole-
cule each. For those beryllium atoms the Be-N atomic distances
towards the amido ligands are 1.690(4)-1.702(4) A, which is
significantly shorter than the corresponding distances towards
the inner beryllium atoms and also shorter than the Be-N
atomic distances in 1 by tendency. The Be-N atomic distances
towards the pyridine ligands are 1.828(4) & 1.836(4) A, therefore
much longer than those reported for Be-py bonds in BeCl,(py),
(1.741(5) & 1.758(5) A)"” and [Be(py).]*" (1.723(8)-1.738(8) A).**
The complex cation of 4 is most comparable to compounds in
which a tetrahedral [0Zn,]** or [0Co,]®" unit is coordinated by
twelve p,-2-aminoethanethiolate ligands, which in turn coor-
dinate to four additional metal cations in total.**** However, to
the best of our knowledge there is no directly comparable
compound known. Additionally this cluster proves that
a [Be,O]°" core can be stabilized without bidentate O-donor
ligands. The p,-O*" anion in 4 most likely originated from water
that was present in insufficiently dried pyridine according to
Scheme 3. Apart from the obtained single crystals a consider-
able amount of amorphous precipitate was left in the reaction
tube from which we were not able to determine the
composition.

In the case of the treatment of 1¢’ with NEt; no reaction was
observed and 1c¢’ remained unchanged even after the mixture
was heated to 100 °C for several days. For ethylenediamine we
observed a vivid evolution of ammonia as soon as it came into
contact with 1¢ and an amorphous, voluminous precipitate was

o

py, 80 °C
2 [Beg(NHz)s(NH3)g]l, + 1 H,0 [OBeg(NH2)12(py)allz + 2NH,l

Scheme 3 Reaction of 1c’ in pyridine (py) with traces of H,O at 80 °C.

5420 | Chem. Sci, 2020, 1, 5415-5422

formed. Attempts to recrystallize the precipitate failed and no
signals were observable via °Be NMR spectroscopy. When 1¢’
was treated with aniline, the applied powder increased in
volume without gas evolution. When this suspension was
subsequently heated to 100 °C for several weeks single crystals
of [Be(NHj3)4]I, grew on the glass wall while the suspension
turned light brown. This means that cation 1 is decomposed by
aniline under the formation of [Be(NH;),]I,. However, we could
not determine the composition of the remaining brown
precipitate. Like for ethylenediamine no °Be NMR signal was
observed.

In case of MeCN, 1¢’ seemed also insoluble. But when the
suspension was heated to 90 °C for several days, the solution
turned yellow and the starting material was completely recrys-
tallized into column shaped colorless single crystals of bis(N-
acetimidoylacetamidinato-N,N')-beryllium(u) (Be(C4HgN3),) (5)
in the tetragonal space group P4,2,2 (94). Its molecular struc-
ture is depicted in Fig. 5 in which the beryllium cation is
tetrahedrally coordinated by four nitrogen atoms of two N-

Fig. 5 Molecular structure of 5. Ellipsoids are depicted at 70% prob-
ability at 100 K. Hydrogen atoms are depicted with arbitrary radii.

This journal is © The Royal Society of Chemistry 2020
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acetimidoylacetamidinate anions. Here, the Be-N atomic
distance of 1.6897(17) A is shorter than that in BeBr,(MeCN),
(1.713(4) A)* but in the range of those in Be(NMe,), (1.57-1.75
A)* and a beryllium 2-(2-pyridyl)indole compound with Be-N
atomic distances of 1.665(5)-1.753(6) A.” The isoelectronic
Be(acac), complex shows the same coordination around the
Be>" cation but exhibits much shorter Be-O atomic distances of
1.607(3)-1.626(3) A.*

The formation of the N-acetimidoylacetamidinate anion
through the condensation of nitriles in alkaline solutions is well
known, especially in the presence of Ni*" cations that form
similar complexes, but with a square planar coordination
around the Ni atoms.*' In analogy to this hydroxy-induced
mechanism,*”' we assume that in the case of 5 an amide
anion starts the coupling according to Scheme 4. From this
follows the over all reaction equation depicted in Scheme 5.

