G0
DG
Universityof S22

Strathclyde
Glasgow

Strathprints Institutional Repository

Reglinski, John and Spicer, Mark D. (2015) Chemistry of the p-block
elements with anionic scorpionate ligands. Coordination Chemistry
Reviews, 297-298. pp. 181-207. ISSN 0010-8545 ,
http://dx.doi.org/10.1016/j.ccr.2015.02.023

This version is available at http://strathprints.strath.ac.uk/55113/

Strathprints is designed to allow users to access the research output of the University of
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights
for the papers on this site are retained by the individual authors and/or other copyright owners.
Please check the manuscript for details of any other licences that may have been applied. You
may not engage in further distribution of the material for any profitmaking activities or any
commercial gain. You may freely distribute both the url (http:/strathprints.strath.ac.uk/) and the
content of this paper for research or private study, educational, or not-for-profit purposes without
prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:

strathprints@strath.ac.uk


http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk

Chemistry of the p-block Elements with Anionic Scorpionate Ligands
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Abstract

The chemistry of the p-block elements with both N- and S-donor anionic poly-heterocyclic
borate ligands is reviewed, with an emphasis on the synthesis and structural types obtained.
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1. Introduction

The pyrazole borate anions, first reported by Trofimenko in 1966 [1], have become
immensely popular as ligands in the ensuing decades, and have become known as
scorpionates in recognition of the resemblance of their coordination modes to a scorpion
trapping its prey. The first generation of these anionic N-donor ligands (Chart 1), namely
hydridotris(pyrazolyl)borate (Tp), tetrakis(pyrazolyl)borate (pzTp) and hydridotris(3,5-
dimethylpyrazolyl)borate (Tp”) laid the basis for an extensive chemistry, with complexes now
known for the majority of the metallic elements. The analogy with the cyclopentadienyl
anion, i.e. as formally an anionic 6-electron donor, face capping ligand has certainly informed
the development of its chemistry. It was quickly recognised that an enormous variety of
substituted pyrazoles could be synthesised via reasonably straightforward procedures and a
second generation of ligands based on pyrazoles substituted in the 3, 4, and 5 positions was
forthcoming, with the majority appearing in the literature from the mid 1980s onwards.
Substitution at boron, and use of alternative N-donor heterocycles has further expanded the
family, while our group was instrumental in introducing heterocycles which give rise to

ligands with a S3 donor set (Chart 1) [2, 3].

A distinct nomenclature has developed for these ligands [4] and is summarised in Chart 2.
The abbreviations Bp (bispyrazolylborate) and Tp (trispyrazolylborate) are the basis for the
system. The substituents on boron prefix this (i.e. R’Bp, R’Tp) but the prefix is omitted when
R’ = H. The substituents on the pyrazole rings are denoted as superscripts following. The
most common substituted ligand is hydridotris(3,5-dimethylpyrazolyl)borate and is
abbreviated as Tp~ as a reference to pentamethylcyclopentadiene (Cp*), but in general 3,5-
disubstituted are denoted by a single superscripted label, Tp®?. Other substitution patterns use
additional numbers to indicate the position of substitution e.g. Tp*® would be substituted in
the 4-position. The S-donor scorpionates follow a similar pattern in their nomenclature, and
although in the early literature a variety of abbreviations were used this has become more
standard in recent years. Thus, the format R’Bm® and R’Tm® is used, with R’ referring to
substitution at boron, and with R referring to substitution at the ring nitrogen. To date there

are few examples of substitution at the 4 and 5 positions of the rings.

The S-donor methimazolylborates, while superficially similar to the pyrazole borates, also
exhibit some marked differences in their behaviour. Since the S-donor atom is exo- to the

heterocycle ring, the methimazolylborates form eight-membered chelates, whereas the



pyrazole borates form six-membered chelates. Thus, while the M(Tp) fragment has local Csy
symmetry, the larger chelate rings in M(Tm) lead to a propeller-like C3 motif [2]. This
geometry also results in the N-substituents being more distant from the metal centre than the
3-substituents in Tp complexes, resulting in a significantly lesser steric demand. The larger
chelate rings also lead to greater conformational flexibility and one result of this is a wider
range of coordination modes, and particularly the frequently observed x>-S,S,H coordination
mode (Chart 3), in which the borohydride approaches the metal centre forming a probably
somewhat electrostatic 3-centre-2-electron interaction, whose equivalent is rarely seen in Tp

chemistry.

The chemistry of these ligands has been the subject of two books [5, 6] and many reviews
[e.g. 7 - 12], but only four reviews specifically on their main group chemistry have appeared.
Reger has reviewed their gallium and indium chemistry [13], Parkin has discussed s- and p-
block alkyl, hydride and hydroxide derivatives supported by bulky pyrazolyl borates [14] and
Janiak has twice reviewed the TI' chemistry of these ligands [15, 16]. In general, the
chemistry of these ligands with the main group elements is very much less extensive than
with the transition metals, lanthanides and actinides. Consequently in previous reviews, while
main group compounds are mentioned, they are rarely prominent in their coverage. Our aim
in this article is to provide a detailed overview of the current status of main group scorpionate
chemistry. In order to do this, we have not sought to be entirely comprehensive in our
coverage of the literature, but to paint a broad picture. In places this has meant delving back

into the earlier literature in order not to leave large gaps.



2. Complexes of the p-Block Elements with N-donor Scorpionate Ligands.
2.1 Group 13.
2.1.1 Aluminium.

The first reported aluminium scorpionate complex [17] was obtained by reaction of
equimolar amounts of KTp with AICl3 in CH>Cl,. In solution the presence of [AICl4]” was
detected by 2’A1 NMR (Sharp singlet at & = 98.5, wi2= 6 Hz) while a second resonance (5 =
6.2, winp= 12 Hz) was attributed to an octahedral [Al(Tp)z]" cation. Crystals suitable for X-

ray diffraction studies could not be obtained.

The remaining aluminium scorpionate chemistry has utilised alkyl aluminium precursors.
Parkin [18] reported the reaction of AlMes with KTp® to yield [Al(Tp“)Mez] which has been
spectroscopically characterised. '"H NMR studies [19] show single environments for both the
methyl and pyrazole protons from room temperature to -90 °C. This could be interpreted as
either a highly fluxional 4-coordinate complex with a mobile x*-coordinated ligand or as a 5-
coordinate complex with a static k’-coordinated ligand. The related [Al(Tp>B")Me,] shows
two sets of ‘Bupz resonances in a 2:1 ratio, suggesting 4-coordination, with magnetisation
transfer studies give AG' = 17(2) Kcal mol! for the exchange process. It seems likely
therefore that [Al(Tp )Me:] is 5-coordinate. The difference in coordination numbers can be

3-Bu is somewhat larger than Tp” [20].

rationalised in terms of the cone angles, which for Tp
[Al(Tp*B")Me,] is synthesised from the reaction of [TI(Tp>®")] with either AlMes or
AlMe,Cl. In the former case, Tl metal is also formed, a result of the decomposition of the
unstable metathesis product TIMe. In the latter case TICl is the by-product, indicating that
metathesis of Cl is favoured over Me. Controlled hydrolysis of [Al(Tp“)Mez] results in the
formation of what is believed to be the corresponding dihydroxo-species with the
concomitant formation of methane. Interestingly, if D20 is used then a mixture of CH4 (13%)
and CH3D (87%) are formed, and 2D NMR indicates that D is incorporated at one of the
methyl groups on the ligand. Finally, the Bp>*B" complex, [Al(Bp**®")Me:], if heated to 100
°C undergoes isomerism in which one of the pyrazole groups is converted from 3-'Bupz to 5-
‘Bupz (Scheme 1). Kinetic measurements indicate that the mechanism involves the
decomplexation of one pyrazole followed by a 1,2-shift of boron from N1 to N2. Chisholm
[21] has studied the related compound [Al(Tp*B")Et,]. Crystallography reveals the expected
4-coordination at aluminium with a k*ligand binding mode and a pendant pyrazole group.

Furthermore, the isomerism noted above was also observed in this system and the structure of



the isomerised product crystallographically determined. The structure shows that the 5-'Bu-
pyrazole coordinates to the aluminium in preference to a second 3-'Bu-pyrazole. The
isomerisation has been studied by NMR spectroscopy in deuterated benzene, toluene and
THF. The rate of isomerisation was significantly quicker in THF and the activation
parameters obtained support a mechanism in which isomerisation takes place at a non-

coordinated pyrazole via a 1,2-shift of boron.

A recent study [22] of the reaction of the aluminapyrazabole [Al(Et:Bpz»)Ety], first
synthesised by Noth [23], with dry O, at -15 °C showed the formation of an ethoxide bridged
dimer which has been structurally characterised (Chart 4). The Al atoms are 5-coordinate in a
square pyramidal geometry with 20 and 2N atoms in the basal plane and an apical ethyl

group. Evidence suggests an initial interaction of Oz with aluminium followed by insertion

into the Al-C bond.

Reaction of [Y(AIMes);] with KTp*®%>Me results in an unprecedented salt with an [Al(Tp*
Bu.3-MeyMe]* cation and a [Y(AlMes)(Me2Al{u-CH2AIMes} ] anion [24]. The aluminium ion
in the cation is 4-coordinate in a pseudo-tetrahedral arrangement (Figure 1), with the Tp

ligand binding in a k*-mode.

In contrast to the species described above, which are all considerably prone to degradation
when exposed to moisture or oxygen, the complex [Al(Tp“**)Me;] can be handled in air
without appreciable degradation [25]. The structure again shows a 4-coordinate tetrahedral
structure (Figure 1) and the presence of weak Al...F interactions may well be the source of

the stability of this compound.

2.1.2 Gallium

The first gallium Tp complex prepared was obtained from an equimolar mixture of KTp~ and
GaCls in THF [17]. The 7'Ga NMR exhibited two sharp singlets of equal intensity at & +2.8
(w12= 60 Hz) and 6 +239.2 (w12 = 60 Hz), the latter attributable to the GaCls anion, and by
inference, the former should arise from the [Ga(Tp")2]" cation. Crystallography confirmed
this formulation, with the Ga*" ion being coordinated in a close to regular octahedral
geometry. Shortly after, Reger [26] reported reactions of KBp with freshly sublimed GaCls in
THF, in ratios 2:1 and 3:1, which yielded neutral complexes [Ga(Bp).Cl] and [Ga(Bp)s]

respectively. Both are stable in air in the solid state, though the former does slowly



decompose in solution. The structure of [Ga(Bp).Cl] has been determined [27] and reveals
the Ga to be coordinated in a trigonal bipyramidal geometry (Figure 2). The axial Ga — N
bond distances (2.065(2) A) are somewhat longer than their equatorial counterparts (1.964(2)
A). The structure of [Ga(Bp)3] is not known, but is assumed to be octahedral. Reaction of

KBp with GaCls in a 1:1 ratio yields the salt [Ga(Bp2][GaCls] [28].

