Reactions of the spiro monoanion [{(Me,N)Sb(u-NCy),},Sb]~ with
alcohols and thiols (REH; E = O or S); syntheses of nido-[Sb,-
(u-NCy);(u;-NCy)(ER),] anions and the unique antimony(11r) imido
cubane [(2-NC;H,0)Sb(u;-NCy)l, (Cy= cyclohexyl)
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Reactions of Sb(NMe,), with a mixture of CyNH, and Pr,NM (1:1:1 equivalents) afforded a simple route to
M[{(Me,N)Sb(1-NCy),},Sb] (M = Li 1-Li or Na 1-Na), containing the spiro anion [{(Me,N)Sb(u-NCy),},Sb]™ 1.
The reactions of 1-Li with ‘BuOH/'BuOK and with 2-HS{1-Me(imid)} (imid = imidazole) (2 equivalents) gave
[K-7%-CcHsMe][Sb,(u-NCy);(13-NCy)(OBu),] 2 and Li[Sb;(1-NCy),(us-NCy)(S{2-Me(imid)}),] 3, respectively, in
which the spiro structure of the precursor rearranges into a nido framework. Reaction of 1-Li with HOC,H,N-2
led to disintegration of the Sb;Ng anion core and formation of the unique antimony(11) imido cubane [(2-NCs-
H,0)Sb(1;-NCy)], 4. The crystal structures of the new complexes 1-Na, 3 and 4 were determined.

Ligand systems based on imido Group 15 element frameworks
can readily be accessed by the step-wise reactions of dimethyl-
amido Group 15 reagents E(NMe,); (E = As, Sb or Bi) with
primary amido alkali metal complexes.! Ligands such as the
tripodal trianions [E(NR),*” and the tetradentate dianions
[E,(NR),*" have an extensive co-ordination chemistry,® the
reactions of their alkali metal complexes with a range of main
group and transition metal sources giving heterometallic cages
in which the imido Group 15 frameworks are preserved. Recent
interests in these ligands have focused on their potential ability
to modify and control the bonding and magnetic interactions
within supported metal cores,® and the use of phosphinidene
analogues of the imido complexes as single-source precursors
for the deposition of metallic alloys.*

A further interest of ours concerns the selective functionalis-
ation of existing ligand arrangements, allowing potential
ligand-selective behaviour towards metal ions. In a recent
communication we showed that the reaction of the antimony-
() anion [{(Me,N)Sb(u-NCy),},Sb]” 1 (Cy = cyclohexyl)
with ‘BuOH (2 equivalents) results in rearrangement of the
spiro structure into a nido framework, [Sb;(u-NCy);(u;-NCy)-
(O'Bu),]” (Scheme 1).° This observation is in contrast to the
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reaction with CyNH, which results in simple replacement of the
Me,N groups and in retention of the spiro core of the ligand, in
the product [{(CyNH)Sb(u-NCy),},Sb]".>* The difference
between the outcomes of the reactions involving ‘BuOH and
CyNH, was attributed to the greater electronegativity of O.
This factor, it was reasoned, would lead to an increase in the
Lewis acidity of the metal atoms, resulting in the nido cage
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arrangement in which there is a net increase in the co-
ordination numbers of two of the antimony centres.

We report here a new, convenient synthesis of the spiro-
monoanion [{(Me,N)Sb(u-NCy),},Sb]” 1 from the one-pot
reaction of Sb(NMe,); with CyNH, and Pr,NM (M =Li or
Na). This new approach has facilitated more in-depth investi-
gations of the reactions of this monoanion with various
organic acids. In addition to [K-#5-C4H;Me][Sb;(u-NCy);-
(u-NCy)(O'Bu),] 2,° the syntheses and structures of the
new spiro-monoanion complex Na[{(Me,N)Sb(u-NCy),},Sb]
1-Na, the nido-monoanion complex Li[Sb;(u-NCy);(u;-NCy)-
(2-S{1-Me(imid)}),] 3 (imid =imidazole), and the unusual
antimony(mr) imido cubane [(2-NCsH,O)Sb(u;-NCy)],+0.5C-
HsMe 4 (all derived from reactions of the parent monoanion
with organic alcohols and thiols) are reported.

