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Abstract

Chemical reactions of ball-mill activated [Nbgl, ;] with alcohol solutions of Mg alcoholates result in the formation of the three
new hexanuclear Nb cluster compounds [NbgI;(HOCH;)s][Nbs(OCHj;),4]-2CH;OH (1), (PPh,),[Nbs(OC,H5);,1¢]-C,H;OH
(2) and (PPN),[Nb¢(OC,Hjs),,I¢] (3). They contain cluster anions, which have the edges of the Nb, octahedra, i.e. the inner
coordination sites, p,-bridged by the O atoms of methanolato or ethanolato ligands. Thereby, they represent further char-
acterized members of the so far very small group of hexanuclear cluster alcoholates. The terminal metal sites are bonded
to further methanolato (1) or iodido ligands (2 and 3). Sterically demanding organic cations (PPh,*, PPN*, 2 and 3) or a
cationic Nby cluster complex with terminal methanol ligands [NbgIg(HOCH;)]** in 1 compensate the negative charges
of the cluster anions. Compound 1 is the first example of a M, cluster ion pair of both the text-book known edge-bridged
[M¢X,] and face-bridged [M¢X;] cluster units. The structures of the three title compounds were determined by means of
single-crystal X-ray structure analysis.
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by strong metal-metal bonds [1, 2]. For the elements of
the fourth and fifth transition metal group, a metal atom
octahedron M, often is the basic structural motif [3—10].
Depending on the bonding of the surrounding ligands, two
different cluster types can be distinguished. The [MXg]
type denotes a metal atom octahedron, which has the octa-
hedral faces coordinated by a total of eight ligands (inner
ligand sphere). In the [M¢X,,] type, the inner ligands
bridge the edges of the metal atom octahedron. In both
types, the outer ligand sphere is spanned by six monoden-
tate ligands at the corners of the metal atom octahedron,
[M6Xi12W6] or [MéXiSY”G] (i: inner, a: outer, auflen) [9].
Interstitial atoms can be incorporated into the metal atom
octahedron. Examples are known for both cluster types.
In addition to the structural diversity these cluster coor-
dination compounds are also characterized by reversible
redox activity. Compounds with 14, 15, or 16 cluster-based
electrons (CBE’s) exist [11].

Cluster compounds are known, which consist either of
isolated (discrete) units or units that are linked through
bridging ligands [12, 13]. Solution-based chemical reac-
tions allow for an exchange of ligands [14]. This enables
complex compounds to be synthesized that are not acces-
sible by means of conventional high-temperature synthe-
sis. In most of these compounds, the six positions of the
outer ligand sphere are primarily exchanged as a result of
the ligand substitution. For M =Nb or Ta a large number
of new compounds [M¢X,,L¢] with L=nitriles [15-17],
amines [13, 18, 19], alcohols [14, 17, 20, 21], water
[22-26], etc. have been prepared and characterized. Due
to the structural diversity and the many choices of ligands
and therefore clusters with different properties, this inter-
esting field of chemistry has been intensively researched
for many years [3, 4, 7, 27-44].

The substitution of the inner ligands is challeng-
ing and has been achieved so far only for L =hal-
ide and alcoholate ligands. The cluster compound
Na,[Mog(OCH,)'s(OCH;)*]-10CH;OH is the first exam-
ple published. [45, 46] It was not until 2009 that the
first Nb, alcoholates, [K(HOCH;),],[Nbs(OCHj3),5] and
[Na([18]crown-6)(C,H;0H),],[Nbs(OC,Hs),,(NCS)4]
were synthesized [20], and in 2021 the Ta, alcohol-
ates, [Mg(HOCH;)¢][Tags(OCH3) g]-6CH;OH and
A,[Tay(OC,Hs) ,16] (A=PPh,, PPN; n=1, 2) [47].

