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Abstract

The reactions of dimethylamido p block metal reagents with primary amines (RNH,) and
primary amido and phosphido alkali metal complexes (REHM]; E = N, P; M = alkali
metal) furnish direct routes to a range of imido and phosphinidene compounds. In particu-
lar, novel p block metal polyimido and phosphinidene anions are readily accessible from
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these reactions. These function as versatile ligands to a variety of main group and transition
metals, giving a structured approach to the assembly of heterometallic complexes containing
a broad spectrum of mixed-metal stoichiometries. This review describes the synthetic
applications of p block metal dimethylamido reagents to a range of p block metal com-
pounds and the structures and reactivities of the imido and phosphinidene complexes
produced. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Metallo—organic complexes of p block elements (alkloxides, amides, phosphides,
eic., of Groups 13-15) have attracted considerable attention in the past two
decades owing to their potential applications as molecular, single-source precursors
to a variety of technologically important materials (for examples of Group 13
precursors, see Cowley and Jones [1] and Wells [2]). However, in general there are
a limited number of synthetic approaches to these species (for examples involving
Ga and Al, see Paver et al. [3]). Most common strategies are: (i) the transmetalla-
tion of p block metal halides with alkali metal alkoxides, amides and phosphides;
(ii) metallation of organic acids with p block organometallics; and (iii) reaction of
silyl amides and phosphides (etc.) with p block halides (leading to the elimination
of thermodynamically stable silyl halides). There are several obvious problems with
these existing routes. In particular, the lower polarity of p block metal-carbon
bonds makes the organometallics considerably less reactive than those of the alkali
metals [4,5] and frequently transmetallation of metal halides can give rise to
mixtures of products or poor selectivity. In addition, although imido and phos-
phinidene compounds of Group 13 metals (containing RN?~ and RP?~ functional-
ity) are known [3], such compounds are rare for other metals in the p block. This
situation largely stems from the very low basicity of Group 14 and 15
organometallics, which will not readily doubly-deprotonate primary amines or
phosphines, and from the lack of stable alkali metal imido and phosphinidene
precursors for transmetallation (for a rare example, see Armstrong et al. [6]).

With this background in mind, a principal aim in our initial studies was to
develop a general approach to imido and phoshinidene complexes of p block
elements [7]. Earlier literature showed that the dimethylamido metal complexes of
Groups 14 and 15 are readily accessible by transmetallation of the appropriate
metal halides with [LiNMe, ] and the limited studies of the reactions of [Sh(NMe, ), ]
with simple organic acids (amides and secondary amines) illustrated that this
species is a potent base [8—12]. This reactivity is markedly different from commer-
cially available organo—Group 15 complexes (such as [Ph,Sb]) which are relatively
unreactive towards organic acids. It transpires that such dimethylamido reagents
are highly effective in the low-temperature synthesis of imido and phosphinidene
complexes of the p block metals, a strategy which lead to the preparation of a new
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class of imido and phosphinidene metal ligand systems and to the logical assembly
of a variety of heterometallic cage compounds. This review concerns the develop-
ment of this area and describes the tremendous synthetic potential of these
reagents in the preparation of a diverse range of molecular arrangements.

2. Group 15 systems
2.1. Reactions of [SbCI (NMe, ), _ .] with primary amines

As noted in the introduction, previous synthetic studies with [Sb(NMe,),] had
involved simple organic substrates containing one reactive proton. The focus for
our preliminary work was the exploration of reactions with primary amines, in an
attempt to provide a simple route to imido Sb(III) complexes. The low-temperature
reactions of [E(NMe,);] (E = Sb, Bi) with a variety of primary amines (RNH,;
R = 4-methylpyridin-2-yl, C,H,(OMe),-3,4,5 [13], C,H,(1-OMe), Bu' [14]) give
similar centrosymmetric imido dimers [Me,NSn( u-NR)],, containing central E,N,
cores and with terminal NMe, groups on each metal centre [Eq. (1)]. The key point
illustrated by these initial reactions is that double-deprotonation of primary amines
occurs irrespective of the organic group (R) and that conjugative stabilisation
within the imido anion formed is not required to enhance the reactivity of the
amine. This reactivity pattern can be compared to that of organoalkali metal
reagents (such as Bu"Li) which will normally only singly-deprotonate primary
amines except where a stabilised imido system is generated [6]). The structures of
{Me, NSb[ u-N(4-methylpyridin-2-yD]}, (1) and {Me, NSb[ u-NC;H,(OMe),-3,4,5]},
(2) (Fig. 1) [13] illustrate a further common feature of these compounds found
where organic groups containing additional functionality are present. In 1 the
pyridyl rings are in the same plane as the Sb,N, core and the presence of
intramolecular pyridyl-N --- Sb interactions results in the pivoting of the pyridyl
substituents towards their respective metal centres. However, the remote functio-
nality present in the NC(H,(OMe),-3,4,5 groups of 2 means that such intramolecu-
lar bonding cannot occur. Instead, the aromatic rings tilt out of the plane of the
Sb,N, core and intermolecular Sb--- O interactions link the dimeric units into a
loosely-associated sheet structure.

Previous studies of [Bu'Sb( u-NBu')}, illustrated that an intramolecular equilib-
rium involving the cis and trans dimers occurs in solution [15). Similar cis—trans
equilibria are found for the majority of [Me,NSb( u-NR)], dimers. However, the
presence of intramolecular interactions in 1 has a profound effect on the intercon-
version of the cis and trans isomers and favours the retention of a frans arrange-
ment [13]. In this respect, the structure of {(Me,N)Sb[ u-N(Dipp)]}, (3) (Dipp =

2[Sb(NMey); + 2RNH, —— [Me,NSn(u-NR), + 4Me,NH ...(1)
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Fig. 1. The crystal structures of (a) {Me,NSb[ u-N(4-methylpyridin-2-yDJ}, (1) and (b) {Me,NSH -
NC, H,(OMe);-3.4,51, (2).

2,6-PriC,H,-) [16] is particularly worthy of note (Fig. 2). The presence of extremely
sterically demanding bridging groups and the steric confrontation between the Pr
substituents and the terminal NMe, groups favours a unique cis dimer conforma-
tion in the solid state, containing a puckered Sb,N, core. Variable-temperature 'H
NMR studies illustrate that the cis conformation is retained in solution at and
below room temperature.