Further reactions of the Bp ligand with gallium(IIl) alkyls (Scheme 2) have also been
reported [28]. Reaction of CH3GaCl> with KBp in a 1:2 ratio gives [Ga(Bp)>CH3], which is
presumably analogous in structure to the corresponding chloride analogue (vide supra). An
alternative synthesis of the methyl complex by methylation of the chloride using MeLi or
MeMgCl, did indeed yield the desired product, but always contaminated by other species.
Reaction with only one equivalent of KBp gives rise to [Ga(Bp)CH3Cl] which molecular
weight determination in benzene shows to be monomeric, implying a 4-coordinate structure.
This complex can also be prepared by the exchange reaction between [Ga(Bp).Cl] and
(CH3)2GaCl. [Ga(Bp)Me:] is formed as an oil either by treating [Ga(Bp)MeCl] with MeLi, or
by direct reaction of GaMe>Cl (synthesised in situ from MeLi and GaCls in the appropriate
stoichiometry) with KBp. Reaction of [Ga(Bp)Me:] with excess AcOH results in elimination
of a single equivalent of CH4 and the complex [Ga(Bp)Me(OAc)]. A second acetate complex,
[Ga(Bp)2(OAc)], obtained from [Ga(Bp).Me] and acetic acid, has been described and the
structure determined by X-ray crystallography (Figure 2) reveals a pseudo-octahedral

coordination geometry, comprising two «>-Bp ligands and a bidentate acetate.

An extension of these studies to Tp, Tp" and pzTp ligands has been reported [29]. Reaction of
all three ligands with GaCls leads to octahedral [Ga(R Tp®).]" cations, as previously reported
[17]. With MeGaCl» the product obtained depends on the stoichiometry of the reaction. Using
a single equivalent of the ligand (Tp") gives rise to the tetrahedral [Ga(Tp“)MeCl] in which
the ligand adopts a k>-bonding mode (Figure 3), while with the third pyrazole forming a weak
interaction with gallium (d(Ga — N) = 2.897(7)A, which is less than the sum of the van der
Waals radii). Using two equivalents of the ligand yields [Ga(Tp):Me]. This is a highly
fluxional species in solution. The solid state structure of [Ga(pzTp).Me] (Figure 3) shows the
complex to be octahedral, with one k*-pzTp, one k>-pzTp and a methyl bonded to gallium. It
is assumed the Tp" complex adopts an analogous structure. Finally, the three ligands also
react with MexGaCl to form complexes [Ga(RTp )Mez], which are shown to be tetrahedral by
X-ray crystallography (Figure 3), and in these compounds the non-coordinated pyrazoles are

distant from the metal centre, unlike in in [Ga(Tp )MeCl]. This possibly explains the slower



rate of ligand exchange in this case. Thus, while in [Ga(Tp*)MeCl] the pyrazole resonances in
the "H NMR spectrum are not separated, even at — 90 °C, in [Ga(Tp )Mez] coalescence is
observed, and a barrier of 13.7 kCal mol™! to the exchange process has been determined. The

majority of these complexes are stable to air and moisture in the solid state.

Reaction of [T1(Tp"®"“M¢)] with [HGaCl,]> results in the formation of a gallium(III) Hydride
cation in [Ga(Tp*B“M®)H][GaCls] [30]. The crystal structure shows it to be tetrahedrally
coordinated with three nitrogen donors and the hydride ligand (Figure 4). The Ga — H
distance (1.49(6) A) is comparable with the mean of Ga — H distances in the Cambridge
Crystallographic Database (1.40 A) and with the distance obtained from DFT geometry
optimisation of the hydride cation (1.53 A). The Ga — N distances are slightly shorter than in
related gallium(III) Tp® complexes.

The first gallium(I) scorpionate complex was reported in 1996 by Parkin [31]. Reaction of the
bulky Tp'B ligand with “Gal” in pentane yielded [Ga(Tp™")], while in benzene solution the
species [(TpB")Ga-Gals] was formed in low yield. [Ga(Tp™")] was the first discrete
molecular gallium(I) complex to be crystallographically characterised. The Ga(I) — N
distances were ca 0.17 A longer than corresponding Ga(Ill) — N distances in gallium(III)
complexes. The adduct [(Tp™*)Ga-Gals] has also been crystallographically characterised. The
Ga — N bond lengths, at ca 2.05 A, are more akin to Ga(III) — N distances, possibly as a result
of electron donation to the Gals moiety, and the Ga — Ga distance, at 2.506(3) A is in line
with covalent Ga — Ga distances, despite formally being a dative bond. Dias has reported
formation of [Ga(Tp“™?)] synthesised by the reaction of [Ag(Tp“*?)(toluene)] with Gal
[32].

Parkin has shown that [Ga(Tp'®")] reacts with elemental sulphur to form a terminal sulfido-
species [Ga(Tp®")(S)], (Figure 4) [33]. The Ga — S bond distance (2.093(2) A) is markedly
shorter than other Ga — S distances (mean 2.33 A), and this has been interpreted as evidence
for Ga — S multiple bond character. The Ga — S moiety is very stable, with even PMe; failing

to abstract the sulphur atom.

Green has performed DFT calculations on these gallium(I) Tp complexes [34]. The geometry
optimised structures were generally in good agreement with the crystallographic data,
although the calculated Ga — N distances were typically somewhat shorter than those
determined experimentally. The HOMO in [Ga(Tp)] is the lone pair, which has 61 % 4s and
21 % 4p character, with only a small amount (18 %) of mixing with the Tp ligand. The Tp



ligand interacts with the 4s and 4pxy orbitals. In the sulfido complex [Ga(Tp)(S)] the
calculations show a 6-bond between the HOMO (lone pair) on Ga and the 3s and 3p, orbitals
of sulphur. Furthermore, a m-interaction between sulphur px and py orbitals and an orbital of
suitable symmetry on Ga is observed. The bond is best described as a semi-polar covalent
bond, in which the resonance structure Ga'-S™ is dominant. In the compound [(Tp)Ga-Gals]
the main metal-metal bonding interaction is between the HOMO (lone pair) on [Ga(Tp)] and
the LUMO of Gal;, along with weaker ancillary interactions. Again, the bond is polarised,
with the Mulliken charges of +0.79 on the Ga atom coordinated by Tp and -0.15 on the Ga
atom in the Gals moiety, suggesting an ionic component in the Ga-Ga bond. There is no

evidence for multiple bonding in these species.

Parkin has reported a series of compounds based on the [Ga(Tp)] unit which have Ga-Ga
bonds [35]. Reaction of KTp" with “Gal” yields not only the compound [(Tp")Ga-Gals], but
two additional compounds, [(Tp")Ga(Gazls)Ga(Tp")] (Figure 5) and
[(Tp*)Ga(Gazls)(pzMe2H)] which contain concatenated chains of four and three gallium atoms
respectively. Both may be thought of as double adducts of Gaxls formed by
disproportionation of “Gal”. In the chloride analogues, formed by reaction of [TI(Tp")] and
Ga(GaCla),, the expected compound [(Tp')Ga-GaCl;] was the major product, with small
quantities of [Ga(Tp")2][GaCls] and the dinuclear compound [(Tp )Ga-Ga(Tp")] also being
formed (Figure 5). Addition to B(CeFs)3 to these reaction mixtures leads to formation of the

[(Tp")Ga-B(CsFs)s] adduct.

Finally, the donor ability of the [(Tp“)Ga] fragment has been exploited in the formation of
[(Tp")Ga-Fe(CO)4] (Chart 5) by the reaction of [(Tp )GaMeCl] with Nay[Fe(CO)4] [36]. The
favoured bonding description is a two-electron dative bond, and the Lewis basicity of the
[(Tp")] fragment, based on the CO stretching frequencies of the Fe(CO)4 fragment, is greater

than either phosphines or pyridines in related complexes.

2.1.3 Indium.

Reaction of InCls with KTp" in THF, followed by recrystallization from MeCN solution
resulted in the formation of [In(Tp*)(NCMe)Cl2] [17]. The indium is octahedrally
coordinated with a facially capping x3-coordinated Tp" ligand, two chloride ions and an

acetonitrile molecule in the coordination sphere. The “sandwich” compound [In(Tp")2]I was



prepared at low temperature from Inl and KTp" in a 1:2 ratio in toluene [37]. The crystal

structure confirmed a regular N coordination sphere around indium.

The compound [In(Bp)3] has been prepared by the reaction of KBp and In(NOs3)3; in water
[38]. Mass spectrometry and 'H and 'C NMR data are consistent with a complex of this
composition, while the ''*In NMR, with a linewidth of 4300 Hz (compared to 200 Hz for
[In(OH2)s]*") is consistent with a pseudo-octahedral (distorted) coordination geometry. This
geometric interpretation is confirmed by X-ray crystallography (Figure 6), with In — N bonds
in the range 2.219(5) — 2.268(5) A and the N — In — N angles lying between 85.5(2) and
99.9(2) °.

Reger has extensively studied the reactions of pyrazolylborate ligands with indium. The
species obtained are in many cases closely analogous to those of gallium (vide supra). In a
study of the reactions of KBp with InCls, MeInCl> and MezInCl a variety of monomeric
complexes were obtained [39]. A 1:1 ratio of InCl; and KBp yields [In(Bp)Clz], which in
contrast to the majority of indium scorpionate complexes is extremely susceptible to
decomposition. Its limited solubility hints at an oligomeric nature. Reactions utilising ligand
to metal ratios of 2:1 and 3:1 yield [In(Bp)2Cl] and [In(Bp)s] respectively, the former being
trigonal bipyramidal like the Ga analogue, while the latter has been crystallographically
characterised as discussed previously [38]. The analogous [In(Bp)-Me] is prepared from
MelnClz with two equivalents of ligand [39]. Reaction of MeInCl> with only one equivalent
of ligand gives [In(Bp)MeCl], which is monomeric in solution, but which in the solid state
forms weakly associated dimers (Figure 7). [In(Bp)Mez:] is prepared from KBp and MezInCl,
and crystallography discloses a tetrahedral, monomeric structure, with a large C — In — C

angle of 141.1 (1) °.

Reaction of MeInCl,, KBp and CH3CO;H in a 1:1:1 Ratio gives a compound formulated as
[In(Bp)Me(OAc)] which, from solution molecular weight measurements, is dimeric.
Doubling the amount of KBp in the reaction mixture results in methane elimination leading to
a second compound, [In(Bp)2(OAc)]. A similar study using Tp, Tp" and pzTp as the ligands
[40] confirms that, as in the analogous gallium chemistry, either 4- or 6-coordination is
preferred. Reaction of InCls with three equivalents of K(pzTp) gives the complex [In(pzTp)s]
in which it is thought that the the three ligands are present in a «’- bonding mode. The
fluxional behaviour observed via '"H NMR spectroscopy is consistent with this structure.

When reacted in a 2:1 ratio, the same reagents give [In(pzTp)2Cl], believed to be a species



with one «*-pzTp, one k*-pzTp and a chloride ligand completing an octahedral coordination
sphere. The metathesis reaction of this species with MeLi at low temperature, or reaction of
MelnCl> with two equivalents of pzTp, give the methyl analogue, [In(pzTp).Me], which has
been characterised crystallographically, confirming the proposed structure. Finally, reaction
of InCls with KTp in THF in a 1:1 ratio results in formation of the presumed octahedral

[In(Tp)(THF)CL].

A series of mixed ligand complexes have been formed [41] by reaction of [In(Tp")(THF)Cl.]
with the disodium salt of maleonitriledithiolate at elevated temperatures to form
[In(Tp")(mnt)(THF)] and of [In(Tp")(pzM*)Cl,] with dilithio-3,5-di-t-butylcatecholate at low
(-78 °C) temperature to form [In(Tp”)(cat)(Hpz“®)]. The latter has been crystallographically
characterised and is an octahedral complex. Various indium Tp® complexes containing a

second pyrazole borate ligand have also been prepared by a similar methodology.