In the context of this publication, a compound is also
presented, which consists of a cluster anion and a cluster
cation. Such compounds are either heteroatomic such as
[MX ,(HOC,Hs)g]-

[Mo4Cl4C1,X,]-nC,H;OH-m(C,Hs),0 (M = Nb,
Ta; X=Cl, Br) [48] or homoatomic [TazCl,,(PrCN),]
[TagCl,,Clg]-2PrCN [49] and [NbgCl,,(RCN)GI[NbsCl 5]
(R=C,Hs, "Pr, 'Pr) [50].
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Experimental Section
Materials

If not otherwise stated starting materials were purchased
from commercial suppliers and used as received. Methanol
and ethanol (HPLC, Chemsolute, purity >99.9%) were dried
over molecular sieve (3 A) for several days and after filtration
refluxed under argon and carefully degassed.

Magnesium powder (Roth, >99.8%, particle size <75 um)
and PPh,I (TCI, purity >98%) were dried in a high vacuum
(1078 mbar) at 60 °C for several hours.

(PPN)I was synthesized according to a literature known
method [47].

All preparative steps and materials handlings were carried
out strictly under Schlenk conditions within closed, baked out
apparatus or in a glove box. Some of the compounds are pyro-
phoric in air.

Single-Crystal X-ray Diffraction

Diffraction data of single-crystals were measured using either
a Bruker-Nonius Apex Kappa Il diffractometer with fine focus
tube, monochromator, Oxford-Cryosystem Cooler and a CCD
detector, or a Bruker D8 Quest diffractometer with micro-focus
X-ray tube, Bruker-Kryoflex low temperature Cooler and an
Apex-Smart CCD Pixel Array Detector [51]. Mo-Ka radia-
tion, A=0.71073 A, was used in both cases. Structure solu-
tions and refinements were done with the aid of the Shelx-14
program package [52-55]. In the final structure refinements
the hydrogen atoms were placed on positions assuming ideal-
ized geometry and refined using riding models. The handling
of the programs was done with ShelXle [56]. Pictures of the
compounds were prepared with the program DIAMOND, Ver-
sion 4.6.3 [57].

In 2 some of the terminal bonded I atoms as well as one
of the ethanolato ligands are disordered and refined on split
positions.

NMR Spectroscopy

NMR data were collected with a Bruker AVANCE 300 and a
Bruker AVANCE 500 device.

IR Spectroscopy

IR measurements were carried out as ATR experiments on
a Bruker Alpha II spectrometer at RT and inert atmosphere.
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Elemental Analyses

Elemental analyses (C, H, N) were performed on a Flash EA
112 Series device and handle under inert conditions.

Synthesis of the Starting Material [Nbl,,]

For the synthesis a slightly modified procedure of that
published by A. Simon et al. in 1967 was used [58]. Inside
a glove box, stoichiometric amounts of Nbls (prepared
from the elements, sublimated) and Nb powder (Chem-
pur, >99.9%, < 65 um) are finely ground and filled in 3 g
portions into Niobium metal ampoules. These are welded
shut in an arc furnace under protective gas. 3—4 metal
ampoules are then placed in a 20 cm long and 2.5 cm wide
quartz glass ampoule and these are sealed in a high vacuum
(107 mbar). In the tube furnace, heating is carried out using
a temperature program from RT to 800 °C within 2 days,
holding at 800 °C for 2 days and cooling from 800 °C to
RT within 1.5 days. After completion of the solid-state syn-
thesis, the ampoules are opened under protective gas and a
black-crystalline product is obtained. The completeness of
the reaction and purity are checked using XRPD. To increase
the solubility of [Nbgl,,], the coarsely crystalline product is
finely ground in a ball mill under protective gas. The powder
obtained is pyrophoric in air.

Synthesis of the Cluster Compound [Nbglg(HOCH,),]

120 mg (61.43 pmol) of [Nbgl;,] and 8.0 mL (0.198 mol) of
methanol are placed in an 8.5 mL flask and heated at 60 °C
for 12 h. After cooling, the black solution is filtered and
40 mg (1.646 mmol) of Mg powder are added. The reaction
mixture is again heated at 60 °C for at least one week. The
color of the solution changes from black to dark red. Large
reddish-black single crystals form on the wall of the sample
flask and some dark brown, amorphous precipitate. If the
formation of single crystals does not occur in the reaction
solution, the crystallization of the target compound can be
made possible by further addition of smaller amounts of
[Nbgl, ;1. The yield of crystalline product varies between 5
and 45% when the reaction is carried out identically. The
product is ground in a mortar for further investigations and
dried in a high vacuum (10~° mbar) with slight warming
for several hours. This removes the co-crystalline methanol
from the compound.