The reactivities of [SbCl (NMe), ] (x = 1 or 2), formed by equilibration of
[Sb(NMe,),] and the appropriate stoichiometric quantity of SbCl,, are similar to
that of [Sb(NMe,),]. The reactions of EtOH with [SbCl,(NMe,)] [Eq. (2)] and
Bu'NH, [Eq. (3)] with [SbCI(NMe,),] give the dimers [SbCl,(Me,NHX u-OEt)],

Fig. 2. The crystal structure of the puckered cis dimer {(Me, N)Sb{ u-N(Dipp)l}, (3).
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2[Sb(NMey)Cly] + 2EtOH —— [SbCly(Me,NH)(u-OE)]; ...(2)
3

2[Sb(NMe,),Cl] + 2BUNH, ——— [SbCI(Me,NH)(z-NBu)l, + 2Me,NH...(3)
4

(4) and [SbCI(Me,NHX u-NBu")], (5) (Fig. 3), respectively [17). However, the
presence of chlorine substituents increases the Lewis acidity of the Sb(ITI) centres
and gives rise to far more extensive intermolecular association in these systems
than occurs in [Me,NSb( u-NR)], dimers. This greater Lewis acidity also has the
important result that the Me,NH produced as a byproduct in these reactions
functions as a ligand to the Sb(III) centres in 4 and 5.

2.2. Heterometallic cage complexes of Group 15

The high reactivity of Bi and Sb dimethylamido reagents illustrated in initial
studies can be used to particular advantage when one considers the far lower
reactivity of organolithium compounds (RLi) with primary amines and phosphines
(REH,; E = N, P). The reactions of these organic acids with RLi followed by
condensation with dimethylamido reagents in principle provides a way of building
heterometallic compounds. This scenario is shown schematically in Fig. 4.

This step-wise metallation process in fact proves highly versatile in the prepara-
tion of a range of novel heterobimetallic Sb and Bi/Li cage complexes. By using
various dimethylamido Sb(III) reagents different anion arrangements can be as-

Fig. 3. The crystal structures of (a) [SbCl,(Me,NHX u-OEt)], (4) and (b) [SbCI(Me, NHX u-NBu')l,
).
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Fig. 4. Sequential double deprotonation of a primary amine.

sembled in a predictable way. Heterobimetallic alkali metal cage complexes con-
taining {[(R'R*N)Sb(NR)],Sb}~ monoanions, [Sb,(NR),]*~ dianions and
[Sb(NR), I~ trianions are the major classes of these ‘polyimido’ ligands which have
been prepared (Fig. 5). These species have proven to be robust multidentate ligand
systems. Their transmetallation and co-complexation reactions with transition
metal and main group metal salts provides a strategy for the assembly of het-
erometallic and complexes containing a variety of mixed-metal stoichiometries. The
syntheses of these anionic ligands and their coordination chemistry is discussed in
the following sections.

2.2.1. Polyimido-antimonates containing [Sb(ER), J° ~ trianions (E = N, P)

The simplest step-wise metallation reaction is that of the reaction of a primary
amido or phosphido lithium complex, [REHLI], (E = N, P), with [Sb(NMe,),] (1:3
monomer equivalents) [Eq. (4)]. These reactions lead to heterobimetallic [Sb,ELi,]
cages containing [Sb(ER),J*~ trianions (type III, Fig. 5). The first example of this
type to be prepared was that of {{[Sb(NCH,CH,Ph),]Li, - THF}, (6) [18]. The
low-temperature X-ray crystal structure of 6 (Fig. 6) shows it to be a 14-membered

NH’RZ—l -

Ve
Sb Cy 2~
Cy—~N/ N —Cy CyN rL NCv—l TR _| "
\S"/ \Sb/ \Sb/ Sb
/N AN e’ N
cy—N N—Cy N ER
\Sb/ l
AN “
NR'R?
R'= R%= Me R= Cy, 'Bu, 2,5-(Me0),CgHz; E= N
R'=H, R%=Cy R=Cy; E=P
I )14 m

Fig. 5. Schematic representation of the imido SK(III) anions generated by stepwise metallation.
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[Sb(NMeyp)s] + 3[RNHLI] ——— "/,[{Sb(NR)s},Lig] + 3Me,NH ...(4)

cage constructed from the association of two [Sb(NCH,CH,Ph),]*~ trianions by
six Li* cations. Alternatively the complex can be regarded (conceptually) as an
N, Li, ‘stack’ structure [4,5] capped at the open N,Li, faces by two Sb(III) centres.
In the core of 6, four of the lithium centres are involved in agostic ortho
(C-H) -+~ Li interactions with the phenyl rings of adjacent PhCH,CH, — groups,
with the other two lithium atoms being complexed by THF. The agostic interac-
tions in 6 are typical of those found in amido-lithium compounds, such as in
{{PhCH, ], NLi}, [19,20]. Similar core geometries have been observed previously in
the structures of {[(PriSi)AsLil;GeBu'}, [21-22] and [(RNLi),SiR’], (R = Me,Si,
R’ = Me, Bu', Ph [23]; R = Bu', R’ = Ph [24]; R = Mg, R’ = Bu' [25]).

On the basis of the apparent similarity between the cyclic octameric ladder
structure of [Bu'N(H)Lil, [26] and the hexameric ‘ladder’ core of 6, it was recently
proposed that the structure of 6 is templated by the rigid cyclic ladder structure of
[PhCH,CH ,N(H)Li], (which was postulated to have a cyclic hexameric structure,
n = 6). According to this theory these species are composed of rigid N, Li, ‘ladders’
in which Sb** ions are bound ‘to the bed of N atoms on each side of the
core,...akin to the way in which metal cations fit macrocyclic crown—ether holes’.
However, in the reaction of [Sb(NMe,),] with [Bu'N(H)Li], the octameric core of
the primary amido lithium precursor is not retained (Fig. 7). The product of this
reaction is the cage {[Sb(NBu');],Li,} (7), having a similar structural arrangement

Fig. 6. The crystal structure of {{S(NCH,CH, Ph);]Li, - THF}, (6).
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Fig. 7. Reaction of [Bu'N(H)Lil; with [Sb(NMe, )], giving 7.

to 6 [27]. This finding illustrates the key point that the formation and structures of
all of these [Sb,N,Li,] cages is dominated by the bonding requirements and
valence of the Sb(III) centres and that the [N, Li,] subunits merely perform an
associative role.