Discussion

We had shown in earlier work that the spiro-monoanion
[{(Me,N)Sb(u-NCy),},Sb]™ can be obtained as its Li* salt in
relatively low yield (32%) from the in situ reaction of Li[Sb-
(NHCy),] with Sb(NMe,); (1:2 equivalents).® The same
monoanion framework is also accessible via the one-pot reac-
tions of CyNHM (M =K or Rb), CyNH, and Sb(NMe,)s,
although in this case in the form of the substituted derivative
[{(CyNH)Sb(1-NCy),},Sb]".7 For some time we had investi-
gated various potentially higher yielding pathways to the
parent monoanion containing terminal Me,N groups, which
would facilitate more extensive functionalisation of the imido
antimony(111) core with other donor groups. In related work we
observed recently that the reaction of As(NMe,); with CyNHK
in the presence of Pr/,NK gave smooth formation of the [(Me,N),-
As(NCy)]™ anion.? The analogous reactions of Sb(NMe,), with
CyNH, and Pr,NM (M = Li or Na) were undertaken with a
view to obtaining related antimony(iir) complexes contain-
ing the [(Me,N),Sb(NCy)]™ anion. However, surprisingly the
spiro-monoanion [{(Me,N)Sb(u-NCy),},Sb]” 1 is obtained
from these reactions (in the form of the salts 1-Li and 1:Na
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respectively). The key difference between the results of the reac-
tions involving As(NMe,); and Sb(NMe,), appears to lie in the
competition between inter- and intramolecular deprotonation
of the intermediates [(Me,N),E(NHCy)] (E=As or Sb), as
depicted in the proposed mechanism shown in Scheme 2.
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In the case of the arsenic(i) intermediate [(Me,N),As-
(NHCy)] intermolecular deprotonation by Pr,NK (giving
Pr,NH) occurs faster than intramolecular deprotonation
(elimination of Me,NH). However, the presence of more
polar Sb-N bonds in the antimony analogue results in the
formation of the dimer [(Me,N)Sb(u-NCy)],, vie an intra-
molecular pathway. Various examples of dimers of this type
have structurally been characterised previously.” Several
pathways to the monoanion framework [{(Me,N)Sb(u-NCy),} ,-
Sb]” 1 can be envisaged. The most reasonable involves
equilibration of the dianion [Sb,(NCy),]*~ with the dimer
[(Me,N)Sb(1-NCy)],, the former resulting from further
reaction of the dimer with CyNHM.

The significance of this new approach to the spiro-
[{(Me,N)Sb(u-NCy),},Sb]™ framework is that it furnishes the
required starting point for the investigation of the reactions and
functionalisation of this key ligand; the principal starting
material Li[{(Me,N)Sb(u-NCy),},Sb] 1-Li being isolated in
crystalline form in 88% yield. A large range of reactions of
1-Li with various organic acids (primary amines, phosphines,
alkoxides and thiols, including those possessing donor func-
tionality on their organic substituents) were undertaken. How-
ever, in most cases no pure materials could be isolated or (as
in the case of phosphines) the complexes formed were too
unstable. Most successful were reactions involving the more
acidic alcohols or thiols. Varying degrees of fragmentation of
the spiro-[{(Me,N)Sb(u-NCy),},Sb]™ anion 1 are exhibited in
these reactions, which depend largely on the acidity of alcohol
or thiol used.

The selective reaction of the terminal Me,N groups of the
spiro-[{(Me,N)Sb(u-NCy),},Sb]™ framework of 1 was observed
in our previously communicated synthesis of [K-#°-CsHs;Me]-
[Sby(1-NCy)s(us-NCy)(O'Bu),] 2.5 This is generated from the
reaction of Li[{(Me,N)Sb(u-NCy),},Sb] 1-Li with ‘BuOK
(1 equivalent) followed by reaction of the intermediate
K[{(Me,N)Sb(u-NCy),},Sb] 1-K with ‘BuOH (2 equivalents).
The result of the second step is the rearrangement of the spiro
framework of the anion 1 into a nido anion, [Sb;(u-NCy);-
(1;-NCy)(OBu),] ™ (see Scheme 1). As is discussed in the intro-
duction, it had been assumed that the primary reason for this
unusual rearrangement is the increased electronegativity of
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the oxygen substituent. However, the same rearrangement is
also observed in the reaction of 1-Li with 1-methyl-2-sulfanyl-
imidazole [2-HS{1-Me(imid)}], giving Li[Sb;(u-NCy);-
(15-NCy)(2-S{1-Me(imid)}),] 3 in which the Me,N groups are
replaced by 2-S{1-Me(imid)} groups. Although the imidazole
substituent will have a significant electron-withdrawing influ-
ence, it seems unlikely that the effect of the electronegativity of
the substituents alone can explain why this rearrangement
occurs in the cases of 2 and 3, and yet is not observed in the
reaction of anion 1 with CyNH,? [the electronegativity of S
(2.58 on the Pauling scale) being similar to that of N (2.55) and
considerably lower than that of O (3.44)™]. It is possible that
the nido and spiro arrangements are close in energy and that
further factors such as the steric demands of the substituents,
the attainment of optimum co-ordination of the alkali metal
cations involved and (relevant to the later structural character-
isation of the toluene solvate 3-0.5C,HsMe) the promotion of
intermolecular interactions can tip the balance between these
isomeric alternatives.

More extensive fragmentation of the spiro-framework of
anion 1 is observed in its reaction with 2-NC;H,OH (1:2
equivalents, respectively), giving the cubane [(2-NCsH,O)Sb-
(4-NCy)], 4 (isolated as the toluene solvate, 4:0.5CsHsMe). The
formation of 4 provides further support for the suggestion that
the anion [{(Me,N)Sb(x-NCy),},Sb]™ 1 is in equilibrium with
the dimer [(Me,N)Sb(u-NCy)], and the dianion [Sby(NCy),]*~
in solution, as is implied by the isolation of 1-Li (in high yield)
from the reaction of Sb(NMe,); with CyNH, and Pr/,NLi
(shown in Scheme 2). In addition to the high solubility of 4 in
organic solvents, the low yield of the complex (10%, on the
basis of Sb supplied) can also be attributed to the fact that only
a fraction of the monoanion 1 is available for reaction (i.e., the
dimer). It is interesting in this regard that 4 is accessible in
increased yield from the reaction of [(Me,N)Sb(u-NCy)], with
2-NCsH,OH (1:2 equivalents, respectively; 31%). The greater
fragmentation of the core of 1-Li observed in 4 appears to be
broadly consistent with the greater acidity of 2-NC;H,OH (cf-
the formation of the nido-arrangement of 2 from the reaction
with ‘BuOH). However, the greater extent of reaction which we
have observed in the formation of the known complex [Sb(2-
SC,H,N),] 5! from the reaction of 1-Li with 2-sulfanylpyridine
(2-HSCH,N) (1:2 equivalents, respectively) does not appear to
fit this trend (cf. the formation of the nido-arrangement of 4
from the reaction with 2-HS{1-Me(imid)}). The steric demands
and co-ordination characteristics of the organic substituents
may also play a role in influencing the species formed in these
reactions.