Compound 1 is highly reactive and pyrophoric in air. Ele-
mental analysis gave unreliable results due to the high reactiv-
ity of the cluster salt. Furthermore, 1 is insoluble in all com-
mon solvents. Only water containing DMSO dissolves 1 to a
small extent. Water containing deuterated DMSO was used
for the NMR measurements; thereby the alcoholato ligands of

the cluster are separated from the cluster core and measured
indirectly as alcohols.

'H-NMR ([D6]DMSO (H,0), 300 MHz, 300 K, ppm):
6=3.17 (s, 72H, CH;0H), 4.08 (s, 24H, CH;0H).

BC{1H} NMR ([D6]DMSO (H,0), 300 MHz, 300 K,
ppm): 6=48.56 (s, CH;0OH).

IR (300 K, ATR, cm™"): £=425 (vs), 481 (s), 614 (m), 808
(m), 1013 (s), 1042 (s), 1434 (w), 2780 (w), 2811 (w), 2867
(W), 2914 (w).

Synthesis of the Compound
(PPh,),[Nb(OCH,CH,),,I,]-C,H;OH (2)

1000 mg (511.94 umol) [Nb¢I;;] and 60 mL (1.028 mol)
ethanol are heated at 60 °C for 5 days under stirring (mag-
netic stirrer) in a 100 mL Schlenk flask. After cooling, the
black solution is filtered. To a volume of 6 mL of this solution
20 mg (822.88 umol) magnesium powder are added in a 8 mL
sample flask and heated at 80 °C for one day. As a result of
the reaction, the solution becomes intensely red—orange and
amorphous sediment forms, which can be easily removed by
centrifugation and subsequent filtration.

The red—orange starting solution is mixed with 100 mg
(214.46 umol) PPh,I and heated at 60 °C for at least two days.
Large orange single crystals form on the wall of the sample
flask. These are taken directly from the solution for the single
crystal structure analysis. For further analyses the single crys-
tals are washed several times with ethanol, ground in a mortar
and dried in a high vacuum (107° mbar) for 6 h at 60 °C. This
removes the co-crystalline ethanol.

Yield: 51 mg (85%).

Elemental analysis: M [C;,H;yoIlsNbgO,P,] =
2538.362 g-mol~!: found C=33.47% (calcd. 34.07%),
H=3.92% (3.97%).

'"H-NMR ([D3]MeCN, 500 MHz, 300 K, ppm):
6=1.19-1.40 (m, 36H, CH;CH,0), 4.49-5.22 (m, 24H,
CH,CH,0), 7.62-7.78 (m, 32H, ™et@+orthog_ph), 7.87-7.96
(m, 8H, P**H-Ph).

BC{1H} NMR ([D3]MeCN, 500 MHz, 300 K, ppm):
6=19.82 (s, CH;CH,0), 77.00 (s, CH;CH,0), 119.35 (s,
ipoC_Ph), 131.73 (m, ™*C-Ph), 136.11 (m, " C-Ph), 136.80
(s, P**C-Ph).

IR (300 K, ATR, cm™!): /=439 (m), 449 (s), 476 (s), 505
(vs), 524 (vs), 686 (s), 719 (s), 748 (m), 763 (m), 798 (m), 845
(m), 899 (s), 993 (m), 1039 (vs), 1090 (m), 1107 (m), 1185
(w), 1313 (w), 1350 (w), 1372 (m), 1437 (m), 1457 (w), 1482
(w), 1583 (w), 2855 (w), 2917 (w), 2962 (w), 3046 (w).