Stressing the dominance of the [Sb(NR),]’" anion units in these systems, in
{SbIN(2,4-dmp)];}, Li, - 2THF (8) [27] [2,4-dmp = 2,4-(MeO),CH,] (Fig. 8) the
extensive intramolecular solvation of all of the Li* cations of the core by the
ortho-MeQ substituents of the organic ligand results in major distortion of the
N,Li, substructure. The two-MeO groups of each of the {Sb[N(2,4-dmp)];}*"
trianions straddle the N,Li, belt of the core, engaging the lithium cations associ-
ated with the other trianion unit (cf. 6 in which the agostic contacts occur within
each half of the core). Each of the Li* cations of the {Sb[N(2,4-dmp)],}*" halves
have different coordination environments. Two of the 2,4-dmp ligands of each of
the trianions adopt similar monodentate bridging modes and the other a u-O
mode. For Li(1), the coordination of the O atom of a monodentate ligand and the
weak attachment of a u—O bridging ligand gives this centre a pseudo five
coordinate geometry. A similar five coordinate arrangement is also attained for
Li(3), being coordinated to a u—~O ligand and a THF molecule. Li(2) is coordinated
solely by a monodentate ligand resulting in a pseudo tetrahedral environment.
Despite the large distortions in the N Li, framework [particularly at Li(3)] result-
ing from this intricate pattern of solvation, there is little change in the geometry of
the [Sb(NR)3]3’ trianion units of 8 compared to the trianions of 6 and 7.

A surprising structural feature recently observed in these trianion systems is the
solvation of the N Li, cores by Me,NH, produced as a byproduct in the reactions
of [Sb(NMe,),] with certain primary amido and phosphido lithium complexes. In
{[Sb(NCy), 1, Li, - 2HNMe,} (9) [27] (Fig. 9) two Me,NH ligands occupy equivalent
positions to the THF ligands which solvate the core in 6. In the phosphinidene cage
[Sb(PCy);],Li, - 6HNMe, (10) [28] all of the Me,NH produced from the 1:3
reaction of [Sb(NMe,),] with [CyPHLI] solvates the Li" cations (Fig. 10a). The
difference in the extents of solvation of the cores of 9 and 10 presumably stems
from the presence of shorter N—Li bonds in 9, resulting in greater steric shielding
of the Li* cations. Solvation of Li* by labile protic ligands like Me,NH (a gas
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Fig. 8. The crystal structure of {Sb[N(2,4-dmp)],}, Li, - 2THF (8).

above 7°C) is extremely rare. Although this solvation is removed by placing both
complexes under reduced pressure, it is comparatively robust in the solid com-
plexes at room temperature (particularly in 9). The presence of NMR-active *' P in
the core of 10 allows potential dynamic processes occurring in the [Sb,P.Li,] core
to be investigated. In the 7Li NMR spectrum a binomial septet (\Jy, ,, =14 Hz)
occurs as a result of the coupling of all of the Li* cations to the P atoms of two
intact trianions (203-298 K) (Fig. 10b). Semi-empirical PM3 calculations indicate
that interchange of the six Li* cations occurs by a dynamic (‘carousel’) process,
analogous to that observed for [Me,Si(NSiMe;),],InLi in solution [29], in which
the Sb(III) centres are not involved. The *'P NMR chemical shift (—263.5 ppm) is
vastly different to that observed for {(2,4,6-BuC H,)P = Sb[CH(SiMe,), ]} (600
ppm) [30], reflecting the development of the negative charge on the P centres of 10.
The fluxionality of the Li* cations in 10 indicates that, like the [Sb(NR),]*~
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Fig. 9. The crystal structure of {{Sb(NCy),],Li, - ZHNMe,} (9).

trianions of 6-8, the [Sb(PR);>~ trianion is the robust chemical constituent of this
complex. The fact that the structure of the phosphido lithium precursor has no
bearing on the structure of 10 is further stressed by a comparison between its cyclic
ladder core and the polymeric ladder structure found for the precursor [CyPHL; -
THF], [31]. Complex 10 is only the second example of a phosphinidene complex of
Sb or Bi to be structurally characterised, the first being [SbP(2,4,6-ButC.H,)],
[32].

As is evident from the structural and spectroscopic properties of lithium com-
plexes containing [Sb(ER);}~ trianions (E = N, P), these units (not the E,Li,
substructures) are the robust chemical entities in these systems. This is also evident
from their ligand behaviour. The addition of the main group or transition metal
sources gives products which retain the trianion framework. Two possible reaction
types have been identified, (i) transmetallation, involving exchange of the Li*
cations for another metal; and (ii) co-complexation, in which the species added
incorporates itself into the original complex.

The reaction of {[Sb(NCy),],Li, - 2HNMe,} (9) with [Cp,Pb - TMEDA] [33]
eliminates [CpLi- TMEDA] and gives the Pb(II)/Sb(III) cage {[Sb(NCy),],Pb,}
(11) [Eq. (5)], Fig. 11) [34]. The crystal structure determination shows that 11 exist
as an 11-membered cage containing an [Sb,Pb,] metal core held together by six
imido groups. Clearly the [Sb,N,Pb,] core is held together by N-Sb and N-Pb
bonding, rather than there being any significant metal --- metal interactions. How-
ever, it is interesting to note that the trigonal bipyramidal [Sb,Pb,] metal fragment
can be viewed conceptually as a n + 1 (Wade’s rule) polyhedron.
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Fig. 10. (a) The crystal structure of [Sb(PCy);],Li, - 6HNMe, (10) and (b) the ‘dynamic carousel’
process.

Co-complexation rather than transmetallation occurs when 9 is mixed with
KOBu'. The crystallographic study shows that the product is the remarkable
trimetallic cage complex {[Sb(NCy),],(KOBu'),} (12) [35], in which the cage expan-
sion of the bimetallic precursor from a 14- to a 20-membered polyhedron has
occurred (Fig. 12). The cage structure consists of a central planar [K( u,-OBu")],
ring which is sandwiched between the intact halves of the parent compound 9. This
unusual co-complexation reaction is thought to be driven by the formation of
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—ZMEZNH
[{Sb(NCy)s}aLig)- 2Me,NH  + 3[{Cp,Pb] ———= [{Sb(NCy)3},Pbs] + 6[CpLil...(5)
1"

strong Li—O bonds in the product and by the relief in the strain brought about by
expanding the 14-membered cage to a 20-membered cage.