Prior to their structural characterisations by X-ray crystal-
lography, the basic identities of the new complexes 1-Na, 3 and
4 were determined using a combination of IR and 'H NMR
spectroscopy as well as by elemental analyses (C, H, N). These
data show that solvation by toluene is retained even in vacuum-
dried samples of 3 and 4. Tables 1, 2 and 3 give key bond
lengths and angles for 1-Na, 3-0.5C;Hs;Me and 4-0.5C;H;Me
respectively. Details of the low-temperature structure of com-
plex 2 (having a nido structure related to that of 3) have been
communicated previously and no further discussion will be
provided here, except by way of comparison.®

The low-temperature structure of Na[{(Me,N)Sb(u-NCy),},-
Sb] 1-Na (Fig. 1) shows that the complex is an ion-paired
species, composed of a [{(Me,N)Sb(u-NCy),},Sb]” monoanion
which co-ordinates a Na™ cation. The co-ordination mode is
identical to that occurring in the Li* analogue Li[{(Me,N)Sb-
(u-NCy),},Sb] 1-Li,® involving bonding of both of the pend-
ant Me,N groups [Na(1)-N(5,6) mean 2.43 A] and the two
equatorial NCy groups of the 10e pseudo trigonal bipyramidal
antimony centre [Na(1)-N(1,4) mean 2.46 A] to the metal
cation. This structural design is also similar to that occurring
in the related heavier alkali metal complexes [M-2thf]-
[{(CyNH)Sb(u-NCy),},Sb] (M = K or Rb),” although here the



Table 1 Key bond lengths (A) and angles (°) for Na[{(Me,N)Sb-
(u-NCy),},Sb] 1-Na

Sb(1)-N(2) 1.98(1) Sb(3)-N(3) 1.97(1)
Sb(1)-N(4) 2.04(1) Sb(3)-N(5) 2.13(2)
Sb(1)-N(6) 2.14(1) Na(1)-N(1) 2.45(2)
Sb(2)-N(1) 2.10(1) Na(1)-N(4) 2.48(1)
Sb(2)-N(2) 2.23(1) Na(1)-N(5) 2.45(2)
Sb(2)-N(3) 2.23(1) Na(1)-N(6) 2.41(2)
Sb(2)-N(4) 2.11(1) Na(lA)- - - C(-H) 3.06
Sb(3)-N(1) 2.04(1)

N(2)-Sb(1)N@)  81.3(5) N(4)-Sb(2)-N(3) 83.7(5)
N(Q2)-Sb(1)-N(6)  96.7(5) N(1)-Sb(3)-N(3) 79.9(5)
N(4)-Sb(1)-N(6)  92.1(5) N(1)-Sb(3)-N(5) 92.6(6)
N(1)-Sb(2)-N(2)  87.3(4) N(3)-Sb(3)-N(5) 95.7(6)
N(1)-Sb(2)-N(3)  72.8(5) N(5)-Na(1)-N(6) 165.9(6)
N(1)-Sb(2)-N@)  97.6(5) N(1)-Na(1)-N(4) 80.0(5)
N(2)-Sb(2) N(3)  148.1(5) N(1,4)Na(1)-N(5,6)  76.0(5)
N@4)-Sb(2)-N(2)  74.2(5)

Fig. 1 Structure of molecules of Na[{(Me,N)Sb(u-NCy),},Sb] 1-Na
with H-atoms omitted for clarity.

cations are additionally co-ordinated by two thf ligands (result-
ing in highly distorted octahedral metal geometries).

Apart from providing unequivocal proof of the success of
the new synthetic route to the monoanion framework 1, the
significance of the structural characterisation of 1-Na is that it
completes the missing link in the related series of monoanion
complexes containing Li, K and Rb which have been character-
ised previously.%” Some general comments can be made in this
regard. First, the pattern of long, medium and short Sb-N
bond lengths within the spiro Sb;N, core of 1-Na is exactly the
same as that observed in the structures of Li[{(Me,N)Sb-
(u-NCy),},Sb] 1-Li and [M-2thf][{(CyNH)Sb(u-NCy),},Sb]
(M =K or Rb), despite the differences in the ionic sizes and
extents of Lewis base solvation of the alkali metal cations
present. Like all these previously characterised complexes, the
longest Sb—N bonds in the core of 1-Na occur at the axial
positions of the pseudo trigonal bipyramidal Sb atom [Sb(2)—
N(2,3) mean 2.23(1) A], with bonds of intermediate length
being found at the equatorial positions [Sb(2)-N(1,4) mean
2.11(1) A] and with the shortest bonds being made with the
terminal, three-co-ordinate antimony centres [Sb(1,3)—
N(1,2,3,4) mean 2.01 A]. Secondly, as had been concluded
previously from the solid-state structures of 1:Li® and
[M-2thf][{(CyNH)Sb(u-NCy),},Sb] (M =K or Rb),” the only
significant difference between their cores is found in the
equatorial N-Sb—N angles at the pseudo trigonal bipyramidal
antimony centres of the anions. This angle roughly correlates
with the ionic size of the alkali metal cation chelated by the