As noted above, [In(Tp*)2]Cl can be isolated, but it was observed that although the crystal
structure showed it to be the “sandwich” complex, other data was inconsistent with this
formulation [42]. It was thought that hydrolysis might be the reason for this observation, and
thus [In(Tp")2]I was refluxed in wet acetonitrile. The resulting complex was a dimeric species
[{In(Tp")}2(u-pzM?)2(n-OH)]I bridged by two pzM? ligands (presumably derived from
hydrolysis of the Tp" ligand) and a hydroxide ion (Chart 6), in which each indium is in an
octahedral NsO coordination environment. Reaction of Inl; with KTp™ also results in partial
hydrolysis of the Tp® ligand and formation of the monomeric octahedral complex
[In(Tp")(pzM?)1]. Reaction of InCls and KTp" in a 1:1 ratio followed by addition of K»Ss
yields a polysulfide complex [In(Tp")(pz™?)(S4)] [43]. The 'H NMR spectrum is broad at
room temperature, but on cooling sharpens to give a spectrum consistent with the above
formulation. The structure has a distorted octahedral geometry with the InS4 ring adopting a
half-chair conformation. A “mixed sandwich” complex with the ligand CpCo{P(O)(R)2}3 (Lr
R = OMe, Chart 7) and Tp have been prepared [44] by reaction of InCl; and the two ligands
in a 1:1:1 ratio. It is formulated as [In(Lome)(Tp)][InCl4], which is readily converted to the
PFs salt by reaction with NH4PFs. 2D-NMR studies confirm that the two ligands are attached
to the same metal. Reaction of Aglome and TILg with [In(Tp")Cl(NCMe)] lead to
complexes [In(Lome)(Tp)][AgCla] and [In(Le)(Tp)]Cl respectively [45]. The crystal
structure confirms this to be the first example of an indium complex with both O3 and N3

tripodal ligands coordinated.



Indium(I) complexes are less abundant than those of indium(III). In the presence of Tp
indium(I) iodide was observed to disproportionate to indium(0) and indium(IIl) [37],
although latterly, [In(Tp")] has been prepared from K(Tp") and InCl [30]. With the bulkier
ligand Tp’™, Inl reacts at -30 °C in THF to form the 1:1 adduct InTp*™ [46]. The X-ray
crystal structure (Figure 8) confirms a monomeric complex with a trigonal pyramidal
arrangement, with In — N bond distances ca 0.2 A longer than in corresponding indium(III)
complexes, and the N — In — N angles are substantially less than 90 © (78.2(2) °) in contrast to
the indium(III) complexes which have N — In — N angles close to 90 °. The related
complexes of Tp*B" and Tp>BM¢ have been prepared by reaction of [TI(Tp®)] with InCl
[47, 30], and the complexes of the Tp(“™? ligand have been prepared by metathesis of
[Ag(Tp“F2)(THF)] with InCl in THF at -78 °C [48, 32]. The structure of the latter is similar,
but the In — N bond distances are elongated when compared to the Ph and ‘Bu substituted
analogues (2.600(3) and 2.533(5) A vs 2.43 A (av)) and this has been ascribed to the electron
withdrawing effect of the CF3 groups lessening the basicity of the N-donor atoms. The
indium(I) compound [In(Tp'B"?)] is also readily oxidised, by I» to give [In(Tp'"*)I,] and by Ss
to give [In(Tp®*?)(n?-S4)], both 5-coordinate indium(IIl) complexes [49]. The latter reacts
with PR3 (R = Me, Et) to yield the indium(I) complex [In(Tp'®*?)] and also is the source of
the terminal sufido ligand in [Ga(Tp'®"?)(=S)] vide supra [33]. Reaction of [In(Tp®"?)] with
elemental selenium, by contrast, results in the formation of a terminal selenido complex,
[In(Tp™"2)(=Se)] [50] (Figure 9), the bulky ligand preventing the formation of oligomers. The
In — Se bond distance (2.376(1) A) is much shorter than other In — Se distances (ca 2.65 A),
consistent with multiple bond character. Reaction of [In(Tp )Cl(THF)] with the carbonyl
anion in NaFe(CO)4 in THF yields [In(Tp")Fe(CO)4] [51]. X-ray crystallography reveals a
trigonal bipyramidal iron centre, with the In(Tp") ligand in an axial position. The analogous
reaction with Na;W(CO)s results in formation of [In(Tp )W(CO)s]. In both complexes it is
believed that the carbonylate anions reduce the indium(III) precursor to an indium(I) species,

which is able to act as a Lewis base toward the transition metal fragment.

2.1.4 Thallium

The pyrazolylborate chemistry of thallium is based exclusively on thallium(I) and has been
reviewed until 1997 [15,160]. This review will only consider developments thereafter.

Approximately 90 complexes of formula [TI(Tp®)] have been crystallographically



characterised and this popularity arises from a number of factors. The thallium(I) complexes
are stable and less prone to solvent inclusion than the alkali metal salts, resulting in greater
ease of purification, and thus thallium salts are often used as a means to obtaining pure
samples of new scorpionate ligands. Additionally, they are more soluble in organic solvents,
serving to extend their utility. Their primary use is as metathetical ligand transfer agents. In
the reaction of pyrazolyl borates with transition metal halides the discrepancy of the hard N-
donor ligand and soft thallium(I) ion, coupled with the formation of thermodynamically
stable thallium(I) halides, constitutes a strong driving force for the reaction. The simple

separation of the thallium halide by filtration also aids experimental simplicity.

Thallium(I) Tp® complexes all form a single structural motif, in which the metal is found in a
trigonal pyramidal coordination environment. The parent complex [TI(Tp)] has been
structurally characterised [52, 53] showing an approximately (though not crystallographic)
Csy symmetric trigonal pyramidal arrangement (Figure 10). Substitution of the group in the 3-
position only marginally changes the metrical parameters and has been reported for 3R =
cyclobutyl and cyclopentyl [54], diphenylmethyl [55], mesityl [56], and most recently,
adamantyl [57]. If the groups in the 3-position have potential donor atoms then species with
secondary donor interactions are observed. When 3R = carboxypyrrolidine [58], the three TI
— N distances average 2.709 A, while the three TI...O distances average 3.004 A. For 2-
(pinene[4,5]pyridyl) substituents a C3 symmetric tripodal ligand is generated [59] (Figure
11), in which the Tl — N distances are 2.719(3) and 2.721(3) A and the TI...N distances
arising from interaction with the 2-pyridyl groups are 3.101(3) and 3.131(3) A in the two
crystallographically unique molecules. In the C(Me)CH20OMe substituted Tp ligand [60, 61]
three pyrazole nitrogen atoms coordinate to the thallium(I) ion, but only two of the ether
oxygen atoms interact with the thallium ion, the third being remote from the metal at a
distance of 6.258(2) A (Figure 11). Interestingly, the '"H NMR spectrum shows only one
environment for the pendant groups, implying rapid exchange of the ether groups. The
phosphine oxide pendant ligand, tetrakis(3-(2-diphenylphosphinylphenyl)pyrazolyl)borate
[62] forms a thallium(I) complex in which only two of the pyrazole nitrogen atoms
coordinate to the metal, along with a single phosphine oxide. The inability of a third pyrazole
to coordinate to the metal is attributed to the steric hindrance induced by the fourth
substituent at boron. The corresponding phosphine, tris(3-(2-
diphenylphosphinophenyl)pyrazolyl)borate [63], forms the more usual tridentate complex
with three TI — N bonds and weak interactions (3.2122(9) — 3.2488(9) A) with the three



phosphorus atoms which lie co-planar to the metal ion (Figure 11). Despite the long T1 — P
distances, the phosphine interactions are persistent in solution as evidenced by the 3'P —
205207T] coupling in the 3'P NMR spectrum. Thallium complexes of two Tp ligands
containing amide groups (RNC(O), R = Ph, '‘Bu) in the 3 position and methyl substitutents in
the 5-position have also been reported [64]. In the case where R = phenyl a symmetric
species is obtained in which the three amide oxygen atoms are directed towards the thallium
centre, whereas, when R = t-butyl, only one is directed to the thallium coordinated by the
three pyrazole rings, but one also bridges to a second thallium ion forming a loosely

associated dimer.

A number of bis-pyrazolylborates with the potentially ligating groups 2-pyridyl (Bp>?®¥)
[65], 6-(2,2’-bipyridyl) (Bp>@2*P)), [66]and 2-pyrazinyl (Bp>>?¥?) [67] substituted in the 3-
position of the pyrazole rings have been prepared. The 2-pyridyl substituted species gives a
monomeric complex with a “2+2” coordination, in which the pyrazole nitrogen atoms are
strongly coordinated to thallium while the two pyridyl nitrogen atoms are more remote. The
four donor atoms form the basal plane of a square pyramid and the lone pair is directed
towards the apex. The individual units stack along the TI...Tl axis. In the bipyridyl
substituted complex the metal is in a “3+2” geometry, in which two pyrazole and one pyridyl
nitrogen coordinate strongly, with two further pyridyl nitrogen atoms weakly interacting with
the metal centre. The pyrazine substituted complex again exhibits a “2+2” geometry as
observed in the 2-pyridyl analogue above, with stacking along the TI...Tl axis. The external
pyrazine nitrogen atoms are not involved in interactions with neighbouring metal ions. When
groups which are not capable of chelating to the central metal ion are used (e.g. 3-pyridyl and
4- pyridyl) then the formation of coordination polymers is observed [68, 69]. The structure of
[TI(Bp*)] shows it to be a coordination polymer in which the two pyrazoles are bonded to
one thallium atom and the three coordinate pyramidal coordination environment is completed
by two 4-pyridyl nitrogen atoms from adjacent monomers (d(Tl — N) = 2.687(7) A). The
result is a 1D helical chain. The 3-pyridyl analogue forms a similar arrangement (Figure 12).
These compounds dissolve in strong donor solvents such as dmso and dmf presumably with
dissociation of the polymer. The corresponding Tp*” ligand complexes as a symmetrical
tridentate ligand to TI(I) and in this case the assembly into a 1-D helical polymer is by a
much weaker secondary interaction with a single 4-pyridyl nitrogen from an adjacent
complex (d(TI — N) = 2.978(8) A) (Figure 12). The 3-pyridyl analogue [TI(Tp?)] has a

similar monomer unit, but now has weak interactions with the pyridyl nitrogen atoms from



three adjacent units, assisted by m-stacking, resulting in a 2-D sheet structure (Figure 13).
With the tetra-substituted borate ligands, 3pyTp*?Y and 4pyTp*™ a more distorted thallium(I)
core is observed, with two of the pyrazoles bonding strongly and one weakly. In the 4pyTp*PY
complex the monomers are assembled into 2D chiral sheets via interactions with adjacent 4-
pyridyl groups. In the 3-pyridyl analogue two pyrazole nitrogen atoms are strongly bonded to
thallium while the third ring in the vicinity of the metal adopts a face-on bonding mode. The
stronger secondary interactions with adjacent 3-pyridyl groups results in a ladder structure,
and these ladders are then assembled into a 2D sheets by weaker 3-pyridyl-thallium(I)

interactions.