2.2.2. Polyimido-antimonates and bismuthates containing [E,(NR),]*~ dianions (E =
Sb, Bi)

The dimeric complexes [(Me,N)Sb( u-NR)],, discussed in Section 2.1, contain
terminal NMe, groups which are potentially reactive towards primary amido
lithium complexes. The condensation reaction between [Me,NSb( u-NCy)], and
[CyNHLi], (1:1 monomer equivalents) in non-donating solvents yields
[Sb,(NCy),],Li, (13) in which the rational assembly of an [Sb,N;Li,] cage is
achieved (Fig. 13) [36]. This structural arrangement is similar to that occurring in
the octameric Al complexes [HAI(NHPr')], [37] and [MeAl(NMe)l, [38]. The
16-membered polyhedral cage of 13 can be regarded as being made up of two
interlocked ‘broken cubes’ fragments [Sb,(NCy),Li,(NCy),]. The geometric con-
straints imposed by the rhombic Sb, N, rings are responsible for the inability for
each [Sb,(NCy), Li,(NCy),] half of 13 (the anticipated structure of the product) to

Fig. 11. The crystal structure of {{Sh(NCy);1, Pb;} (11).



M.A. Beswick, D.S. Wright / Coordination Chemistry Reviews 176 (1998) 373—406 385

Fig. 12. (a) Schematic representation of the cage expansion of {{Sb(NCy);],Li, - 2HNMe,} (9) with
[KOBu'] and (b) structure of 12.

close into separate cubane units. Instead, the association of two broken cubes, by
the formation of Li—N bonds, appears to be preferred. This situation can be
compared to that observed in the mixed Na/Li complex [Bu'(Ph)C = N];Li,Na,
[39] which, in the absence of such constraints, forms a typical ‘triple-stack’
structure [4,5].

The similarl reaction between the potent base [Bi(NMe,);] and Bu'NH, yields
the dimer [Me, NBi( u-NBu')], which gives [Bi,(NBu'),]Li, - 2THF (14) upon reac-
tion with [Bu'NHLi], in THF [40]. In this complex lithium solvation by THF
prevents the formation of a structure akin to 13 and the cubane constituents of this
arrangement are isolated (Fig. 14). The complex is a rare example of an imido
compound of Bi (the first example was recently reported by Noltemeyer et al. [41]).
Variable-temperature ’'Li NMR investigations and cryoscopic molecular mass
measurements show that 14 remains as an intact cube in solution, whereas 13 is
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Fig. 13. (a) Schematic representation of the construction of the core of [Sb,(NCy),],Li, (13) from two
interlocked broken cubes and (b) structure of the complex.

involved in a dissociative equilibrium between the interlocked cube structure and
the cubane units, i.e. {{Sb,(NCy),Li,1,} 2 2{[Sb,(NCy),ILi,}.

The structure of the Na complex {[Sb,(NCy),],Na,} (15) [42], prepared by the
reaction of [MeNSb( u-NCy)], with [CyNHNa], has similar features as are observed
in 13. However, despite the similarity with 13 in terms of its composition, the
accommodation of the larger alkali metal cations by the [Sb,(NCy),]*~ dianions in
15 has a profound effect of the geometry of the cage. The most obvious result is
the adoption of a planar, rhombic Na, arrangement at the centre of the cage
rather than the tetrahedral pattern that is present in 13. As a consequence of the
greater ionic radius of Na* and of the correspondingly longer alkali metal-N
bonds, the {[Sb,(NCy),INa,} halves of the molecule no longer resemble cubane
fragments. The strain induced by the complexation of the larger cations results in
greater puckering in the [Sb( u-NCy)], rings of the [Sb,(NCy),*~ dianions, which
are splayed open in order to engage the Na* cations using their u-NCy and
pendent NCy groups. The major advantage of this more open arrangement is that
the Na™ cations ultimately obtain a greater coordination number than is observed
for the Li* cations of 13, with each being bonded to a u-NCy and pendent NCy
group of the [Sb,(NCy),]*~ dianions in the molecule. The molecular arrangement
of 15 can be rationalised in terms of the compromise between the bonding
demands of the [Sb,(NCy),J*~ dianions and the coordination requirements of the
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Fig. 14. Crystal structure of [Bi,(NBu'),]Li, - 2THF (14).

Na* cations. Like the trianion systems discussed in the previous section, the more
rigid bonding demands of the [Sb,(NCy),]*~ dianion units clearly dominate this
balance, as can be seen from the similarity of the bond lengths and angles observed
in the [Sb,(NCy),]*~ dianions of 13 and 15 and from the large rearrangement in
the amido—alkali metal core geometry. The considerable strain within this arrange-
ment is particularly apparent in the extremely irregular, squared-based pyramidal
coordination geometries of the Na™ cations.

In a similar way to the alkali metal complexes containing [Sb(NR),}* " trianions,
alkali metal complexes like 1315 are sources of [E,(NR),]*~ dianion ligands (type
II, Fig. 5) and can be used to build other heterometallic cages. The transmetalla-
tion reactions of 13 with CuCl and AgCH,CO, (1:4 equivalents) yield
[Sb,(NCy),,Cu, (16) [34,43] and [Sb,(NCy),],Ag, (17) [34], with little or no
reduction of Sb(III) into the metal [Eq. (6)]. The crystal structures of 16 (Fig. 15)
and 17 show them to be polyhedral cages in which two terminal [Sb,(NCy),]*~
ligands stabilise central square planar Cu, and Ag, cores. The M, cores in both
complexes are very similar, with the terminal CyN- groups of each of the
[Sb,(NCy),]*~ ligands forming M-( u-N)-M bridges at opposite edges of the M,
units and with longer metal-N interactions being made with the bridging imido
groups of the Sb dianions. This mode of metal coordination is identical to that
found in the Na® complex 15, in which a similar planar, rhombic Na, core is
present. Unlike the Na complex in which Na --- Na bonding is highly unlikely [4,5],
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[{Sba(NCy)alolis + 4MX ——> [{Sby(NCy),);M, + 4LiX ...(6)
MX= CuCl, 16; AgCH4CO,, 17

closed-shell metal -+ metal interactions are a well-established feature in Cu(I) and
Ag(I) complexes and these may play a role in stabilising the M, cores of 16 and 17.
The Cu--- Cu distances in the core of 16 (average 2.57 A), a]though somewhat
longer than those observed in [CuCH,SiMe;], (2.42 A) [44], are almost identical to
those present in Cu metal (2.56 A) [45,46]. The Ag -+ Ag distances in 17 (average
2.81 A) are similar to those found in the structures of a number of Ag, complexes
(approx. 3.0-3.1 A) [47].