Fig. 2 Structure of molecules of [K-#*-C¢HsMe][Sb;(u-NCy)s-
(45-NCy)(O'Bu),] 2 with H atoms omitted for clarity.

equatorial NCy groups, and it is noteworthy that the corre-
sponding angle in 1-Na [N(1)-Sb(2)-N(4) 97.6(5)°] is entirely
consistent with this view [¢f. 92.5(2)° in 1-Li and 100.5(3) and
101.0(4)° in [M-2thf][{(CyNH)Sb(u-NCy),},Sb] for M = K and
Rb, respectively].

In the absence of further Lewis base solvation of the alkali
metal cation of compound 2 (such as that found in the heavier
alkali metal complexes [M-2thf][{(CyNH)Sb(x-NCy),},Sb], the
metal ion assumes a pseudo tetrahedral geometry which is simi-
lar to that occurring in 1-Li.® Presumably in order to make up
for this relatively low co-ordination number, long-range inter-
molecular C(-H) - - - Na contacts are found within the crystal
lattice linking molecules of 1-Na into a loose polymer. The
distances involved (H---Na 3.06 A) are significantly longer
than those observed in a range of sodium complexes containing
agostic C(—H) - - - Na interactions, ie. typically of the order of
Na---Cca. 2.70-3.10 A and Na- - - H ca. 2.30-2.60 A in com-
plexes in which there are strong intermolecular interactions.'
In the previously characterised antimony(ii1) monoanion com-
plex [K-2C¢HMe][{(CyNH)Sb(u-NCy),},Sb]** two toluene
molecules are bound to the unsaturated K™ ion by their CH,
groups. A similar option is, we assume, not favourable for 1-Na
which (although prepared and crystallised from toluene—
hexane solvent) has a more sterically congested core (i.e. as
a result of the presence of far shorter Na—N bonds to the
antimony(Ill) monoanion).

The cage structure of [K-#*-CsHsMe][Sb,(u-NCy);(us-NCy)-
(O'Bu),] 2 (Fig. 2) is composed of a nido-[Sb;(u-NCy);(u;-NCy)-
(O'Bu),]” anion which co-ordinates a K* cation at its open
Sb;N; face, using the three donor u-N centres and the pendant
O'Bu groups of the anion. In addition, the K™ cation is further
co-ordinated by an n’-toluene molecule, resulting in what can
be viewed as a highly distorted six-co-ordinate geometry for the
metal ion (if the n°-toluene ligand is assumed to occupy one
co-ordination site). The structure of the anion of 2 is similar
to that found for the neutral complex [Cl,Sb,Se(x-N'Bu);-
(4-N'Bu)].”?

The low-temperature X-ray study of Li[Sb;(x-NCy),-
(15-NCy)(2-S{1-Me(imid)}),] (3:0.5C;HsMe) (Fig. 3) shows
that the complex has a similar structural design to that
of 2, being composed of a [Sb;(u-NCy);(us-NCy)(2-S{1-Me-
(imid)}),]” anion which co-ordinates a Li* cation. The majority
of the Sb—N bonds in 3 fall over a narrow range [1.997(9)—
2.212(9) A]. However, two longer Sb-N bonds are found
between the u;-N centre and the four-co-ordinate, 10e antimony
centres [Sb(1)-N(4) 2.212(9), Sb(3)-N(4) 2.309(10) A; of
Sb(2)-N(4) 2.039(9) A]. These correspond to the use of orbitals
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at one of the axial positions of the pseudo-trigonal bipyramidal
environments of Sb(1) and Sb(3). Although a similar pattern of
Sb-N bond lengths is also found in the [Sb;(u-N);(u5-N)] core
of 2,% the Sb-N bonds between the five-co-ordinate antimony
centres and the u;-N centre are far more symmetrical in this
complex [i.e. 2.335(5) and 2.311(4) A]. The asymmetry of the
15-N cap in 3 reflects the extent of bonding of the pendant
2-S{1-Me(imid)} groups at the second axial position of Sb(1)
and of Sb(3); the relatively long Sb—S bonds to Sb(1) [Sb(1)—
S(1) 2.823(3) A; ¢f. Sb(3)-S(3) 2.656(4) A] being compensated
for by shorter (presumably stronger) bonding of this atom to
the x;-N centre. The co-ordination of the [Sb;(u-NCy);-
(u5-NCy)(2-S{1-Me(imid)}),]” anion to Li* in 3 is highly
asymmetrical. The shortest interactions occur with the u-N
centre of the core which bridges the two four-co-ordinate
antimony atoms [Li-N(3) 2.13(2) A] and with the two available
imidazole N centres [Li-N(11) 2.03(2) and Li-N(31) 2.02(2) A].
The strength of the co-ordination of the pendant imidazole
groups pulls the Li* cation off-centre of the open Sb;Nj face of
the anion, in a similar way to the interaction of the [Sb;-
(u-NCy);(15-NCy)(O'Bu),]” anion with the K* cation of 2.