Synthesis of the Cluster Compound (PPN),[Nb,(OC
H;CH,);,161 (3)

The synthesis of 3 is carried out analogously to 2. The
red—orange starting solution is mixed with 100 mg
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(150.27 umol) (PPN)I and heated at 60 °C for several days.
Large orange single crystals form on the wall and bottom of
the sample flask. These are taken directly from the solution
for the single crystal structure analysis. For further analysis,
the single crystals are washed several times with ethanol,
ground in a mortar and dried in a high vacuum (107 mbar)
for 6 h at 60 °C.

Yield: 42 mg (70%).

Elemental analysis: M [CygH;,0IsN,NbsO,P,] =
2936.746 g~mol_1: found C=39.08% (calcd. 39.26%),
N=0.95% (0.95%), H=4.26% (4.12%).

'H-NMR ([D3]MeCN, 500 MHz, 300 K, ppm):
6=1.19-1.37 (m, 36H, CH;CH,0), 4.49-5.24 (m, 24H,
CH,CH,0), 7.42-7.52 (m, 24H, °""H-Ph), 7.52-7.62 (m,
24H, ™ H_Ph), 7.63-7.69 (m, 12H, P**H-Ph).

BC{1H} NMR ([D3]MeCN, 500 MHz, 300 K, ppm):
0=19.72 (s, CH,CH,0), 76.43 (s, CH;CH,0), 128.63
(J: 109 Hz, P*°C-Ph), 130.68-133.80 (m, ™“C-Ph),
133.58-133.75 (m, °h°C-Ph), 135.00 (s, P**C-Ph).

IR (300 K, ATR, cm™!): v=441 (m), 451 (s), 478 (5), 499
(vs), 532 (s), 548 (m), 688 (s), 721 (s), 746 (m), 796 (m), 901
(s), 996 (m), 1039 (s), 1090 (m), 1113 (m), 1060 (w), 1181
(W), 1243 (m), 1280 (w), 1352 (w), 1437 (m), 1457 (vw),
1482 (w), 1573 (vw), 1587 (w), 2855 (w), 2873 (w), 2912
(w), 2929 (w), 2962 (w), 3053 (w).

Results and Discussion

In this paper the synthesis and characterization of the
three new hexanuclear niobium alcoholates with the for-
mulas [NbgIg(HOCH;)¢][Nbs(OCH;),¢]-2CH;0H (1),
(PPh,),[Nbs(OC,Hs),,14]1-C,H;OH (2) and
(PPN),[Nby(OC,Hs),,1s] (3) (PPN: bis (triphenylphosphine)
iminium, Ph: phenyl) are presented.

Synthesis

The first step of the formation of the three title cluster com-
pounds is the excision of [Nbgl,,] into anhydrous alcohols
(for 1 methanol, for 2 and 3 ethanol). Ball milling of the
precursor has been proven to be beneficial for the reactiv-
ity of the starting material [47]. In all three cases magne-
sium powder is added to the filtered solutions in large molar
excess. This reacts quickly with the alcohol forming alco-
holate anions. Under these strong basic conditions inner p;
bridging iodido ligands are substituted and cluster units of
the type [Nbg(OR)'|,] with O-j, bridging ligands are formed.
This means that the precursor of the [MX;] cluster type
is transferred into the [M¢X,,] type. Compound 1 crystal-
lizes out of the reaction solution without further additives
in moderate yield. It is a double cluster salt consisting of
the [Nbg(OCH,),4]*" anion of the [MX,,] cluster type and
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[NbeIg(HOCH,)4]** cations of the [M¢X,] type. The clus-
ter anion has all ligand positions occupied by methanolato
ligands. Therefore, it is a metal cluster alcoholate. It con-
tains 14 CBE’s. The cluster cation presumably forms already
when the solid state precursor is dissolved in methanol. On
adding salts of large organic cations to the Mg treated clus-
ter precursor solution 2 and 3 crystallize. Both contain the
same cluster anion, [Nbg(OC,Hs),,I]*~, which contains also
14 CBE’s.