2.2.3. Polyimido-antimonates containing {{(R'R*N)Sb(NCy),],8b}~ monoanions

The synthesis of the first monoanionic Sb(IIl) imido species, {[(Me,N)Sb( u-
NCy)],Sb}Li (18), involved the metallation of Sb(III) anion of Sb{N(H)Cy],Li with
[Sb(NMe,);] (1:2 equivalents respectively) [Eq. (7)] [18,42]. The 10e Sb(III) centre
of the SIN(H)Cy], anion becomes the central Sb present in the spiro structure of
the {[(Me,N)Sb( -NCy)],Sb} "~ anion formed (type 1, Fig. 5). The low-temperature
X-ray study of 18 shows it to have an [Sb,N,Li] ‘deck-chair’ core of two ‘back-to-
back’ distorted cubic fragments sharing a common face (Fig. 16). Four u-NCy
ligands link the central four coordinate Sb centre to the two terminal three
coordinate Sb atoms. Two of these ,u-NCy bridges and the terminal Sb-
attached NMe, groups are coordinated to a Li* cation. Complex 18 is therefore an
ion-pair of the trinuclear imido-antimony anion {[Me,NSb( u-NCy),]*Sb}~ and
Li*.

Unlike the stepwise process used in the preparation of 18, the preparation of the
monoanion complexes {[(CyNH)Sb( u-NR)L,Sb}K (19) and {[(CyNH)Sb( u-
NR)],Sb}Rb (20) were achieved directly by the simple insitu reactions of
[Sb(NMe,),] (three equivalents) with a mixture of CyNH, (six equivalents) and
[CyNHM] (M = K, Rb) (one equivalent) [47]. This route provides the cleanest and
without doubt the best route to the related {[(CyNH)Sb( u-NCy)],Sb}~ monoanion.
Although it is not clear how the spiro Sb—N framework of the monoanion comes
about from this reaction, Norman et al. [48] have recently shown that the reaction
of SbCl; with [RNHLi] (1:3 equivalents) gives the imido Sb(II) dimer
[((RNH)Sb( u-NR)],. The related complex [(CyNH)Sb( u-NCy)],, generated from
the reaction of [(Me, N)Sb( u-NCy)], with excess CyNH,, is a possible intermediate
in the formation of the {[(CyNH)Sb( u-NCy)],Sb} " anion, which may arise from
equilibration between [(CyNH)Sb( u-NCy)], and [Sb,(NCy),]*~. However, it should
be noted that repeated attempts to prepare various neutral dimers [(CyNH)Sb( u-
NR),, by the reaction of [((Me, N)Sb( u-NR)], (R = Cy, 2-MeOCH,) with RNH,,
have so far failed owing to the surprisingly low reactivity of the terminal Me,N
groups with primary amines (only the unreacted species [(Me, N)Sb( x-NR)], being
isolated).
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Fig. 15. (a) Crystal structure of [Sb,(NCy),],Cu, (16) and (b) the core of the molecule.

The molecular structures of {[(Me,N)Sb( u-NCy)],Sb}Li (18) (Fig. 16),
{[(CyNH)Sb( 11-NR)],Sb}K - 2thf (19) and {[(CyNH)Sb( u-NR)],Sb}Rb - 2thf (20)
(Fig. 17) both contain similar imido Sb(IIl) monoanion ligands which consist of two
fused Sb, N, rings sharing a central four-coordinate, (10e) square-based pyramidal
Sb centre.

The alkali metal cations are coordinated in a similar way in 18-20, by the
terminal amido ligands of the Sb(III) monoanions and by two of the u-NCy imido
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groups within the [Sb;N,] cores. In the K and Rb complexes the alkali metal
cations are additionally coordinated by two thf molecules. Despite the obvious
differences in the steric requirements of the terminal NMe, and NHCy sub-
stituents present in 18, 19 and 20 and the differing coordination numbers and ionic

Fig. 16. Crystal structure of {{(Me, N)Sb( 4-NCy)], Sb}Li (18).
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Sbi2a}

Fig. 17. Crystal structure of {{(CyNH)Sb( u-NR)],Sb}M - 2thf [M = K (19), Rb (20)].

radii of the alkali metal cations in these species, the geometries of their imido
Sb(III) anions are extremely similar. The pattern of (short, medium and long)
Sb—N bond lengths and N-Sb-N angles within these units largely reflects the
electronic and bonding demands of the Sb(III) centres. The longest Sb—N bonds
occur at the axial positions of the four coordinate (10e) Sb(III) centres, with Sb—-N
bonds of intermediate lengths being found at the equatorial positions, and the
shortest Sb—N bonds occurring at the terminal, three-coordinate (8e) Sb(III)
centres. The slightly asymmetrical structure of the {{(Me,N)Sb( u-NCy)],Sb}"
anion of 18 presumably results from the strain induced by the accommodation of
the smaller Li’ cation into the cage arrangement and from the presence of
stronger alkali metal—N bonds which can compete more effectively for the electron
density on the NCy groups. In this connection, the greatest difference in the
geometries of the imido Sb(III) anions of 18-20 occurs in the N-Sb—N angle
between the equatorial NCy groups of the four-coordinate Sb centre. The expan-
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sion of this angle from 18 to 19 and 20 correlates with the increased size of the
coordinated alkali metal cations, which are chelated by the equatorial NCy groups,
and presumably results in a reduction in strain within the more symmetrical
structures of 19 and 20.

The terminal NMe, groups of the {{(Me,N)Sb( u-NCy),1,Sb}~ anion are reac-
tive towards organic acids. In the 1:2 reaction of {{(Me, N)Sb( 1-NCy),],Sb}K with
CyNH, in toluene, the spiro structure of the monoanion is retained [49]. However,
the reaction {[(Me,N)Sb( u-NCy),],Sb}K with [Bu'OH] (1:2 equivalents) is accom-
panied by structural isomerism of the anion into a nido cage arrangement [Eq. (8)].
The product of this reaction is {[(Bu'O),Sb,( u-NCy);( u,-NCyIK - (¢ —
C,H;CH;)} (21) [49]. It appears this rearrangement is a result of the increased
Lewis acidity of the O-attached metal centres, with the nido structure of 21
maximising their coordination numbers. Although this same effect can also be seen
to underlie the coordination of Me, NH to Sb(III) in [SbCI(Me, NHX u-NBu")], (2)
[17] [during the reaction of [(Me,N),CISb] with Bu'NH, (see Section 2.1)] and the
aggregation of [C1,SbNMe], into a cubane (as opposed to a dimer) structure [50],
the formation of 21 provides the first example of the intramolecular structure
directing influence of the electronegativity of ligands on cage geometry within this
type of p block metal system.