Thallium(I) complexes of 3-phenyl-4-cyanopyrazolyl and 3-t-butyl-4-cyanopyrazolyl borates
show the familiar trigonal pyramidal structure, but while the phenyl substituted derivative
shows some some association into coordination polymers via three cyano-nitrogen atoms
interacting with the thallium ion [70], the t-butyl substituted derivative does not exhibit this
interaction [71]. This has been rationalised on the basis of the greater steric bulk of the t-butyl
group. The thallium(I) complexes of the related bis pyrazolylborates, Bp"™N and Bp'BuA4cN
have also been structurally characterised [72]. The phenyl derivative has a coordination
sphere consisting of the two pyrazole nitrogen atoms and an interaction with the one of the H-
atoms bound to boron. There are also weak interactions with the pyrazole nitrogen atoms on a
neighbouring metal and a weak CN...Tl interaction. The t-butyl substituted complex, by
contrast, bonds strongly to the two pyrazole nitrogen atoms and the borohydride from one
ligand, two cyano-groups from two further ligands and the borohydride of a third
neighbouring ligand. In each of these complexes the Tl — N bonded distances are markedly

longer than in many other pyrazolyl borate derivatives, and this is thought to arise from the

electron withdrawing effect of the cyano groups.

The thallium(I) complexes of a series of pyrazolyl borates containing fluorinated substituents
have also been reported. The complex with MeTp>“* has the standard trigonal pyramidal
structure and shows 2°*205T] — F Coupling in the '°F NMR spectrum [73]. The complex with
the perfluorinated ligand tris(3-trifluoromethyl-4,5,6,7-tetrafluoroindazolyl)borate (Chart 8)
again has a trigonal pyramidal structure, but also shows additional TIl...F contacts in the
range 2.98 — 3.22 A. There are also significant interactions of fluorine atoms with the -
aromatic system [74]. With the Tp®*¥7°M¢ ligand a similar situation pertains, and there '°F
NMR spectrum shows coupling of each of the three resonances with the thallium ion. This is

ascribed to through space coupling, and the X-ray structure shows close contacts between the



metal and the fluorinated substituent [75, 76]. Complexes with CFs, C4F9 and CeFi3
substitutents are also reported, but not structurally characterised. Tris(3-Aryl-4,5,6,7-
tetrafluoroindazolyl)borate (aryl = Ph, 3,5-Me>CsHs, 3,5-(F3C)2CsHs, CeFs; Chart 8)
complexes of Tl are unusually formed by reaction the parent indazole and TIBH4 [77]. (This
method has previously been reported for a series of pyrazolyl and indazolyl borate thallium
complexes [78]). All form the expected structural motif. The pentafluorophenyl substituted
ligand, however, undergoes a rearrangement such that one of the indazolyl groups has
migrated such that it is bonded through the nitrogen in the 2-position, rather than the 1-
position (Figure 15). The related bis(indazolyl)borate is also prepared from the indazole and
TIBH4 and also undergoes this rearrangement, in this case with both indazoles bonded
through the 2-position. Bis and tris pyrazolyl borates derived from 3,5-
bis(trifluoromethyl)pyrazole form complexes with thallium(I) which have been

crystallographically characterised [79]. The Tp(“¥®?

complex adopts the expected trigonal
pyramidal motif, with weak interactions with fluorine atoms from neighbouring molecules.
The Bp“™”? ligand forms a more complex structure, in which the ligand is bonded via two
pyrazole nitrogen atoms and the coordination sphere is completed by interactions with the
two borohydrides from one neighbouring complex and two fluorine atoms from a second

neighbouring complex, resulting in a zig-zag chain structure.

Thallium(I) complexes of a number of pyrazolyl borates substituted at boron, R’Tp® have
also been reported. Ligands that are 3-substituted at pyrazole, with methyl at boron, MeTp*}
(B3R = Me [80], 'Bu [81], Mesityl [81], Ph [82]) yield the expected trigonal pyramidal
structures. However, introduction of substituents in the 5-position (e.g. in tris(3,5-dimethyl
pyrazolyl)borate [80]) yields a structure in which two of the pyrazoles are coordinated to
thallium, but the third, due to the steric hindrance between the 5-methyl and the B-Me
groups, is unable to do so. The coordination sphere is thus completed by donation from a
pendant pyrazole from an adjacent molecule leading to polymeric arrays. A similar situation
pertains when bulkier groups are appended at boron. Thus, in the thallium(I) complexes with
RTp (R = Ph [83], cymantrene and methylcymantrene [84], 4-BrC¢H4 [85]) the ligand is only
able to act in a bidentate fashion due to the steric bulk of the group on the bridgehead atom.
In [TI(PhTp*®B¥)] the third “arm” is rotated through approximately 90 °, resulting in an
interaction with the pyrazole n-system rather than with the nitrogen lone pair. The structure is
strictly monomeric in nature [83]. In the cymantrene derivatives the subtle effect of the

addition of a methyl group to the Cp ring of the Mn(Cp)(CO)3 fragment results in different



arrangements [84]. Thus the complex of the parent is polymeric in nature (Figure 16), the
pendant pyrazole arm bonding to an adjacent thallium centre to form a 1-D polymer. In the
methyl cymantrene species, however, a cyclic tetramer is obtained (Figurel6), the remote
methyl group causing a small shift in the angle of the pyrazole ring which enables the
formation of the cyclic species. Interestingly, in solution the NMR spectra are consistent with
a monomeric species, suggesting that the oligomeric nature is only extant in the solid state.
The 4-bromophenyltris(pyrazolyl)borate ligand again binds in a dihapto- fashion to the
thallium(I) ion In this case, the third pyrazole nitrogen does not interact with a neighbouring
complex, but instead a van der Waals interaction with the bromine on the aromatic group

occurs.

The effect of placing substitutents in the 4-position has also been studied. Placing a t-butyl
group in this position, with a 3-p-tolyl group (Tp*°**B%) does not result in a significant
change in behaviour with respect to the coordination chemistry with thallium [86]. The effect
of adding a 4-phenyl group to 3-benzyl substituted ligands was found to be minimal in terms

of the thallium chemistry, but did result in differences with transition metals [87].

The effect of multiple substitutions has also been studied. Formation of thallium complexes
with hydrotris(3-phenyl-4,5-dibromopyrazolyl)borate and the p-tolyl and p-chlorophenyl
analogues all results in a rearrangement such that the three aryl groups occupy the 5-position.
On the other hand the hydrotris(3-p-chlorophenyl-4-bromopyrazolyl)borate and hydrotris(3-
phenyl-4-bromo-5-methylpyrazolyl)borate both form complexes without undergoing

rearrangement. It is presumed that steric effects are the cause of this phenomenon [88].

Tp-related ligand hydrotris(indazoyl)borate [53, 89] forms a thallium(I) complex as expected,

with the additional aromatic rings facilitating extensive n-stacking.

A series of bispyrazoylborate ligands have also been reacted with thallium. The parent
dihydrobis(pyrazolyl)borate has the expected bidentate coordination, but additionally there is
a weak interaction with the borohydride, and a relatively short TI....Tl interaction at

3.7001(6) A, less than twice the van der Waals radius of thallium (3.92 A) [90].



2.2 Group 14
2.2.1 Silicon

Reaction of SiCls with KpzTp results in formation of a compound formulated as
[Si(pzTp)Cl3]. The '"H NMR spectrum shows two pyrazole environments in a 3:1 ratio,
suggesting an octahedral complex. This is supported by a 2°Si NMR shift of -196.6 ppm.
However, reactions with Bp and Et;Bp with SiCls, MeSiCl; and Me>SiCl; yielded inseparable
mixtures with evidence for cleavage of pyrazole from the ligand and formation of

pyrazaboles [22]. In general the silicon complexes are unstable and not easily purified.

2.2.2 Germanium

Reaction of GeCls with KpzTp results in formation of [Ge(pzTp)Cl3] which was identified by
NMR spectroscopy and mass spectrometry, but which could not be separated from an
impurity. Reaction of EtoGeCl, with 2 equivalents of KpzTp led to the initial formation of
[Ge(pzTp):2Et2] as identified by NMR spectroscopy, but it decomposed rapidly both in
solution and in the solid state. Reaction of EtoGeCl, with Et;Bpz> yields only the pyrazabole
Et:B(p-pz)2BEt: and a hydrolytically unstable complex Et2Ge(pz)2 [22]. Addition of KTp" to
a slight excess of [GeCly(dioxane)] yields the compound formulated as [Ge(Tp )]CI [91].
Exchange of the chloride for iodide and PFs was achieved and the crystal structure of the
iodide salt showed a 3-coordinate trigonal pyramidal structure, with the iodide significantly
separated from the cation. Latterly the chloride salt was crystallised and shown to have a 4-
coordinate structure [92]. The geometry is best described as distorted trigonal bipyramidal,
with the chloride and one pyrazole in the axial positions and two pyrazoles in an equatorial
site. The final site is presumably occupied by the germanium lone pair. The Ge — Cl distance
is approximately 0.25 A longer than other Ge — Cl distances. This compound was converted
to the corresponding azide by reaction with NaN3 and has an analogous structure. The azide
is linear, and has a N — N — Ge angle of 136.8(3) °, somewhat larger than in other main group
azides (Figure 17). It is suggested that there is considerable ionic character in the Ge — X

bonds in these species.



2.2.3 Tin

The first reported tin Tp complex was prepared by reaction of Me3SnCl with KTp, yielding
the six-coordinate [Sn(Tp)Mes] [93]. The colourless complex is air sensitive, decomposing
completely in CH2Cl, at room temperature in five hours. The crystal structure confirms the
octahedral arrangement and shows narrow N — Sn — N angles (74.8(1) ©) and wide C — Sn - C
angles (105.2(1) °). Soon after a second study resulted in the isolation of [Sn(Tp)ClzxMex] (x
=0, 1,2) and [Sn(Tp)I3] [94]. A number of series of related compounds have been prepared:
[Sn(Tp)R:X] (X = Cl, R = Me, Et, "Bu, Ph; X = Br, R = Me, "Bu); [Sn(Tp)RCL:] (R = Me,
"Bu, Ph) [95]; the tetrakispyrazolyborate analogues [Sn(pzTp)R2X] (X = CI, R = Me, Et, "Bu,
Ph; X = Br, R = Me, Et); [Sn(pzTp)RCl:] (R = Me, "Bu, Ph); and [Sn(pzTp)X;3] (X = CL, Br)
[96]; and the 3,5-dimethylpyrazolyl analogues [Sn(Tp )R2X] (X = Cl, R = Me, Et, "Bu, Ph; X
= Br, R = Me, Et); [Sn(Tp")RCIz] (R = Me, "Bu, Ph) and [Sn(Tp")X3] (X = CI, Br) [97]. All
are shown to be non-fluxional from their 'H and *C NMR spectra, and from their ''Sn NMR
spectra are deduced to be octahedral with the exception of the monohalogeno compounds,
which are thought to have lower coordination numbers in solution. The Crystal structure of
[Sn(pzTp)Me:Cl] was determined [21], and the structures of [Sn(Tp)Ph.Cl], [Sn(Tp")Ph2Cl]
and [Sn(Tp)CIz] were also subsequently obtained [98], and the solid state structures in each
case show octahedral geometries. Mossbauer spectra show a greater s-electron density at the
metal nucleus as the structures adopt a more regular octahedral geometry, implying a
decrease in s-character in the metal ligand bonds [98]. Reaction of the ester tin compound
MeO,CCH2CH2SnCl3 with KTp yields the complex [Sn(Tp)(CH2CH2CO2Me)Clz], which
readily  undergoes  metathesis with KSCN to give the corresponding
[Sn(Tp)(CH2CH2CO:Me)(NCS)2] complex, both of which have been crystallographically
characterised showing the expected octahedral complexes [99]. An analogous compound with
itaconic ester (CH.CH(CO,Me)(CH2CO2Me)) has also been described [100]. Reaction of
Me>SnCl> with two equivalents of KTp or KpzTp leads to the species [Sn(R’Tp)-Me:] (R =
H, pz). In solution, NMR spectroscopy reveals a highly labile species, exhibiting only one
pyrazolyl environment, while cooling results in the freezing of four different species,
although these could not be identified. The compounds are both thermally sensitive and
highly moisture sensitive [101]. [Sn(Tp")("Bu)2Cl] has been used as a Tp~ ligand transfer
agent in the formation of [M(Tp)Cl3] from MCls species (M = Zr, Nb, Ta) [102].