Fig. 3 Structure of molecules of Li[Sby(1-NCy),(1;-NCy)(2-S{1-
Me(imid)}),] 3 with H atoms omitted for clarity.

Table 2 Key bond lengths (A) and angles (°) for Li[Sb;(u-NCy),-
(15-NCy)(2-S{1-Me(imid)}),]-0.5CsHsMe 3-0.5C,HsMe

Sb(1)-N(1) 2.069(8)  Sb(3)-S(3) 2.656(4)
Sb(1)-N(3) 2.058(8) Li-N(1) 2.40(2)
Sb(1)-N(4) 2.21209) Li-N(3) 2.13(2)
Sb(1)-S(1) 2.823(3) Li-N(11) 2.03(2)
Sb(2)-N(1) 2.05509) Li-N(31) 2.02(2)
Sb(2)-N(2) 1.997(9)  C(1,3)-S(1,3) mean 1.729
Sb(2)-N(4) 2.039(9)

Sb(3)-N(2) 2.068(8)

SB(3)-N(3) 2.098(8) Sb(3)---S(3a) 3.859(9)
Sb(3)-N(4) 2.309(10) Sb(2)- - - Sb(2a) 4.16
N(1)-Sb(1)-N(3) 89.8(3) N(2)-Sb(3)-S(3) 91.5(3)
N(1)-Sb(1)-N(4) 76.4(3) N(3)-Sb(3)-S(3) 88.5(2)
N(3)-Sb(1)-N(4) 79.5(4) N(4)-Sb(3)-S(3) 156.8(2)
N(3)-Sb(2)-S(1)  95.2(2) N(1)-Li-N(3) 79.9(8)
N(1)-Sb(1)-S(1) ~ 89.0(2) N(1)-Li-N(11) 99.3(9)
N(@4)-Sb(1)-S(1) 164.42) N(1)-Li-N(31) 135(1)
N(1)-Sb(2)-N(2) 95.7(4) N(3)-Li-N(11) 119(1)
N(1)-Sb(2)-N(4) 80.6(3) N(3)-Li-N(31) 116(1)
N(2)-Sb(2)-N(4) 82.3(4) N(11)-Li-N(31) 106(1)

N(2)-Sb(3)-N(3) 100.8(3) Sb-x-N(1,2,3)-Sb  103.4(5)-107.9(4)

N(2)-Sb(3)-N@4) 74.5(3) Sb—u;—N(4)-Sb 96.0(4)-99.1(3)
N(@3)-Sb(3)-N(4) 76.5(3) Sb(3)-S(3):--Sb(3b) 83.0(4)
S(3b)-Sb(3)---S(3)  97.0(4)

As a result, only one of the remaining x#-N centres of the anion
interacts, weakly, with the Li* cation [Li-N(1) 2.40(2)], with the
other being non-bonding [Li - - - N(2) 3.08(2) Al.

Two molecules of compound 3 associate into centrosym-
metric, Sb(u-S),Sb-bridged dimers as a result of the interaction
of one of the sulfur centres in each with a symmetry-related
antimony centre of a neighbouring molecule (Fig. 4). The two
symmetry related interactions [Sb(3b)- -+ S(3a) 3.859(9) Al in
the Sb(u-S),Sb bridges of these dimers are within the sum of
the van der Waals radii of Sb and S (ca. 4.05"), and similar to
those involved in the association of molecules of [Sb{S(4-
MeC¢H,)};] into a polymer in the solid state [3.773(8) Al Fur-
ther association of the dimers into polymeric (zigzag) chains
results from weak Sb---Sb interactions. The separation
involved [Sb(2)- - - Sb(2a) ca. 4.16 A] is well within the value
anticipated for a van der Waals interaction (ca. 4.40 A'). The
association of 3 into loosely linked dimers provides (at least at
first sight) one possible reason for the presence of significantly
different lengths of the Sb(1)-S(1) and Sb(3)-S(3) bonds within
the molecule, and for the resulting distortion of the [Sb;-

Fig. 4 Association of molecules of compound 3 into a loosely linked polymer structure by Sb- - - S and Sb - - - Sb interactions.

1844 J. Chem. Soc., Dalton Trans., 2000, 1841-1847



om

Fig. 5 (a) Structure of molecules of [(2-NCsH,0)Sb(u;-NCy)], 4 with
H atoms omitted for clarity. (b) The core of 4 depicted as a folded
Sb,N, ring.

(1-N);(115-N)] core (discussed above). However, the observed
shortening of the Sb(3)-S(3) bond [by ca. 0.17 A relative to
Sb(1)-S(1)] does not support this view since the increase in the
co-ordination number of Sb(3) and the involvement of S(3) in
the Sb-S - - - Sb bridge should result in an increase in the Sb—S
bond length. It therefore appears more likely that the distor-
tions within molecules of 3 stem primarily from the reorganis-
ation of the core required for the donor imidazole nitrogen
centres to engage the Li* cation. Some indication of this is
provided by the very different orientations of the imidazole
groups which co-ordinate the Li* cation. Whereas the imidazole
ligand attached to S(1) is orientated with its plane roughly
perpendicular to the Sb(1)Sb(2)Sb(3) plane of the anion
(i.e. 92.9°), the imidazole group attached to S(3) adopts a less
strained (tilted) orientation (with the plane of the imidazole
ring being inclined at 50° with respect to the Sb; plane).