-
HNo T = yr=NH
—=N + [NH] —> t=NH ———> NO
=== NH
Scheme 4 Amide induced coupling of acetonitrile into N-

acetimidoylacetamidinate.

.'N’.
HN  NH
90 °C 4
[Bes(NHp)g(NHg)]lp + 12 MeCN —— 3 ,Be,‘ + [Be(NH3)4ll2

HN  NH
Scheme 5 Reaction of 1c’ in acetonitrile at 90 °C.

Single crystals of 5 were dissolved in CDCl;. The recorded
NMR spectra showed compound 5 exclusively (Fig. S131) with
a singlet at 2.5 (w;, = 5.7 Hz) in the °Be NMR spectrum.
However, the N-H protons were not observed in the '"H NMR
spectrum. We assume that due to the coordination to the
beryllium cation, their signals are extremely broadened. This
broadening is also noticeable for the C-H protons. Additionally
the N-H protons should be relatively acidic. Therefore, H-D-
exchange with CDCl; might also be the cause for the absence
of the signals in the "H NMR spectrum. Especially, since the
N-H bands are clearly visible in the IR spectrum of 5 (Fig. S157).

3 Conclusion

The multinuclear complex cation [Bes(NH,)s(NH3),*" (1) is
readily obtained when an excess of beryllium metal is reacted
with NH,X (X = Cl, Br, I, CN, SCN, N3;) or beryllium halides in
liquid ammonia. Under evolution of dihydrogen, compounds
la-f are formed as cuboctahedral crystals at ambient

This journal is © The Royal Society of Chemistry 2020
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temperature. Except for the iodide compounds they show poor
solubility in NH;. Therefore, only 1c were examined NMR
spectroscopically in liquid "*NH; and "°NH;. 1 is generated
from [Be(NH;),** via two intermediates and retains its
adamantyl shaped structure in solution. The NMR signals of
the intermediates were assigned to the most likely
beryllium species using computational methods. The
successive build-up of the tetranuclear cation 1 from
[Be(NH;),]*" via a dimer [Be,(NH,)(NH;)e]*" and a ring-shaped
trimer [Bes;(NH,);(NH;)e]** emerged as the most plausible
reaction path.

To determine whether the ammine ligands can be
substituted or higher aggregated beryllium amido clusters can
be obtained, compounds la-c were reacted with alkali metal
amides in liquid ammonia at ambient temperature. From these
reactions no distinct compounds could be isolated other than
the starting materials. Treatment of 1¢’ with various N-donor
solvents in order to substitute the ammine ligands through
other N-donor ligands resulted in the formation of Be(C,HgN3),
(5) and octa-nuclear oxy-amide 4. 5 was formed by the amide
promoted coupling of acetonitrile into N-acetimidoylacetami-
dinate that subsequently coordinated to Be*" and is similar to
the isoelectronic Be(acac),. 4 was obtained when 1¢’ was treated
with pyridine. Single crystal diffraction revealed the formation
of the complex cation [BegO(NH,)15(py)a]*", which is the first
example of a cationic beryllium-oxy-amide. While its [OBe4]**
core unit is well known in the chemistry of beryllium, an
icosahedral coordination around this core by twelve anionic
ligands or the expansion into an octa-nuclear beryllium cluster
is unprecedented and is a completely new structural motif in
coordination chemistry.

Our results show that multi-nuclear beryllium complex
cations can easily be generated in liquid ammonia. Therefore,
NH; seems to be indeed the most promising solvent to obtain
beryllium complexes with bio-relevant molecules. Investiga-
tions into this direction are currently ongoing and will be pre-
sented in due course. Furthermore, there are - to the best of our
knowledge - no known NH,-bridged multinuclear compounds
of the other alkaline earth metals, zinc or aluminium.
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