A handful of Bp complexes with tin(IV) are also known. Nicholson prepared the compounds
[Sn(Bp)ClsxMex] (x = 0, 1, 2, 3) and the crystal structure of [Sn(Bp)Me2Cl] shows these



species to be five coordinate with a somewhat distorted trigonal bipyramidal coordination
sphere [94]. The corresponding [Sn(Ph2Bp)Me>Cl] has also been crystallographically
characterised [21]. Complexes of general formula [Sn(R2Bp)R’>2] (R = Et, R” = Et, "Bu; R =
H, Ph, R’ = Me) have also been isolated, but they are highly unstable toward heat and
hydrolysis. By addition of water to a solution of [Sn(Et2Bp)Me:] a dimeric hydrolysis product
was isolated in which one pyrazole N — B bond has been cleaved with concomitant B — O

bond formation. The resulting oxygen bridges between the two tin centres (Figure 18) [101].

Tin(IT) chemistry is less extensive than that of the higher oxidation state. Cowley reported the
reaction of SnCl, with one or two equivalents of KTp" to yield [Sn(Tp")Cl] and [Sn(Tp"):]
respectively [103]. Both have been characterised crystallographically and both reveal the
structural impact of the non-bonded electron pair. The former is trigonal bipyramidal, with
four donor atoms and the lone pair occupying an axial position. The latter is octahedral, again
with one coordination site occupied by the lone pair. NMR, in both cases was consistent with
considerable fluxionality in the solution state. The mass spectrum showed a very weak parent
ion, while the base peak corresponded to the [Sn(Tp")]" ion, confirming the lability of these

species. A number of analogous species, utilising alternative ligands (Tp, Tp*™¢

» pzTp, Bp,
Ph,Bp) have been prepared and their '"’Sn NMR spectra utilised to differentiate between the
varying coordination numbers [104]. The structure of [Sn(Tp):] has also been determined
crystallographically and reveals a similar structure to that of the Tp" analogue [105] (figure
19). Additional studies by Reger have added a series of bispyrazolylborate compounds,
[Sn{B(pz)4-n}mClh-m] (n =0, 1, 2; m = 1, 2) which have been isolated and characterised [106].
The Bp complex [Sn(Bp):] was the subject of a low resolution X-ray structure determination
which showed the coordination sphere to be trigonal bipyramidal with a lone pair in one axial
site. The corresponding [Sn(Bp)Cl] is tetrahedral with a lone pair filling one vertex. The
molecules are weakly associated through long Sn ... Cl contacts. Comparison of solid state
and solution '"?Sn NMR data shows that with the exception of [Sn(Bp)] the structures in the
solid state are representative of those in solution [107]. Curiously, the structure of

[Sn(pzTp):] reveals both ligands to be coordinated in a x*>-mode, rather than the «*, k*-mode

seen in the parent Tp complex [106].



2.2.4 Lead

As far as can be ascertained, there are no complexes of scorpionate ligands with lead(IV),
presumably a result of the oxidising nature of this ion. However, a number of lead(II)
complexes are known. The compounds [Pb(R’Tp®),] are readily prepared from PbCl, and the
potassium salt of the ligand in aqueous solution [107]. An interesting structural progression is
observed (Figure 20). With the pzTp ligand both ligands adopt a x*-bonding mode which
results in a distorted trigonal bipyramid with one axial site occupied by the lone pair of
electrons, very similar to the related tin compound [106]. With the parent Tp ligand a face-
capped octahedral arrangement is observed, whereby the six pyrazole nitrogen atoms
coordinate to the lead(Il) ion and the lone pair occupies a vertex, capping a face defined by
three pyrazole nitrogen atoms. Finally, with Tp” a much more regular octahedral arrangement
is seen, implying a stereochemically inactive lone pair. Interestingly, the bond distances in
the latter two complexes are very similar, whereas it might be expected that the
stereochemically inactive lone pair might cause a bond length extension. It would appear that
the pzTp ligand is sterically too bulky around the boron atom to allow it to coordinate in the
normal «*>-mode. The Tp ligand adopts a structure driven by the metal lone pair, while the
structure of the Tp~ complex is driven by the bulk of the ligand 3,5-substituents to form a
regular octahedral species. A series of mixed tripod complexes with the Osz- donor ligand
[(Cp)Co(P(O)(OEt),)s] and the scorpionate ligands Bp, Tp, Tp" and pzTp have been prepared
and characterised, but could not be crystallised [108]. In an effort to synthesise complexes of
(O)P(3,5-Mexpz); by mixing with Pb(NOs), and KTp® the unexpected complex
[Pb(Tp*)(ONO>)] has been obtained. It has been crystallographically characterised showing a
trigonal bipyramidal structure with the lone pair occupying an equatorial position. In an
attempt to prepare [Pb(P(O)(3,5-Mexpz))(Tp')] ligand decomposition has been observed
(probably the result of HCI in the phosphine oxide ligand) to yield [Pb(Tp")(Hpz>>M¢);]Cl.
The Tp” ligand is k>-coordinated and adopts a conformation identical to that in [Pb(Tp")], the
three pyrazoles occupy the second face and the chloride ion is hydrogen bonded to the three
pyrazole hydrogen atoms. The lone pair is stereochemically active, pointing through the face
defined by the three pyrazole ligands and towards the chloride ion (Figure21). Reaction of
lead chloride, KSCN and KTp in THF yields a stable white solid with empirical formula
[Pb(Tp)(NCS)] [109] The crystal structure reveals a complicated infinite 2D array in which
[Pb(Tp)]" groups sandwich a layer of SCN" groups. The related Tp~ complex is a dimer
(Figure 21) which is spanned by two different bridging NCS ligands. One bridges through a



single S atom, while the other bridges via both N and S. The free nitrogen of the first bridging

SCN links to neighbouring lead atoms to form a polymeric chain.

When a tris(1,2,4-triazolyl)borate ligand (Chart 9) is reacted with Pb(NO3), in water the
product which initially crystallises has the formula [Pb{HB(Triazolyl)s}(OH2)(ONO>)] [110].
Crystallography shows this to be a seven coordinate species with the triazolylborate
coordinating in a k*-mode, a water and monodentate nitrate ligand. The remaining sites are
filled by interaction with the 4-nitrogen atoms of ligands in two neighbouring complexes,
resulting in a two-dimensional coordination polymer. There is a void in the coordination
geometry consistent with a hemidirected lone pair (Figure 22). If left in the mother liquor, the
rhombic crystals of [Pb{HB(Triazolyl);}(OH2)(ONOy)] transform over a number of days into
needle shaped crystals. These are shown to have the formula [Pb{HB(Triazolyl);}2(OH2):]
which has a bent PbL, structure (Figure 22), reminiscent of lanthanide Tp complexes [e.g.

110]. The lone pair is thought to be holodirected in this case.

2.3 Group 15
2.3.1 Phosphorus

Reaction of (0-CsH4O2)PCl with KpzTp results only in the formation of the pyrazabole
(p2)2B(1-pz)2B(pz)2, with no evidence of Tp complex formation [22].

2.3.2 Arsenic

Reaction of Me2AsBr with KpzTp results in the formation of a compound formulated as
[As(pzTp)Mez]. The '"H NMR shows this species to be fluxional, but even at — 90 °C the
peaks are not fully resolved and so it has not proven possible to imply a structure for this

species [22].
2.3.2 Antimony

There are no reported complexes of Tp ligands with antimony.



2.3.3 Bismuth

A single bismuth complex of Tp has been prepared by reaction of BiClz with NaTp in acetone
at 0 °C. Extensive decomposition occurs, deposting metallic bismuth, but a white crystalline
solid can be obtained in moderate yield from the cold solution [112]. The compound
obtained, [Bi(Tp)2(pzH)CI] is eight coordinate (Figure 23), with two Tp ligands in a “bent”
arrangement with a chloride to balance the charge and a protonated pyrazole, arising from the
observed decomposition of the Tp ligand. The structure is reminiscent of some lanthanide

complexes with these ligands [111]



3. Complexes of the p-Block Elements with S-donor Scorpionate Ligands.
3.1 Group 13.
3.1.1 Aluminium

To date, only two examples of soft scorpionate complexes of aluminium are known [113],
namely [Al(Bm®)Clz] (R = Me, ‘Bu), synthesised by treatment of AICl; with LiBm®. The X-
ray structures reveal a tetrahedrally coordinated metal centre and the eight-membered chelate
ring adopts a chair-like conformation, directing the borohydride groups away from the metal

centre, rather than allowing a B — H ...M interaction as observed in other related compounds.

3.1.2 Gallium

Simple mononuclear gallium(III) complexes are obtained by reaction of MTm® (M =TI, R =
‘Bu; M = Li, R = adamantyl) with GaX3 (X = Cl, I) [114, 115]. The iodide, when reacted in a
1:1 molar ratio yields [Ga(Tm®)I]I in which the gallium is pseudo-tetrahedrally coordinated
in a S3I donor set. With GaCls in a 1:2 ratio, the related [Ga(Tm®)C1][GaCls] is the product.
A complex with a ligand to gallium ratio of 2:1, [Ga(Tm®).I] is accessed by reaction of
[TI(Tm™")] with Gals in a 2:1 ratio. NMR and subsequent crystallographic analysis (Figure

24) reveals the Tm™" ligand to be «*-coordinated, resulting in a 5-coordinate species.

Reactions of “Gal” with [M(Tm™")] (M = K, TI) do not result in formation of the expected
gallium(I) complex [Ga(Tm™")]. Rather, depending on conditions, a series of compounds

containing Ga — Ga bonds are produced. With KTm"™"

in benzene at room temperature the
dinuclear dication [(Tm®")Ga-Ga(Tm™")]*" is obtained, while in acetonitrile at -35 °C, the
trinuclear [(Tm™")Ga(Gal,)Ga(Tm™")]I results. Using [TI(Tm™")] in acetonitrile at -35 °C
and then warming to room temperature yields [(Tm'™")Ga — Gals], while without warming the
remarkable ion pair, [(Tm®")Ga-Ga(Tm™")]**[(x!,k*>-Tm®")Gal,Gal,Gal]> containing both
dinuclear and trinuclear ions is produced. The trinuclear ion contains a unique bridging mode
for the Tm 1on in which two sulphur atoms coordinate to one gallium atom and the third
sulphur coordinates to the most distant gallium. These products may be rationalised in terms
of i) formation of [Ga(Tm'®")], and ii) the disproportionation of “Gal” to Ga’ and Gals,

followed by a series of subsequent reactions. The molecular structures (Figure 25) as

determined by X-ray diffraction reveal Ga — Ga distances in the range 2.406(3) to 2.4586(5)



A, comparable to twice the covalent radius of gallium (2.44 — 2.48 A) and commensurate

with other Ga — Ga single bond distances.