The low-temperature X-ray study of [(2-NCsH,O)Sb-
(14;-NCy)],-0.5C{HsMe 4-0.5C,H;Me reveals that the complex
has a cubane structure in the solid state (Fig. 5a). In addition,
there is half a molecule of toluene in the lattice. A search of
the Cambridge Crystallography Data Base shows that very
few discrete cubanes have structurally been characterised
containing Sb,X, cores (X=N, P, O, S or halogens). This
structural motif is adopted in a few antimony(ir) halide com-
plexes, such as the anion [Cl,Sb(u;-Cl)],*” !¢ and the hetero-
metallic [Cl,Sb(u,-C1{Fe(CO),Cp})] (Cp = CsHy).” In addition,

Table 3 Key bond lengths (A) and angles (°) for [(2-NCs;H,O)Sb-
(13-NCy)]4-0.5CcHsMe 4-0.5C,H;Me

Sb(1)-N(5) 2.080(6)  Sb(3)-N(6) 2.082(6)
Sb(1)-N(7) 2.479(6)  Sb(3)-N(8) 2.292(6)
Sb(1)-N(8) 2.095(6)  Sb(4)-N(5) 2.543(6)
Sb(2)-N(6) 2.527(6)  Sb(4)-N(6) 2.075(6)
Sb(2)-N(7) 2.089(6)  Sb(4)-N(7) 2.080(6)
Sb(2)-N(8) 2.077(6)  Sb-O range 2.078(5)-2.101(5)
Sb(3)-N(5) 2.087(6)

NG)-Sb()-N(7)  77.12)  N(5-Sb(3)-N(8)  74.4(2)
N@B)-Sb(1)N(7)  74.1(2) N(6)-Sb(3)-N(8)  77.5(2)
N(5)-Sb(1)-N(8)  83.8(2) N(5-Sb(3)-N(6)  84.1(2)
O(1)-Sb(1)'N(7)  156.52) O(3)-Sb(3)-N(8)  156.7(2)
O(1)-Sb(1)-N(5)  91.92) O@3)-Sb(3)-N(5)  85.9(2)
O(1)-Sb(1)'N(8)  84.1(2) O(3)-Sb(3)-N(6)  88.6(2)
N(7)-Sb(2)-N(6)  73.62) N(6)-Sb(d)-N(5)  73.6(2)
N(@B)-Sb(2)-N(6)  76.8(2) N(7)-Sb(4)-N(5)  75.7(2)
N@B)-Sb(2)-N(7)  83.52) N(6)-Sb(@d)-N(7)  84.3(2)
0O(2)-Sb(2)-N(6)  1552(2) O(4)-Sb(#)-N(5)  154.9(2)
0(2)-Sb(2)-N(7)  83.6(2) O(4)-Sb(4)-N(6)  83.7(2)
0(2)-Sb2)-N(8)  91.2(2) O@)-Sb@-N(7)  91.7(2)

cubane arrangements are observed for the imido/nitrido
antimony(m1) complex [{CISb(u;-NSiMes)},{Sb(u;-NSbCl,}-
{CISb(u;-NSbCl;)}]"® and the imido antimony(v) complex
[CL,Sb(u;-NMe)],."* However, no simple imido antimony(iir)
complexes directly comparable to 4 have been structurally
elucidated.

The association of the [(2-NCsH,0)Sb(1-NCy)], dimer units
of compound 4 into a cubane arrangement undoubtedly stems
from the impact of the electronegative exo-O(2-CsH,N) ligands
on the Lewis acidity of the antimony(1ir) centres. This situation
can be compared to species of the type [(Me,N)Sb(u-NR)],,
which are all dimeric in the solid state as a result of the lower
electronegativity of the Me,N groups.” The aggregation of the
dimer units of 4 into a cubane structure has a direct analogue in
antimony(v) imido complexes, [Ph;Sb(x-NCH,CH,Ph)], being
dimeric? whereas [Cl,;Sb(u;-NMe)], adopts a cubane struc-
ture.” Each of the antimony(i) centres of 4 adopts a similar,
trigonal bipyramidal geometry in which an equatorial co-
ordination site is occupied by a stereochemically active lone
pair. The exo-O(2-C;H,N) ligands are located at an axial
position within the co-ordination spheres of each Sb. This
arrangement results in a large elongation of the Sb—N bonds
within the core trans to the exo-O-Sb bonds (at the other axial
position). The Sb—N bonds at the equatorial positions [range
2.075(6)-2.095(6) A] are typical of those found in antimony(ir)
imido dimers,® whereas those at the axial positions [range
2.479(6)-2.543(6) A] are similar to Sb-N donor—acceptor inter-
actions found in adducts of SbCl,. ' A similar diverse range
of Sb-N bond lengths has been noted in the structure of
the imido/nitrido antimony(11) complex [{CISb(u;-NSiMe;)} ,-
{Sb(1;-NSbCl,} { CISb(15-NSbCl,)}1."* However, in this case the
underlying pattern of Sb—N bond lengths within the Sb,N, core
(which is clearly identifiable in 4) is complicated by the presence
of different substituents bonded to the Sb and N. The pattern
of Sb—N bond lengths in 4 prompts an alternative description
of the structure as a folded, ‘tunnel-shaped’ Sb,N, ring (shown
in Fig. 5b).