In 21, the K" is coordinated at the open Sb;N, face of the nido [(Bu'O),Sb,( u-
NCy);( ©3-NCy)] " anion and by a m-bonded toluene molecule (Fig. 18). The anion
of 21 is composed of three Sb(III) centres which are linked together in the equator
by three u-NCy groups and capped by a u,-NCy group. Additionally, two of the Sb
atoms are complexed by terminal OBu' groups, resulting in a 10e pseudo trigonal
bipyramidal geometry for these centres and with the other Sb atom having an 8¢
pyramidal geometry. Although there are obvious differences between the electron
precise bonding in the nido complex 21 and structurally similar electron deficient
borane ligands, the localised [Sb( u-NCy)]; face is isoelectronic with the open C, B,
face of 24{R,C,B,H,]; [51], suggesting that the nido [(Bu'O),Sb,( u-NCy), (,uz
NCy)]” anion may perform an analogous structural role as a building block in
metal complexes [52,53].
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Fig. 18. Crystal structure of {{(Bu'O),Sb;( u-NCy),( u3-NCY)K - (n°-C,H;CH )} (21).

3. Group 14 systems
3.1. Reactions of [Sn(NMe, ), ] with primary amines

The previous studies had shown that dimethyl amido Group 15 reagents are
highly useful in preparing imido and phosphinidene complexes. Furthermore, these
reagents provide a simple route to heterometallic systems containing novel anionic
ligand arrangements. In further studies we wanted to extend the synthetic method-
ology of step-wise metallation of primary amines and phosphines to Group 14
systems. As a prelude to more extensive investigations of the formation of anionic
Group 14 imido and phosphinidene ligands, the reactivity of [Sn(NMe, ), ] [12] with
primary amines was examined.

The reactions of sterically undemanding aliphatic primary amines (RNH,)
provides an efficient route to the cubanes [SnNR], (R = Cy (22), 2-NCH,CH,
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4[Sn(NMe,),] + 4RNH, — [Sn(NR)], + 8Me,NH ...(9)

(23) [54], Bu' (24) [55] [Eq. (9)]. Although several imido-Sn(II) cubanes have been
prepared by a variety of routes [56-59], the use of [Sn(NMe,),] allows the general
and facile syntheses of these species. For example, Veith has shown that the
cubanes [ENR], (E = Ge, Sn, Pb; R = Bu', Pr', NNMe,) can be prepared at room
temperature or above by the reactions of [Me,Si( u-NBu')Sn] with primary amines
and hydrazines [56—58). In addition, Power has employed that the reactions of
{EIN(SiMe,), ],} (E = Sn, Pb) with suitable primary aromatic amines (in the melts
at 50-60°C) or borylamines (in hexane at reflux) in the preparation of Sn(II) and
Pb(ID) imido cubanes [59]. The particular advantage of the use of [Sn(NMe,),] over
existing routes is that Sn(II) imido cubanes can be prepared at very low tempera-
tures (< 20°C) and using relatively non-acidic primary amines (in which there is no
conjugative stabilisation of the imido dianions). Thus, thermally unstable species
[such as the Sn(II) cubane 23 (decomp. approx. 30°C)] are accessible using this
route.

The structure of 23 is of some interest, the complex being the only example of a
Group 14 cubane in which accessible donor functionality is present. Although the
angles within the Sn, N, core of 23 are similar to those in 22 and 24, the Sn—-N
bond lengths are considerably more irregular as a result of weak intramolecular
pyridyl-N --- Sn interactions. The interaction of three pyridyl groups with separate
St centres of the core is subtly reflected in the packing of the molecules in the
lattice. The cubane molecules of 23 are arranged in loose strands which are
associated by weak intermolecular Sn---Sn interactions, with the shortest
metal-metal interaction occurring between the least coordinated tin centres of the
neighbouring molecules (Fig. 19). Although loose Sn -+ Sn interactions have been
observed in [Sn(NNMe, )], [56,57), the pattern of association in 23 illustrates that
such interactions can be modified by the effects of intramolecular donation within
the Sn, N, units.

The reactions of [Sn(NMe,),] with sterically demanding aromatic amines do not
give the cubanes [SnNRY],. Instead, the heteroleptic imido /amido tin(I) complexes
{Sn(NR),[Sn( u-NMe,)L,} [R = 2,6-PriC,H, (Dipp) (25), 2,4,6-Me;C,H, (Mes)
(26) (Fig. 20)] are formed [60]. These species are model intermediates in the
formation of Group 14 trimeric rings, [ENR],, and cubanes [ENR], (E = Ge, Sn,
Pb).

The initial stage in the formation of cubanes appears to be the single deprotona-
tion of [RNH, ] by [Sn(NMe,),] [Eq. (10)]. The intermediate produced, most likely
the dimer [(RNH)Sn( u-NMe, )], in which the least sterically bulky NMe, groups
are bridging, then undergoes further metallation with [Sn(NMe,), ] to give species
akin to 25 and 26. Only with more extreme conditions do the 1:1 reactions of
[Sn(NMe, ), ] with [RNH, ] proceed to the cubanes [Sn(NR)], (e.g. 2.5 days at reflux
in toluene for 26). The most plausible intermediate involved for the conversion of
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Fig. 20. Molecular structure of {Sn(NMes),[Sn( u-NMe,)],} (26).
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{Sn(NR),[Sn( u-NMe,)L,} into the cubanes is {[Sn( u-NR)L[Sn(NHR), ]} (structur-
ally identical to the previously characterised complex {[Sn( u-NBu')L,[Sn(NHBu'),
[61,62]). It is interesting to note that whereas the cubane [Sn(NDipp)], is formed by
the reaction of {Sn[N(SiMe,),],} with [DippNH,], the analogous reaction with
{Ge[N(SiMe;), ]} produces the trimer [Ge(NDipp)l, [59,63]. This can be explained
by the reaction of an analogous intermediate to 25 and 26 [bearing N(SiMe,),
groups instead of NMe, ] with [DippNH, ], terminating the reaction sequence at the
trimer. Thus, the isolation of 25 and 26 provides the first indication that the
formation of Group 14 imido cubanes from metallation reactions of primary
amines with various Group 14 reagents may proceed via a common sequence of
reactions involving step-wise metallation of imido /amido intermediates. This is in
contrast to the established mechanism of formation of [SnNBu'], from the ther-
molysis of [(Me,Si}NBu');Sn,], in which oligomerisation of the ‘stannylene’ [:Sn-
NBu'] is involved [64].