Reaction of Gal with NaBm®™" results in formation of the monomeric gallium (III) complex
[Ga(Bm™")I;] and the formally gallium(Il) dimer, [(Bm'™®")(Gal)(Gal)(Bm™")] [113]. The
analogous reaction with LiTm™® also yields the dimeric species. In both the ligand adopts a
chair-like configuration, but the structures differ in the orientation of the Bm® ligand. In the
complex with the less bulky BmM® the ligand is directed over the Ga — Ga bond, while the
bulkier Bm'B" ligand is directed away from it (Figure 25).

The chemistry of other gallium containing precursors has also been explored [115].
Ga(GaCls), reacts with [TI(Tm®Y)] to form [(Tm™")Ga — GaCls], while treatment of
(HGaCly)> with both KTm®" or LiTm*¢ gives the complex cations [(Tm®)Ga — Ga(TmR®)]**
(R = 'Bu, Ad). The Ga — Ga bonded species described above may be formally considered as
[(Tm®)Ga] adducts with various gallium(III) species. While it has not proven possible to
isolate the [(Tm®)Ga] complex, it can be captured by reacting [M(Tm®)] (M =Li,R = Ad; M
= Na, R = 'Bu) with “Gal” in the presence of the Lewis acid B(C¢Fs)3 to give the simple
adducts [(Tm®)Ga-B(CeFs)3] (Figure 26). Analysis of the deviation from planarity at boron
using the sum of the C — B — C angles suggests that the [(Tm®)Ga] moiety is a stronger Lewis
base than its indium analogue (vide infra), which might be expected on the basis of the inert
pair effect becoming more pronounced as the group is descended. (HGaCl»), also reacts with
elemental sulphur in the presence of K(Tm'™®") to form a p-sulfido-complex [(Tm®")Ga — S —
GaCls] (Figure 26). By analogy with the pyrazole borate complexes (vide supra), it is
believed that the terminal sulfido-complex, [(Tm™®")Ga=S] is initially formed, which is then

trapped by GacCls.

3.1.3 Indium

The first soft scorpionate complex prepared with indium was the indium(IIl) species
[In(TmM®),]I resulting from the reaction of Inlz with NaTmM® [116]. Mass spectrometry
confirms the presence of the [In(TmM®),]" cation and the sharp proton NMR spectrum
indicates minimal chemical exchange on the NMR timescale. X-ray crystallography reveals
an octahedral complex (Figure 27), a structural motif seen with Tm® ligands with most of the
metallic p-block elements. The In — S bond distances vary only minimally (2.603(8) —
2.623(8) A) and the intra-ligand bite-angles are greater than 90 ° ((92.22(3) — 93.86(2) °)



while the inter ligand angles are less than 90 °© (86.14(2) — 87.65(3) °) resulting in a slightly

compressed octahedron, which is common to all species of type [M(TmR?)]™*.

Soon after, a BmM® complex of indium(III), [In(Bm™*®)Br:] was also reported, prepared by
reaction of InBrs with NaBm™° in a 1:1 ratio in toluene [117]. The crystal structure reveals a
tetrahedral coordination sphere with the first S2Br> donor set at indium. The In — S distances
(2.4407(11) A) are substantially shorter than in the octahedral [In(Tm™®),]". The iodide
analogues, [In(Bm®)l2] (R = Me, ‘Bu) have also been prepared [113]. Reaction of a 2:1 ratio
of NaBm™" with InX3 (X = CI, Br, I) results in the formation of [In(Bm'®"),X], in which the

coordination geometry is trigonal bipyramidal with the halide in an equatorial position [113].

tBu’ and

The monovalent indium complex [In(Tm™®")] is readily prepared from InCl and KTm
is shown by X-ray crystallography to be a discrete monomeric species with trigonal
pyramidal geometry [118] (Figure 28). This is in contrast with the related gallium complex,
which is only isolable when stabilised by interaction with Lewis acids. MO calculations show
the HOMO to be the non-bonded electron pair which is based primarily on indium with 46%
5s and 32% 5p orbital character. While this monomeric complex is stable, in the presence of
B(CeFs); it forms a 1:1 adduct in which the indium is shown to be a poorer donor that than its
gallium analogue. The availability of the indium lone pair in [In(Tm"®")] is also illustrated in
its reaction with elemental sulphur to yield a tetrasulfido complex [In(Tm'"™")(k?-S4)] in which

the coordination geometry is trigonal bipyramidal (Figure 29), with the axial In — S bonds

being longer than the corresponding equatorial In — S bonds.

Reaction of [In(Tm™")] with pyridine-N-oxide or with Me3SiN3 results in formation of
complexes [In(k*:-Tm'B"),X] where X = Cl and N3 respectively. The source of the chloride in
the former is not clear, although the compound was recrystallized from CHCI3, which may be
the source. Unlike the “sandwich” compounds, these are five-coordinate trigonal bipyramidal

complexes with both Tm'™" ligands coordinating in a x*>-mode (Figure 29).

The bulky adamantyl substituted Tm® ligand also reacts with InCl in a disproportionation

reaction with the product being [In"(TmA%)(1>-mim*%)Cl] (mim”! = N-adamantyl-2-
mercaptoimidazole). If the reaction is performed in the presence of B(CesFs)3 then the Lewis

acid adduct [(Tm*%)In — B(C¢Fs)3] is formed [115].



3.1.4 Thallium

The thallium(I) complex [TI(Tm™¢] was prepared for use as a ligand transfer agent by the
reaction of TINO3 with NaTm™® in acetone [3]. During the reaction of this compound with
Znl, small orange crystals of the thallium(III) complex [TI(TmM®);]I were obtained and
characterised [119]. It was proposed that oxidation was facilitated by some I3~ impurity in the
zinc iodide, and a rational preparation, by oxidation of [TI(TmM®)] with I, gave
[TI(TmM®),][Tlls] in good yield. Attempts to prepare this compound directly from
thallium(III) nitrate were unsuccessful. The phenyl substituted analogue [T1(Tm®™),]C104 was
synthesised from TI(ClO4); and LiTm™ [120]. The crystal structure is comparable to the
parent, but in solution NMR studies suggest the presence of two different Tm™ ligands,
indicating the occurrence of some unidentified exchange process, perhaps driven by the steric
demands of the phenyl-substituted ligand.

Reaction of LiTm™ with TIOAc yielded the expected thallium(I) salt [121]. X-ray
crystallography showed this to be a dimeric species, [TI(Tm™)], centred on a TLS;

rectangular core (Figure 30). One Tm™

sulfur from each ligand bridges the two thallium
atoms, while the remaining sulfur atoms bond, one to each of the two thallium atoms. The B-
H is directed toward the centre of the T1>S; motif suggesting a weak TI....H — B interaction.
The compound [TI(Tm™")], forms a closely analogous structure [118].

Thallium(I) complexes of Bm® (R = Me [120], ‘Bu, Bz, p-tol [122]) have also been prepared.
The structure of [TI(Bm™®)], (Figure 30) shows a dimeric unit based on a rectangular TS
core [121]. One sulphur atom from each ligand bridges between the two thallium atoms and
the other forms a primary coordination with a thallium atom in the core, but also a weaker
interaction with an adjacent TS unit to form an extended polymeric array. It is also notable
that there is a significant interaction between one of the borohydride hydrogen atoms and
thallium. These interactions are common in Bm® and Tm® chemistry [11] and may be thought
of as 3-center-2-electron bonds. The structure of [TI(Tm™")], is similar [124] except that the
terminal bonded sulphur atoms are unable to bridge between adjacent dimers, possibly as a

result of the increased steric bulk of the ligands. This also results in a greater solubility of the

Tm'™" complex.

Reaction of Me>TICI with NaBm™" [115] and also with the hybrid NS> donor ligand
bismethimazolylpyrazolylborate (pzZBm™¢) [122] result in thallium(IIl) dimethyl complexes
of formula [TI(R’Bm®)Me;]. The pzBmM® complex is is monomeric, with a chelating «>-S»

ligand in which the pyrazolyl group is dangling, while the Bm™" complex is polymeric, with



the Bm™" ligand bridging between thallium centres (Figure 31). In both cases the geometry
around thallium is striking in that it adopts a 4-coordinate “saw-horse” geometry. The C- Tl —
C angles, at 157.7(2) ° (pzTm™®) and 164.2(1) ° (Bm'™") are close to linear and it has been
suggested that, as in the case of mercury, the large 65 to 6p energy gap, and the smaller 6s to

5d gap favours 6s,5d,2 hybridisation and thus a predominantly linear bonding pattern.

The thallium(I) complex of the benzothiazole-based scorpionate (Chart 10), [TI(Tbz)] has
also been prepared [125]. Its structure is in contrast with those of Tm® and Bm® ligands in
that a monomeric species is obtained. The primary motif is a C3-symmetric monomer in
which the ligand is x*-coordinated. One of the sulphur atoms also bridges to an adjacent
thallium atom forming a zig-zag chain. The S4 coordination sphere has a saw-horse geometry,
with the bridging Tl1 — S distance (3.2502(14) A) being longer than the primary Tl — S
distances (2.9666(15) — 3.1586(13) A). The thallium also interacts weakly with the m-system

of two nearby benzothiazolyl groups.

A scorpionate formed from the heterocycle 1,3,4-thiadiazole-2-thione, hydrotris(2-thio-1,3,4-
thiadiazolyl)borate (Chart 11) [126] reacts (as its BusN" salt) with TIPF¢ in THF to form a
polymeric material in which infinite chains, consisting alternating four-rung T14S4 ladders and
TbS2 rhombuses linked via the apexes, are propagated by two unique arrangements of the
ligand (Figure 32), one on the periphery of the “tape” which has a p-(«%,x!) binding mode and
one on the face which has a ps-( k%,k%, k%,k! k') binding mode. The ligand binds exclusively

through its thione sulphur atoms.