Conclusion and closing remarks

The formation of the parent spiro frameworks in Li[{(Me,N)-
Sb(¢-NCy),},Sb] 1-Li and Na[{(Me,N)Sb(x-NCy),},Sb] 1-Na
from the reactions of Pr,NM (M =Li or Na), CyNH, and
Sb(NMe,); suggests that equilibration of the dimer [(Me,N)-
Sb(1-NCy)], and the dianion [Sb,(NCy),]*” is involved in their
formation (as outlined in Scheme 2). This equilibrium is also
implicated in the reaction of 1-Li with 2-NC;H,OH, producing
the unusual cubane structure [(2-NCsH,O)Sb(u;-NCy)], 4
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[which is accessible by direct reaction of [(Me,N)Sb(u-NCy)l,
with 2-NC,H,OH]. Overall, the reaction characteristics of the
spiro-[{(Me,N)Sb(u-NCy),},Sb]™ anion 1 appear highly com-
plicated. Whether selective reaction of the terminal Me,N
groups of this framework occurs or whether more extensive
fragmentation arises probably depends largely on the acidity of
the organic acid used. However, further influences such as the
steric demands of the organic groups present and the presence
of donor functionality within them may also play an important
role. These additional influences, along with the electronegativ-
ity of the organic groups and the optimum co-ordination of the
alkali metal cation, also play their part in the rearrangement of
the spiro monoanion 1 to the nido structures of [K-#°
CgHsMe][Sb3(u-NCy);(13-NCy)(O'Bu),] 2 and Li[Sby(u-NCy);-
(13-NCy)(2-5{1-Me(imid)}),] 3.

Experimental
General

Compounds 1-Li, 1-Na and 2-4 are air- and moisture-sensitive.
They were handled on a vacuum line (in an efficient cupboard)
using standard inert atmosphere techniques®* and under dry/
oxygen-free argon. The compound Sb(NMe,); was prepared
using the literature route, by transmetallation of SbCl; with
LiNMe, (1:3 equiv),” purified by distillation and stored as a
standardised solution in toluene; CyNH, and ‘Pr,NH were
distilled over CaH, and stored over molecular sieve prior to
use and 2-HS{1-Me(imid)} and 2-NC;H,OH (Aldrich) were
used as supplied. The thf, toluene, diethyl ether and hexane
solvents were dried by distillation over sodium—benzophenone
prior to the reactions. The products were isolated and charac-
terised with the aid of an argon-filled glove-box fitted with a
Belle Technology O, and H,O internal recirculation system.
Melting points were determined by using a conventional
apparatus and sealing samples in capillaries under argon. The
IR spectra were recorded as Nujol mulls using NaCl plates
on a Perkin-Elmer Paragon 1000 FTIR spectrophotometer.
Elemental analyses were performed by first sealing the
samples under argon in air-tight aluminium boats (1-2 mg)
and the contents of C, H and N analysed using an Exeter
Analytical CE-440 Elemental Analyser. Proton NMR spectra
were recorded on a Bruker WH 400 MHz spectrometer in dry
deuteriated benzene (using the solvent resonances as the
internal reference standard).

Details of the synthesis of compound 2 (which has been
communicated previously) are given in reference 5.

Syntheses

1-Li. #-Butyllithium (12 ml, 18 mmol, 1.5 mol dm~* in hex-
anes) was added to a solution of ‘Pr,NH (2.55 ml, 18 mmol) in
hexane (10 ml). After heating briefly to reflux, the solution of
Pr,NLi was cooled to room temperature. This was added to a
mixture of Sb(NMe,); (12.9 ml, 18 mmol, 1.4 mol dm % in tolu-
ene) and CyNH, (2.07 ml, 18 mmol) which had previously been
brought briefly to reflux and cooled to room temperature. The
resulting dark green reaction mixture was filtered and the fil-
trate reduced under vacuum until a yellow precipitate appeared.
This was warmed back into solution. Storage at 25 °C (24 h)
gave a highly crystalline batch of 1-Li. Typical yield 4.50 g,
88%. The identity of the complex was confirmed by obtaining
the "H NMR spectrum and melting point, these being identical
to those previously reported. The unit cell parameters of a
crystal obtained by this route were also identical with those
reported.®

1-Na. Diisopropylamine (2.8 ml, 20 mmol) was added to a
suspension of PhCH,Na (2.3 g, 20 mml) in hexane (20 ml)-
toluene (10 ml). After heating briefly to reflux, a mixture of
Sb(NMe,); (14.3 ml, 20 mmol, 1.4 mol dm™* in toluene) and
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CyNH, (2.3 ml, 20 mmol) (prepared in a similar way to that
used in the synthesis of 1-Li) was added at room temperature.
The resulting dark red reaction mixture was filtered and the
filtrate reduced under vacuum until a yellow precipitate
appeared. This was warmed back into solution. Storage at
25°C (24 h) gave a highly crystalline batch of 1-Na. Yield 0.43
g, 7.5%. mp 196 °C. 'H NMR (d-benzene, 250 MHz, +25 °C):
0 2.60 (s, 12 H, Me,N) and ca. 2.5-1.0 (overlapping multiplets,
44 H, Cy). Found: C 38.9, H 6.6, N 9.7. Calc.: C 36.3, H 5.8, N
7.8%.