Structures

The single crystal structures of the title compounds are
determined by means of X-ray structure analysis. Details of
the structure determinations are given in Table 1.

All three compounds consist of discrete cluster anions of
the general formula [Nbg(OR)'|,Y]>~ (R=CH; or C,Hs,
Y*=0CH; or I) and the charge-compensated cations PPh,*,
PPN™ or the cluster cation [NbI'y(HOCH;)%]**. They rep-
resent further examples of electron-poor M cluster alco-
holates, of which two compounds for M=Nb and four for
M =Ta have been published before [20, 47]. The six outer
coordination sites of the metal octahedra are occupied by
methanolato ligands in 1 and iodido ligands in 2 and 3.
With the exception of 3, the title compounds further con-
tain co-crystalline solvent molecules. Compounds 1 and 2
crystallize in the triclinic crystal system with space group P
1 and compound 3 in the monoclinic crystal system, space
group P2,/c. All three title compounds contain octahedral
Nby cluster anions, which have all inner coordination sites
O-bonded to alcoholato ligands. The structure of the cluster
cation/anion pair and the co-crystallized solvent molecule
in 1 is shown in Fig. 1.

As mentioned above, compound 1 is unique, because it
is the first example of a [M¢X,,] type cluster anion, which
is charge compensated through a cluster unit of the face-
bridged [MXg] type. It has the formula [NbgIg(HOCH;),]**
with the inner ligand sphere occupied by iodido and the
outer by methanol ligands. In the cluster anion all ligands of
the starting material [Nbgl,,] are substituted by methanolato
ligands (with the change of the face-bridged to the edge-
bridged cluster type), whereas the cluster cation has kept
the inner ligand of the starting material. This indicated that
in solution different cluster species exist, which are linked
through chemical equilibria. Selected interatomic distances
within 1 are listed in Table 2.

The average Nb—-Nb and Nb-O distances in the
cluster anion of 1 compare well to those found in
[K(HOCH3),],[Nbg(OCHj) 5] (Nb-Nb: 2.873 A, Nb-O':
2.081 A, Nb-O% 2.148 10%) [20]. These distances are strongly
correlated with the oxidation state of the Nb atoms and
thereby the number of cluster based electrons, CBE’s. The
number of CBE’s on the two cluster species in 1 depends
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Table 1 Selected crystallographic data of [NbgIq(HOCH;)s][Nbg(OCHj;),¢]-2CH;0H (1) (PPh,),[Nb(OC,Hs),,1c]-C,HsOH (2), and (PPN),[Nb,

(OC;Hs) k6l (3)

1 2 3
Empirical formula C,6HglgNb ,056 C14H,46IgNbO 5P, CyeH 20IgN,NbsO,,P,
Fw /g-mol™! 2945.06 2584.38 2936.67
Crystal system Triclinic Triclinic Monoclinic
Space group P1 P1 P2,/c
alk 11.1298(8) 14.521(1) 14.1736(7)
b/A 13.0859(9) 14.545(1) 16.9896(9)
clA 13.350(1) 23.663(2) 22.648(1)
al® 85.149(2) 95.822(2) 90.0
pre 66.186(2) 102.242(2) 101.916(1)
y/° 76.740(2) 115.194(2) 90.0
VIA? 1731.3(2) 4314.4(5) 5336.2(5)
Z 1 2 2
T/K 123(2) 123(2) 123(2)
u /mm~" (MoKa) 5.464 2.972 2.443
20(max.) /° 65.152 62.096 70.13
No. indep. Refl., R, 12,577,2.29 27,556, 7.31 23,534, 5.82
No. of parameters 345 974 603
GOOF on F? 1.086 1.181 1.093
R1 [I>26(D]* 0.0274 0.0584 0.0460
WR2 [I>20(D)]° 0.0676 0.1252 0.0988
R1 (all data)* 0.0331 0.0752 0.0826
WwR2 (all data)® 0.0717 0.1327 0.1206
A, B° 0.0330, 6.4189 0.0094, 63.5974 0.0380, 20.0032