3.2 Group 14

3.2.1 Germanium

There is only one report of S-donor scorpionates with germanium [127]. A series of
germanium(IV) compounds, [Ge(R’Tm™®),]I, have been prepared from Gels and MR’ Tm™¢
(M =Li, R’ = Me, "Bu, Ph; M = Na, R’ = H) in acetone. The orange solids are air stable and
have been crystallographically characterised. The structures are all octahedral, with
remarkably little change in the metrical parameters as the R’ groups on boron change. The
complexes have been subjected to analysis by thermogravimetric analysis. This shows that,
after initial solvent loss, the loss of I (and therefore a reduction to germanium(II)) occurs,

and ultimately the substituents at boron and the methimazole rings are lost. The order of on-



set temperatures for I loss (and thus a measure of the ease of reduction to germanium(II)) is

"BuTmM® < PhTmM® < MeTmM® < TmMe,

3.2.2 Tin

A series of organotin(IV) derivatives were prepared by the reaction of RSnCls, R.SnCl, and
R3SnCl with KTmM® resulting in compounds with empirical formulae [Sn(TmM¢)CLR],
[Sn(Tm™*)R,CI] and [Sn(TmM®)R3] respectively [128]. [Sn(TmM¢)Cys;] has been
characterised crystallographically revealing a tetrahedral coordination sphere with a k'-Tm™¢
coordination, the first example of the rarely seen monodentate coordination of the Tm™¢
ligand (Figure 33). The analogous complex, [Sn(Tm™¢)Phs], has also been structurally
characterised [129, 130]. The remaining complexes are proposed to be five-coordinate on the
basis of 'H and '"”Sn NMR studies. In [Sn(Tm™®)RCI,] the 'H NMR shows three separate
methimazole resonances in 1:1:1 ratio, and 'J('°Sn — 'H) coupling constants, together with
the '"Sn chemical shifts all suggest five-coordination. The complexes [Sn(TmM¢)R,Cl] are
fluxional on the NMR timescale and five-coordination is again implied by the ''”Sn chemical
shifts. The R — Sn — R (R = Me) angle is estimated from the ''”Sn — 'H coupling constants to

be approximately 125 ° suggesting a trigonal bipyramidal arrangement.

Reaction of tin(II) bromide with NaTmM¢ results in a facile oxidation to yield the tin(IV)
complex [Sn(TmM®),][TmM¢], [131]. This consists of a tin(IV) cation complexed in an
octahedral array by two Tm™®¢ ligands, with the charge balanced, unusually. by two free Tm™¢
anions. The tin(IV) motif can also be obtained as the iodide salt by reaction of Snls with

NaTmMe in dichloromethane.

Reaction of Me>SnCl, with NaBmM¢ yields the unusual [Sn(Bm™¢)Me,]C1 [132]. The primary
coordination sphere consists of two sulphur atoms from the ligand and two methyl groups.
There is a further weak interaction in which two tin atoms are bridged by two chloride ions
(d(Sn — Cl) = 3.00(2) A) (Figure 34). This compound reacts with Mo(CO)3(n°-C7Hs) to form
a complex of overall composition [Mo(SnCIMe:)(x>-H,S,S-Bm™®)(CO),] in which the Bm™®
ligand has been partially transferred to the molybdenum, but a single Sn — S bond is retained
and a Sn — Mo bond has been formed. The sulphur atom bridges the two metal atoms. The
BmM¢ ligand coordinates to molybdenum through two sulphur atoms and also via a B —

H-Mo interaction.



The Tm®R analogue derived from 3,4-dimethyl-1,2,4-triazole-5-thione (Tt, Chart 12) [133],
can act as either an N3 donor or an S3 donor and has been dubbed a “Janus” ligand. It reacts
with SnCly in dichloromethane to yield [Sn(Tt)Cls] which by X-ray crystallography is shown
to be a distorted octahedral complex with the ligand presenting an S3 donor set. The Sn — Cl
distances are longer than in corresponding Tp® complexes, indicating a greater trans-

influence of the thione donors.

3.2.3 Lead

The synthesis of a compound analysing as [Pb(Tm™¢),] has been reported, but the structure
has not been determined [121]. LiTm™ reacts with Pb(ClO4), (in a 1:1 ratio) to form the
yellow complex [Pb(Tm"")]C104[134]. X-ray crystallography (Figure 35) shows the lead ion
to be in a highly unusual 3-coordinate trigonal pyramidal environment, with a longer contact
to the oxygen atoms of two perchlorate counterions, leading to a weakly associated
perchlorate bridged dimer. This compound has been recognised as an important model for the
mechanism of lead poisoning with respect to the zinc-containing enzyme 5-aminolevulinate
dehydratase (ALAD), which is a key to biological haem synthesis, and in which zinc is
coordinated in an S3 donor set. Zinc is readily displaced by lead in this enzyme system,
disrupting haem synthesis. To model this, the reaction of [Zn(Tm™™I] or
[Zn(TmP")(NCMe)]C10s with Pb(ClO4), in MeCN was shown to result in the formation of
[Pb(Tm™)]Cl0s. Although NMR studies showed that the preference for lead over zinc
coordination was ca 500:1, the lead could nevertheless be replaced by zinc if Nal was added,
with the concomitant precipitation of Pbly from the mixture. An EXAFS study of lead
containing synthetic peptides using [Pb(Tm")]ClIOs as a model compound showed the

coordination sphere in both to consist of three sulphur atoms [135].

Reaction of LiTm™ with Pb(ClO4), in a 2:1 ratio results in formation of a compound with
empirical formula [Pb(Tm®™),] [136]. The structure (Figure 35) shows a trigonal pyramidal
[Pb(Tm™)]* cation with a second, more weakly associated Tm™ ligand in and “inverted «*”
configuration, with interactions between lead, the three sulphur atoms and the hydride. The
Pb — S distances are 2.8482(6) A for the strongly bound ligand and substantially longer, at
3.1718(8) A, for the weakly bound ligand. The compound is best described as a close contact



ion pair. This is in marked contrast to the known lead Tp complexes which form octahedral

complexes bonded through nitrogen.
[137] Noth

3.3 Group 15

3.3.1 Phosphorus

Reaction of PI; with NaTm"™ does not yield to a phosphorus complex of the Tm ligand, but
rather leads to ligand degradation and the formation of an unusual heterocyclic species (Chart

13) [138] (Figure 36).

3.3.2 Arsenic

A single arsenic(IIl) containing soft scorpionate compound has been reported, originating
from the reaction of Asl; with an excess of NaTm™® in chloroform [131]. The orange crystals
analyse as [As(TmM®)]I and crystallography confirms the now familiar octahedral
arrangement found with these ligands with p-block metals and metalloids. Arsenic(Ill) is
expected to have a non-bonded electron pair, and in the absence of any evidence of distortion
of the coordination sphere the As — S bond distances were investigated. The E — S bond
distances in [E(Tm®)2]"* were plotted against the ionic radii of E, resulting in a straight line
graph, with arsenic deviating significantly. Indeed, the As — S distance in [As(Tm¢),]" was
found to be some 0.12 A longer than would be expected. This is attributed to the effect of the

non-directional, non-bonded electron pair [11].

3.3.3 Antimony

Complexes of the Tm™® ligand with antimony all show the effects of homo-directed non-
bonded electron pairs [118] . In the presence of halide, two structures are observed. Reaction
of SbX3 (X = Br, I) with two equivalents of NaTm™® yields yellow-orange crystalline
materials which analyse as [Sb(Tm™¢),]X. However, 'H NMR spectroscopy shows the
species to be highly fluxional, unlike the usual octahedral [E(TmM®):]"™" species. X-ray

crystallography shows the complexes to be [Sb(i>-TmM®)(x!-Tm™®)I] which has a “5+1”



coordination geometry (Figure 37). The coordination sphere consists of one ligand bonded in
the usual x*-mode, a halide ion and a second ligand bonded in a k!-mode to give a square
pyramidal primary coordination geometry. A second TmM® ligand sulphur atom interacts
weakly in the sixth coordination position, while the third is directed away from the metal
centre. The distortion of the coordination sphere by the non-bonded electron pair is evident.
From the same reaction mixtures it is possible to obtain crystals of a second complex, the
dimeric [Sb(TmM®)I(p2-1)]2 (Figure 37). This suggests the possibility of a series of equilibria
occurring in solution. Each antimony atom has a distorted octahedral geometry with an S;X3
ligand donor set. Again the effect of the non-bonded electron pair is evident. Finally, if a
halide free precursor, Sb(OAc)s, is used then a third structural type is obtained, containing
three unique Tm™® ligands (Figure 37). The structure has one «>-Tm™®, one k*>-Tm™* and one
essentially non-coordinated Tm™¢. The primary coordination sphere is an Ss-square pyramid,
with a weak association of the non-coordinated ligand in the remaining coordination site.

Once more, the lone pair influence is clear.

The benzothiazole derived ligand, NaTbz (Chart 10) has been reacted with Sbls in chloroform
[139]. The resulting complex, the unusual [Sb(Tbz)I3]" anion, is unstable in solution. The
main decomposition product is a cationic pentacycle, formed by loss of one thione sulphur
atom with concomitant ring closure. The decomposition has been followed by NMR
spectroscopy and indicates that some cleavage of the ligand B — N bond also occurs, releasing
benzothiazole. The structure of the antimony anion shows the coordination geometry to be
octahedral, with the bond angles all close to 90 °, suggesting a non-directional lone pair in

this instance.

3.3.4 Bismuth

Bismuth complexes of the Tm™e ligand were some of the first soft scorpionate complexes
reported [140]. Reaction of BiCls with NaTm™® in dichloromethane yielded an orange solid
which analysed as [Bi(TmM®),]JCl, but on crystallisation the dimeric compound
[Bi(TmM®)Cl(p2-Cl)]» was obtained. This compound is isostructural with the antimony
compounds discussed above. There is significant deviation from regular octahedral geometry,
as a result of a stereochemically active lone pair of electrons. An analogous compound with

the bulkier Tm™Y, [Bi(Tm'™")CI(p2-Cl)], has also been reported [141]. The reaction of the



[Bi(Tm™®);]C1 bulk material with NaTp in an effort to prepare the mixed [Bi(Tm™®)(Tp)]*
cation resulted partition of the hard and soft ligands in the remarkable complex
[Bi(Tm™®),][Na(Tp)2] with a regular octahedral bismuth ion coordinated by two TmM¢
ligands and the unprecedented [Na(Tp)2]™ anion [140]. The compounds [Bi(Tm™®),]X (X =
Cl, I) have been further explored [118]. Although their mass spectra show the presence of
[Bi(Tm™®),]*, they have broad 'H NMR spectra, which is inconsistent with this formulation.
X-ray crystallography revealed these species to be isostructural with the antimony species
(vide supra), with the formulation [Bi(x3>-Tm™¢)(x!-Tm™®)I]. It appears that in the presence of
coordinated halide ions the bismuth lone pairs are stereochemically active, while in a regular
S¢ coordination sphere these become holodirected. The reaction of Bi(NO3); with 2
equivalents of Na TmM¢ resulted in formation of [Bi(TmM®),]NO; which has a regular
octahedral geometry. Interestingly, unlike in the arsenic complex, the holodirected lone pair
does not result in an increase in Bi — S bond distance, probably as a result of the relativistic
effects on the 6s electrons. Reaction of Bi(NOs); with one equivalent of NaTm®™ results in the
complex [Bi(Tm™)(k2-NO;)(u?-«'-NO3)] [142]. The X-ray crystal structure (Figure 39)
shows this to have facially capping Tm®™ ligand with a bidentate nitrate anion. The second
nitrate anion binds in an asymmetric k*>-mode with the more distant oxygen also bridging to a
second bismuth centre resulting in 8-coordination at each bismuth and an overall dimeric
structure. There is an open face in the coordination polyhedron where it is likely the lone pair

resides.