An unprecedented feature of 25 and 26 is the coordination of the tin atoms
within the Sn(NR), units exclusively by only two imido centres (the lowest coordi-
nation number for Sn(ID) centres in imido complexes). Although the steric bulk of
the organic substituents in 25 precludes intermolecular Sn --- Sn interactions from
occurring, in 26 intermolecular interactions occur between one of the Sn(II)
centres of the [Sn( u-NMe, )], (formally 8e donor) unit of one of the molecules and
the Sn(NMes), (formally 6e acceptor) unit of the neighbouring molecule. The
result being the formation of loosely-linked hexameric rings (Fig. 21) which are
connected by Sn --- Sn (donor /acceptor and donor /donor) contacts into a network
of fused four-, six- and eight-membered rings.
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Fig. 21. Loosely-linked hexameric rings of {Sn(NMes),[Sn( x-NMe,)].} (26).

3.2. Heterometallic arrangements containing Sn(Il) imido and phosphinidene anions

The high reactivity of [Sn(NMe,),] primary amines gave good promise that
metallation of primary amido lithium complexes would, in a similar way to the
Group 15 systems, generate imido Sn(II) anions. However, it soon became appar-
ent that this synthetic approach would not be successful for Group 14. In all cases
the 2:1 reactions of [RNHLIi] with [Sn(NMe,),] give the cubanes [SnNR], rather
than complexes of the type [Sn(NR),Li,], which were sought. It became obvious
then that new synthetic strategies which avoided the apparently overwhelming
thermodynamic preference for the cubanes would be necessary in the preparation
of imido Sn(IT) anion arrangements.

One potential strategy which proved successful is employing the mixed
amido/imido complexes {Sn(NR),[Sn( u-NMe,)],} (25 and 26) as polynuclear
reagents. These species can be seen, on a synthetic level, as analogous to the
reactive amido/imido, dimers [Me,NSb( x-NR)], (see Section 2.1). However, the
reaction of {Sn(NMes),[Sn( u-NMe,)],} (26) with [LiN(H)ma] [ma = (2-
MeO)C H,](1:2 equivalents) follows an unexpected pathway in which the elimina-
tion of [Sn(NMe, ), ], rather than deprotonation of the primary amido lithium, gives
rise to the heterobimetallic ladder complex {[MesNHSn( u-Nma)l,(Li - 2thf),} (27)
[Eq. (11)] [65]. A crystallographic study shows it to be formed from the association
of the imido Sn(I) dianion [MesNHSn( u-Nmali~ with two THF-solvated Li*
cations (Fig. 22). Alternatively, the structure can be regarded as composed of a
central imido Sn(I) dimer which is solvated by two primary amido lithium
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monomers. Calculational studies of 27 illustrate that the preference for the ladder
arrangement containing a central Sn,N, core (e.g. vs. a THF solvated
{(Sn,N,)[(HN), Li, ]} cubane) is largely dictated by solvation of Li™. It is interesting
to compare the arrangement found in 27 with the Bi(III) imido complex
[Bi,(NBu'),]Li, - 2THF (14) (Figure 14) [40], where even in the presence of THF
solvation of Li* the structure adopted is that of a cubane.

Although reactions of [Sn(NMe,),] with primary amido lithium complexes have
so far proved ineffective in the synthesis of imido Sn(II) anions, the facile synthesis
of Group 14 cubanes (noted above in Section 3.1) furnishes another approach to

Fig. 22. The crystal structure of heterobimetallic ladder {{MesNHSn( u-Nma)],(Li - 2thf),} (27).
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[SANBU], + 4PhyCSH — 2[(Ph;CS)Sn(u-HN'BuU)], ...(12)
(28)

[SANBu], + 3[CyoH,NHLI] — [Li(THF),]*['BUN(C 1 oH;N)3SnsLi. THF]™
(29)

+  [Sn(u-NHBu),LI] ...(13)

these species. The simple acid /base reaction of [SnNBu'l, (24) with [Ph,CSH] (1:4
equivalents) illustrates that the imido Sn(II) cubanes themselves can be employed
as the metallating reagents. The product of this reaction, the dimer
[(Ph,CS)Sn( u-NHBu")], (28) [55], results from the symmetrical cleavage of the
imido Sn(ID) cubane [Eq. (12)].

If sufficiently acidic primary amido or phosphido lithium precursors are used in
this reaction then the acid/base fragmentation of the cubane leads to the desired
imido and phosphinidene anions. The reaction of [C,,H,NHLi] (C,,H, = 1-
naphthyl) with the cubane 24 (4:1) gives the complex [Li(THF),]*[Bu'N(C,,H,;N),
Sn,Li- THF]™ (29) (Fig. 23) [66]. The structure of the heterometallic polyimido
anion of 29, [Bu'N(C,,H;N),Sn;Li - THF] ", resembles a Sn,N, cube in which one
Sn is substituted by a Li* cation. This anion arises from the association of the
tripodal polyimido Sn(II) dianion [(Bu'NXC,,H;N),Sn;]*" with a thf solvated Li*
cation. Although the mechanism of the reaction involved in the formation of 29 in
unclear, the product appears to result from the formal extrusion of [Sn(u-
HNBu'),Li] [Eq. (13)].

Fig. 23. The crystal structure of [Li(THF),]*[Bu'N(C,,H,N),Sn;Li - THF]~ (29).
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The acid /base reactions of the cubanes [SnNBu'l, (24) or [MeAlNMes), (30) [67]
with [CyPHLI] (1:6 equivalents) yield the phosphinidene cage complexes {[Sn( u-
PCy)L(u-PCy))}, - Li, - 4thf (31) [66] (Fig. 24) and {[(AIMeX u-PCy)l,{ u-PCy)},
Li, - 4thf (32) [Eq. (14)] [68]. Both complexes are composed of similar 14-mem-
bered [Sn,P;Li,] and [Al,P,Li,] polyhedral cores. These structural arrangements
come about by the association of metallacyclic {[Sn{ u-PCy)l,( u-PCy)}s~ and
{[{AIMeX p-PCy)l,( u-PCy));™ tetraanions with four THF-solvated Li* cations at
the centres of the cages. Complexes 31 and 32 are rare examples of structurally
characterised Sn(II) [69] and Group 13 [70-75] phosphinidine complexes. Apart

Fig. 24. The crystal structure of {{Sn( u-PCy)],( u-PCy)}, - Li, - 4thf (31).
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Fig. 25. The crystal structure of the metallacycle [Sb,(Nma),4] (34).

from 32, the only other example containing a Group 13 phosphinidene anion is that
of [Li(Et,0),(Bu'GaX u-PBu'),(GaBu!,),] [76]. The metallacyclic tetraanions of 31
and 32 represent entirely new metal-based ligand environments for the complexa-
tion of a range of metals.