3. 1-Methyl-2-sulfanylimidazole (0.228 g, 2.0 mmol) was
added to a solution of compound 1-Li (0.85 g, 2.0 mmol) in
toluene (20 ml) at 25 °C. An immediate reaction occurred with
the formation of a colourless precipitate. This was dissolved by
heating gently. Storage at room temperature gave yellow cubes
of 3:0.5CcH;Me. Yield 0.18 g, 18%. Decomp. 225 °C to brown
solid. '"H NMR (d4-benzene, 250 MHz, +25°C): 6 =7.20 (d,
aromatic protons of 2-S{1-Me(imid)}), 6.40 [d, 2 H, aromatic
protons of 2-S{1-Me(imid)}], 7.15 (m, ca. 2.5 H, C¢Hy of
toluene), 3.20 (s, 6 H, Me), 2.70-0.70 (overlapping multiplets,
44 H, Cy) and 2.15 (s, ca. 1.5 H, Me of toluene). Found: C 40.2,
H 5.2, N 10.5. Calc. for 3-:0.5C{H;Me: C 41.2, H 5.6, N
10.8%.

4. Method A. 2-Hydroxypyridine (0.076 g, 0.71 mmol) was
added to a solution of compound 1-Li (0.30, 0.35 mmol) in
toluene (20 ml) at 25 °C. The solution developed a green tinge
and became slightly cloudy. The reaction mixture was brought
to reflux briefly. The solid produced was partially dissolved by
the addition of thf (5 ml) and heating. Filtration produced a
lemon-yellow solution. The solvent was removed under vacuum
until precipitation commenced, this being heated back into
solution. Storage at —15 °C (2 weeks) produced a crop of small
white crystals of 4-0.5C¢HsMe. Yield 0.034 g, 10%.

Method B. A solution of the dimer [(Me,N)Sb(u-NCy)], was
prepared in situ by the reaction of CyNH, (0.69 ml, 6.0 mmol)
with Sb(NMe,), (3.05 ml, 1.97 mol dm 3 solution in toluene, 6.0
mmol) in toluene (20 ml). Solid 2-hydroxypyridine was added
(0.571 g, 6.0 mmol). The mixture was brought to reflux. A pre-
cipitate formed was filtered off and the lemon-yellow filtrate
reduced until precipitation commenced. The precipitate was
heated back into solution and storage at 25 °C (12 h) gave large
cubic crystals of 4-0.5C,HsMe. Yield 0.598 g (31%). Mp 190 °C.
'"H NMR (d¢-benzene, 250 MHz, +25 °C):  8.21 (m, 4 H), 7.25
(m, 4 H), 7.15 (m, 2.5 H, C¢H; of toluene), 6.75 (apparent d,
1 H), 6.51 (mult, 1 H), 2.45-0.95 (overlapping sharp multiplets
44 H, Cy) and 2.22 (s, 1.5 H, Me of toluene). Found: C 43.7,
H 5.0, N 8.6. Calc. for 4-0.5CHsMe: C 43.9, H 5.0, N 8.6%.

X-Ray crystallographic studies

Crystals of compounds 1-Na, 3-0.5C;H;Me and 4-0.5C¢H;Me
were mounted directly from solution under argon using an
inert oil which protects them from atmospheric oxygen and
moisture.* X-Ray intensity data for 1-Na were collected with a
Stoe-Siemens AED diffractometer using a 0-w scan mode, for
3:0.5C;H;Me with a Siemens P4 diffractometer using an w260
scan mode, and for 4-0.5C¢H;Me on a Nonius Kappa 4 CCD
diffractometer. For 1-Na and 3-0.5C;H;Me a semi-empirical
absorption correction based on ¥ scans was applied. Details of
the data collection, refinement and crystal data are listed in
Table 4. A planar region of residual electron density in 4 was
interpreted as a severely disordered half toluene molecule (in
accordance with the analytical and spectroscopic data obtained
on the complex). The half toluene molecule is disordered over
an inversion centre.

CCDC reference number 186/1950.

See http://www.rsc.org/suppdata/dt/b0/b001322f/ for crystal-
lographic files in .cif format.



Table 4 Crystal data for Na[{(Me,N)Sb(u-NCy),},Sb] 1-Na, Li[Sb;(x-NCy);(x;-NCy)(2-S{1-Me(imid)}),] 3:0.5C;HsMe and [(2-NCsH,O)Sb-

(1t-NCy)],-0.5C H,Me 4-0.5C,H,Me

1-Na 3-0.5C,HsMe 4-0.5C;HsMe

Formula C,5Hs¢NgNaSb, Cis.50HssLiNgS,Sb, Cy7.50HesNgO4Sby
Formula weight 865.03 1033.21 1300.08
Crystal system Monoclinic Triclinic Triclinic
Space group P2,/c Pl Pl
alA 9.599(2) 11.177(3) 12.793(3)
bIA 21.379(4) 13.746(3) 14.864(3)
A 17.097(3) 15.173(4) 15.340(3)
al® — 70.146(10) 65.45(3)
pr 99.82(3) 87.83(2) 74.73(3)
yl° — 89.668(19) 80.35(3)
UIA3 3457.2(11) 2191.009) 2554.009)
VA 4 2 2
w/mm™! 2.366 1.965 2.142
TIK 180(2) 223(2) 180(2)
Reflections collected 6596 7104 20787
Independent reflections 4499 6004 8998
R1,wR2[I > 20(1)] 0.079, 0.199 0.062, 0.164 0.044, 0.132

(all data) 0.116,0.226 0.105, 0.205 0.086, 0.132
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