_ ZiRl-|A. _ [ Zw@E-r) _ 1 . p_ PR
@RE= R =y ey O = sear P =T

Fig. 1 Structure of the cluster
anion and the cluster cation,
which are interconnected
through hydrogen bonds via a
co-crystallized methanol mol-
ecule in crystals of 1. Thermal
displacement ellipsoids are
drawn at the 50% probability
level. The Nbg octahedra are
shown in a polyhedral represen-
tation and the hydrogen bonds
as red dashed lines (Color figure
online)
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Table 2 Selected atom P P
I,(HOCH H
distances of the cluster [Nb 8(0 OCH,)l _ [Nbﬁ(OOC sl _
compounds [NbgIg(HOCH;)] Range/A Average/A Range/A Average/A
[Nbg(OCH,),5]-2CH 0H (1)
Nb-Nb 2.7972(4)-2.9621(4) 2.851 2.8594(4)-2.8889(4) 2.871
Nb-O' () - - 2.057(2)-2.082(2) 2.067
Nb-O? (terminal) 2.194(2)-2.249(3) 2.213 2.118(2)-2.201(2) 2172
Nb-T' (13) 2.8725(3)-2.9375(4) 2.907 - -

Scheme 1 Proton shift equilib-
rium of the hydrogen bonded
cluster units in 1

strongly on the question of where hydrogen atom are located.
The doubtless experimental assignment of H atoms to the
OCHj; groups (neutral methanol or anionic methanolate) is
difficult. As mentioned in the Experimental Sect. 1 is highly
reactive towards air oxygen and water and also insoluble in
most solvents. Furthermore, 'H and '3C NMR as well as
IR measurements would not answer this question. Neutron
diffraction would be the method of choice, but has not been
applied because of the difficulties to access this method.
From the structural data at hand and the comparison with
the (so far very few, see above) known Nbg alcoholates it is
reasonable to assign the charge of —2 to the edge-bridged
cluster unit, which carries in this case 14 CBE’s. Thereby,
the face bridged unit needs to compensate the charge what
means + 2, which requires 20 CBE’s. In this case the cluster
anion carries only anionic methanolate and the cation only
neutral methanol ligands on the exo sites. Looking more
closely at the structure of this compound, see Fig. 1, the
two cluster ions are interconnected by the two co-crystal-
line methanol molecules through short and thereby strong
hydrogen bonds. The donor—acceptor distances range from
2.471(3) to 2.581(4) A with angles between 154° and 166°.
Two of these are shown in Fig. 1 as red dashed lines. This
can be interpreted as proton shift equilibrium according to
Scheme 1.

Thereby the charges vary but the number of CBE’s is
not changed on both units. We assume that in 1 charged
units with strong ionic interactions are the dominant species,
because of the low solubility. A formal oxidation, a removal
of H* without changing the charge is unreasonable, because
face bridged Nb, cluster units with less than 20 CBE’s have
never been observed.

The packing of cluster units in crystals of 1 is shown in
Fig. 2.

This picture shows, that cluster cations and anions are
packed in layers stacked along both the crystallographic b
and c direction.

Compound 1 is to the best of our knowledge the first
cluster pair compound, which contains ions of both the
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[Nbglg(HOCH)]**[Nbs(OCH),g]* -2 CH;0H

[Nbgls(HOCH3),(OCH3),] “[Nbe(OCH;),((HOCH;),]-2 CH;0H

Fig.2 View of the packing of the discrete cluster units of 1 within
and around the unit cell. The Nbg octahedra are shown as polyhedra
with those of the [Nby(OCH;),4]*~ anions in dark blue colors and
those of the [NbeI,(HOCH;)¢]** cations in light blue (co-crystallized
methanol molecules and H atoms are omitted for better visibility)
(Color figure online)

face-bridged [MXg] as well as the edge-bridged [McX,,]
cluster type.

The structures of the cluster anion and the respective
organic cation pairs of 2 and 3 are shown in the Figs. 3 and
4.