4. Metallacyclic complexes

The discussion so far has concerned the reactions of primary amido or phos-
phinidene alkali metal complexes with p block metal reagents. However, a recent
area of interest has concerned the reactions of other main group metal primary
amido and phosphinidene complexes with dimethyl amido reagents. The nucle-
ophilic substitution reaction of [LiN(H)ma] with Cp,Sn gives the tris(primary
amido)stannate complex [(maNH)Sn( u-NHma),Li - THF] (ma = 2-MeOC(H,)
(33) [77], the [Sn(NHma),]*~ anion of which contains three potentially reactive
protons. In an attempt to generate a mixed-metal cage anion [Sn( u-Nma),Sb]~, 33
was reacted with [Sb(NMe,),]. However, the product of this reaction is the Sb(IIT)
complex [Sb,,(Nma),4] (34) [78], composed of six Sb,N, dimeric rings linked by
bridging imido groups into a 24-membered metallacyclic ring (Fig. 25). This
arrangement is similar to that occurring in the tetraanion complexes 31 and 32.
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The Sb,N, units of 34 and the pattern of intramolecular MeO - Sb interactions
within these are almost identical to that occurring in the dimer [(Me,N)Sb( u-
NMA)], (35) [14]. It is interesting to note, however, that the metallacyclic complex
does not result from the reaction of 35 with excess maNH, and it therefore
appears that the formation of 34 is fundamentally reliant on the reaction sequence.
However, further studies are required in order to determine what the mechanism
involved in the formation of 34 is.

The orientation of the dimeric Sb,N, moieties in 34, perpendicular to the
macrocyclic core, produces an overall toroid structure. MeO --- Sb interactions give
highly distorted alternating four-coordinate and five-coordinate Sb(III) centres
within the metallacyclic ring. As a result of the infer-dimer interactions of one of
the bridging MeO groups with the four coordinate Sb centres, the associated
aromatic ligands are distorted significantly out of the planes of each of Sb,N,
dimer moieties. The six attached methoxy ligands are directed towards the centre
of the metallacycle (three above and three below the Sb,, N, ring) giving rise to an
almost perfect octahedral cavity. This arrangement of the methoxy ligands presents
the prospect of selective coordination of metal ions. Additionally, there is the
possibility of anion complexation by the Lewis acidic Sb(ITT) centres.

S. Structure and reactivity of Group 16 dimethylamido complexes

A number of cage complexes {{[E(NBu');]Li,} (E = S, Se, Te), containing tripo-
dal [E(NBu');})*~ dianions and having similar structural arrangement to the Sb(III)
trianion complexes in Section 2.2.1 have been characterised [79-85]. These species
are prepared by the addition reactions of [Bu'NHLi] to [(Bu'N), E]. On the basis of
the previous work outlined above another potential route to a variety of species
containing Group 16 anion arrangements is via the dimethyl amido reagents. The
preparation of [Te(NMe,), ], (36) [86] in high yield from the reaction of TeCl, with
LiNMe, provides a highly reactive precursor. Although the mechanism of the
formation of 36 is unclear, due to the absence of disproportionation into metallic
tellurium a possible mechanism is that of reductive elimination of Cl, from
[Te(NMe,),Cl,]. A radical pathway similar to that proposed by Roesky et al. in the
formation of {Te[N(SiMe,),],} involving the initial formation of [Te(NMe,),], is
also possible [87-89]. The crystal structure of 33 reveals it to be polymeric, each of
the [Te(NMe,), ] units is linked to the next Te by weak Te --- N interactions (Fig.
26). This structural arrangement gives each of the (12¢) tellurium centres a
distorted square-planar geometry, with the two lone pairs on each of the metal
atoms being axially aligned. Although there have been a variety of N-bonded
complexes of Te(IV) and Te(Il) characterised in the solid state, very few
bis(amido)tellurium(II) compounds of this type have been structurally elucidated
[87-89].

The reactions of 36 with amines (e.g. Bu'NH,, CyNH, and (PhCH,),NH) and
phosphines (e.g. PhPH, and CyPH,) occur smoothly at —78°C, giving coloured
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Fig. 26. The crystal structure of [Te(NMe,),], (35).

solutions and forming Me, NH [86]. However, although these solutions are stable at
low temperatures, if raised above approx. —40°C, decomposition to metallic
tellurium is normally observed. Reactions with thiols (Ph,CSH, PHCH,SH and
2-(SH)C;H,N) prove to be more successful, yielding products stable at room
temperature. It appears that the presence of soft heteroatomic centres within the
organic acid prevents reduction in these systems. The reaction of 36 with Ph,CSH
(1:2 equivalents respectively) produces [Te(SCPH,),] (37) [86] which is air- and
moisture-stable for prolonged periods (> 30 min). The crystal structure of 37
shows it to be a simple monomer in the solid state, a result of the large steric bulk
of the SCPh, groups. This is the first structurally characterised complex containing
simple unfunctionalised thiolate ligands.

6. Future perspectives and closing remarks

Dimethylamido p block metal complexes are a family of reagents which provide
easy access to a diverse range of metallo—organic species. In particular, their
metallation reactions with primary amido and phosphido alkali metal complexes
furnishes a highly versatile route to imido and phosphinidene anion systems which
can be employed as ligands to a range of main group and transition metals. Future
work will continue to uncover the coordination characteristics of these new ligands,
particularly those of Groups 13 and 14, and expand the range of ligand functionali-
ties available. A major focus for future studies will be the preparation of crown-like
metallacycles of p block metals and their application as cation and anion selective
ligands. The elucidation of the basic reaction characteristics of these reagents has
laid the foundations for the targeted assembly of mixed-metal cage complexes
which are potential precursors to a number of technologically important applica-
tions. Future work will also be aimed at the application of the synthetic routes
developed to single-source precursors to various thin films [90].
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