Both compounds contain the same cluster anion,
[Nbg(OC,Hs),,14]%", which has the inner octahedral sites
coordinated by ethanolato and the terminal sites by iodido
ligands. With two organic cations per cluster unit, PPh,* in
2 and PPN" in 3 the cluster charge is clearly defined as —2.
Thereby, the CBE count is 14 for both compounds. This is
nicely in line with the average Nb-Nb bond distances, which
are 2.8555 A in 2 and 2.8574 A in 3, see Table 3. These
distances agree well with those found in the cluster unit
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Fig.3 View of the structure of
the cluster anion and cation pair
and the co-crystallized ethanol
molecule in crystals of 2. Ther-
mal displacement ellipsoids are
drawn at the 50% probability
level. The Nb, octahedron is
shown in a polyhedral represen-
tation. Of the disordered I atoms
and ethanolato ligand only those
with the larger occupational
factors are shown

Fig.4 Structure of cluster anion
and the cation pair in crystals
of 3. Thermal displacement
ellipsoids are drawn at the 50%
probability level. The Nbg octa-
hedron is shown in a polyhedral
representation

Table 3 Selected atom distances of the cluster compounds (PPh,),[Nbs(OC,Hs),,I4]-C,HsOH (2) and (PPN),[Nbs(OC,Hs);,I4] (3)

2 3

Range/A Average//f\ Range/A Average//f\
Nb-Nb 2.8501(7)-2.8622(7) 2.8555 2.8459(4)-2.8642(4) 2.8574
Nb-O' () 2.050(4)-2.071(5) 2.060 2.055(3)-2.071(3) 2.064
Nb-T* (terminal) 2.9418(7)-3.0149(7) 2.9762 2.9299(5)-2.9961(4) 2.9684

of [Na([18]crown-6)(HOC,H5),],[Nbs(OC,H5),,(NCS).]
(2.855 A), which also contains 14 CBE’s [20]. Further
selected atom distances within 2 and 3 are collected in
Table 3. They all are found within the expected ranges.
Very similar compounds to 2 and 3 exist in
the Ta analogues, (Ph,P),[Tags(OC,Hjs),I4] and

(PPN),[Tag(OC,Hs),,1c] [47]. The last one is in fact isostruc-
tural to 3, whereas compound 2 differs from the Ta analogue
by the existence of a co-crystallized ethanol molecule and
thereby by a different lattice.

Whereas 1 contains acidic protons, which form hydrogen
bonds (see structural discussion above), these are missing
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in 2 and 3. Therefore, in these cluster compounds no short
hydrogen bonds are present. Also, —r interactions are not
found between aromatic rings of the counter cations.

Whereas for the group VB metals Nb and Ta octahedral
M clusters are so far only known with alcoholato ligands
occupying terminal or p, edge-bridging sites, for M =Mo
examples are known with methanolato ligands on the p; face-
bridging sites, e.g. in the [Mog(OCH;)s(OCH;)4]*> anion
[46]. The question arises, if such a coordination is also pos-
sible for M =Nb or Ta. Geometrical calculations show that
in a hypothetical [Nbs(OCHj;)g] unit assuming Nb—Nb and
Nb-O distances as in the title compounds, the Nb—O-Nb
angle is more close to ideal tetrahedral values than the
Mo—O-Mo angle in the cluster unit mentioned above. There-
fore, we propose that such compounds could be stable even
though they have not been synthesized so far.

Conclusions

In summary, three new cluster compounds with hexanuclear,
octahedral Nbg anions, which are edge-bridged by alcoho-
lato ligands were synthesized and structurally characterized.
So far only two examples with such Nby alcoholate units
have been known. The charge of the cluster anions in two
of these compounds is balanced by sterically demanding
organic cations. The third new cluster compound exhibits a
double cluster salt, which has the charge of the cluster anion
compensated by that of a cluster cation. This comprises a
Nby cluster unit face-bridged by iodido ligands with termi-
nal bonded methanol ligands ([M¢X;] cluster type). Such
an alcohol-alcoholate double cluster complex has not been
previously described.
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