Reaction of Me>BiCl with NaTm™" results in the first organo-bismuth complex of a soft
scorpionate, the remarkable trinuclear species [(Me2Bi)3(Tm™"),]" (Figure 39). The three
Me;Bi fragments are sandwiched between two Tm'™" ligands in which each thione bonds in a
k!- mode, one to each bismuth centre. The S — Bi — S’ angles are close to 180 ° and the

bismuth lone pairs are oriented to the centre of the cage generated [141].

Reaction of Bil; with NaTbz in the presence of "BusNBFs results in formation of the
["BuN][Bi(Tbz)I3] which, unlike its antimony analogue, is stable. In every other respect the
structure is identical [136]. Bismuth complexes with the 3-methyl-4-R-1,2,4-triazole-5-thione
derived ligands Tt®M¢ (R = Me [133], Et [143], Ph [144]; Chart 12)), [Bi(Tt*™¢),]X (X = CI,
NO3) have been prepared by reaction of the sodium salts with BiClz (R = Me) or Bi(NO3)3 (R
= Et, Ph) in methanol. In each case the complex is octahedrally coordinated in an Se¢-

coordination environment and the structural parameters are very similar to those in the



previously discussed [Bi(TmM®),]" ion. Reaction with the related Bt*™M¢ results in the
formally octahedral tris complex [Bi(Bt**M®);] [145]. The X-ray crystal structure reveals,
however, that there are two short B — H -~ Bi interactions, which if included in the
coordination sphere imply a dodecahedral geometry. It seems likely that the non-bonded

electron pair is in the region of the two B — H moieties.

3.4 Group 16
3.4.1 Tellurium

Of all the group 16 elements only a single tellurium complex of Tm™® has been prepared, by
the reaction of [Te(tu)s]Cl> (tu = thiourea) with NaTmM® in chloroform [114]. The
resulting complex, [Te(TmM®),], has a square planar coordination geometry, with both Tm
ligands adopting a x?-coordination mode. In this case there are no secondary interactions
either with the pendant sulphur atoms or the borohydride moieties. This is in accord with

tellurium(II) having two non-bonded electron pairs. The 'H NMR spectrum of this molecule

shows broad resonances, suggesting significant fluxionality.

4. Complexes of the p-Block Elements with Se-donor Scorpionate Ligands.

Only two p-block complexes of the selenium analogue of the Tm™¢ (TSeM®) ligand (Chart 15)
have been reported to date [146], namely the complexes [M(TSeM®),][MCls] prepared by
reaction of the potassium salt of the ligand and MClz (M = Ga, In). Both have a regular

octahedral structure with the ligand coordinating in a >-Se,Se,Se mode.

5. Conclusions

The chemistry of the anionic poly-heterocyclic borate ligands with the p-block elements is
extensive. The application of pyrazolyl borates (and related ligands) to main group chemistry
dates right back to the discovery of these ligands. Groups 13 and 14 are now
comprehensively covered, but the group 15 element chemistry is sparse and with group 16
elements it is non-existent. With the more recently introduced methimazolyl borate ligands
the coverage is more extensive, with a considerable body of group 15 chemistry, and one

example of a group 16 compound, in addition to the extensive coverage of groups 13 and 14.



In some cases the pyrazolylborate complexes are sensitive to hydrolysis, leading to
decomposition of the complex accompanied by ligand degradation. By contrast, the
methimazolyl borate complexes are predominantly stable, to the extent that their synthesis
can be performed under aerobic conditions and using wet solvents without any detriment.
This stability most likely arises from a combination of the softer S-donor atoms, which match
many of the lower main group metals and metalloids better than the hard N-donor atoms of
the pyrazolyl borates, and the n-donor ability of the S-donor ligands which results in greater
coordinative saturation than in the simple o-donor N-donors. It seems likely that it should be
possible to fill many of the gaps which exist in the coverage with both sets of ligands. The
applications of these complexes are relatively sparse, but various areas of application can be
envisaged. There has been an explosion of interest in main group catalysed reactions and it
seems feasible that complexes such as those described should have potential in this area. The
ability of these fragments to support unusual functionalities (such as terminal chalcogen
complexes, hydrides, etc) also points to potential use in fundamental main group chemistry. It
will be fascinating to observe the continued development of this area of chemistry in the

coming years.
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Chart 1: Structures of key scorpionate ligands.
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Chart 3. The «*-S,S,H bonding mode of methimazoylborate ligands.
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Scheme 1. Thermal isomerisation of [Al(Bp>B")R,].
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Scheme 2. The methyl gallium chemistry of the dihydridobis(pyrazolyl)borate ligand.

[Ga(Bp)Cl]
MelLi or
MeMgBr
2 KBp AcOH
MeGaCl, > [Ga(Bp)oMe] —— > [Ga(Bp),(OAc)] + CH,
1 KBp
[Ga(Bp).Cl]
Me,GaCl > [Ga(Bp)MeCl]
1 KBp MeLi
AcOH

[Ga(Bp)Me,] — > [Ga(Bp)(OAc)Me] + CH,4

Scheme 3. The oxidative chemistry of [In(Tp‘®*2)].

Sg
- > [In(Tp'BU2)(Sy)]
PMe3
Se I, [Ga(Tp®BY2)]

InCl + KTp'Bu2 > [In(Tp'Bu2)]

[In(Tp'BU2)(=Se)] [In(Tp'BU2)1,] [Ga(TpBU2)(=S)]



Figure 1. The X-ray crystal structures of the [Al(Tp*®"“M¢)Me]* cation (left) and

[Al(Tp>>“F3)Me,] (right) showing the secondary F...Al interactions.




Figure 3. X-ray crystal structures of [Ga(Tp )Mez] (left), Ga(>-pzTp)(x*-pzTp)Me] (centre)
and [Ga(Tp")MeCl] (right).




Figure 5. X-ray crystal structures of Ga-Ga bonded species, [(Tp’)Ga-GaCls] (Top left),
[(Tp")Ga-Ga(Tp")] (Top right) and [(Tp")GaGal.Gal.Ga(Tp")].




Figure 7. The X-ray crystal structure of [In(Bp)Me(u-Cl)].




Figure 9. X-ray crystal structure of [In(Tp'®"?)(=Se)].




Figure 11. X-ray crystal structures of TITp complexes with pendent arms capable of
secondary coordination to the metal ion. Top left hydridotris(3-{2-(pinene[4,5]-2-
pyridyl)} pyrazolyl)borate; top  right, hydridotris(3-{1,1-dimethyl-2-methoxyethyl}
pyrazoyl)borate; below, hydridotris(3-{2-(diphenylphosphinophenyl)}-5-methylpyrazolyl)

borate, with the phenyl substituents on phosphorus omitted for clarity.

Figure 12. X-ray crystal structure of [TI(Bp*?)] showing the monomeric unit (left) and the
1D chain formed by association through neighbouring 3-pyridyl units (right).




Figure 13. The X-ray crystal structure of [TI(Tp*®¥)] showing the monomeric unit (left) and
the 2D sheet formed by association through neighbouring 3-pyridyl units (right).

Figure 14. The X-ray crystal structure of the thallium(I) complex of a perfluorinated Tp
ligand, hydridotris(3-trifluoromethyl-4,5,6,7-tetrafluoroindazolyl)borate.




Figure 15. The X-ray crystal structure of the thallium complex of a perfluorinated Tp ligand,
hydridotris(3 {pentafluorophenyl}-4,5,6,7-tetrafluoroindazolyl)borate, showing the 3,5

isomerisation of one of the pyrazoles.

Figure 16. X-ray Crystal Structures of [Tl(cymatreneTp)] (left) showing the linkages with
adjacent metal and ligand atoms resulting in a 1D helical polymer, and

[Tl(methylcymantreneTp)] (right), which forms a cyclic tetramer.




Figure 17. The X-ray crystal structure of [Ge(Tp")Ns].

Figure 18. The X-ray crystal structure of the hydrolysis product derived from
[Sn(EtzBp)Mez].

Figure 19. The X-ray crystal structure of [Sn(Tp)2], illustrating the effect of the

stereochemically active lone pair.




Figure 20. The X-ray crystal structures of [Pb(k*(pzTp)z] (left), [Pb(Tp)2] (centre) and
[Pb(Tp)2] (right).

Figure 21. The X-ray crystal structures of [Pb(Tp)(pz 'H);Cl] (left) and [Pb(Tp")(NCS)]

dimer.

Figure 22. X-ray crystal structures of [Pb{tris(1,2,4-triazolyl)borate}(NO3)] (left) showing
linkage via the 4-N into 2D sheets, and monomeric [Pb{tris(1,2,4-triazolyl)borate}>(OH>):]

(right).




Figure 23. X-ray crystal structure of the 8-coordinate complex [Bi(Tp)(pzH)CI].




Figure 25. X-ray crystal structures of gallium-gallium bonded complexes [(Tm'®")Ga-Gals]
(top left); [(Tm®")Ga-(Galy)-Ga(Tm®B%)]I (top right); [(Tm™")Ga-Ga(Tm™")] (centre left);
[(Tm™")Gal-(Galz)-Galz] (centre right); [(BmM®)Ga(I)-Ga(I)(Bm™°)] (bottom left) and
[(Bm'B*")Ga(I)-Ga(I)(Bm™")] (bottom right).




Figure 26. X-ray crystal structures of [Ga(Tm'™"){B(C¢Fs)3}] (left) and [Ga(Tm'®")SGaCls]
(right).

Figure 27. X-ray crystal structure of the [In(TmM®),]" cation showing the compressed

ocathedral motif routinely seen with the Tm® ligands.




Figure 29. X-ray crystal structures of [In(x*-Tm'")(N3)] (left) and [In(Tm'B*)(S4)] (right).

Figure 31. X-ray crystal structure of [T1(1>-S,S-pzBmM¢)Me,] .showing the exceptionally
wide C-TI-C angle.




Figure 32. The partial X-ray crystal structure of the thallium complex of the hydrotris(2-thio-
1,3,4-thiadiazolyl)borate ligand, showing the four-rung T14S4 ladders linked via the apex of a
T1>S, diamond and the two ligand bonding modes. Ligand 1 (S1, S2, S3) bridges T11 and TI2
bonding in a k! mode to T11 and a x*>-mode to TI2. Ligand 2 (S4, S5, S6) spans five Tl atoms
with S4 bridging between T12, T13 and T14; S5 bridges between T15 and T16; and S6 bridges

between TI2 and TI5. The ligand bonds in a x!-mode to TI3, T14 and T16 and a k*-mode to
TI2 and TI5.




Figure 34. X-ray crystal structure of [Sn(Bm™M¢)Me,Cl] showing its association into dimers

via chloride bridging.

Figure 35. X-ray crystal structures of [Pb(Tm™)(u?-ClO4)] (left) showing association into a
dimer via the bridging perchlorate ions, and of [Pb(Tm’™)][Tm®] (right) showing one

strongly and one weakly bound ligand.

Figure 36. The X-ray crystal structure of the I> adduct of the cationic heterocycle obtained in

the reaction of PI; with [Na(Tm"™)].




Figure 37. The X-ray crystal structures of [Sb(ic>-Tm™®)(xc!-TmM*)1] (left), [Sb(Tm™®)I(u-1)]>
(right) and [Sb(ic3-Tm™®)(12-TmM®)]* (below).

Figure 38. The X-ray crystal structure of [Sb(Tbz)I3], showing the cationic polycyclic

counterion formed as a degradation product of the reaction.




Figure 39. X-ray crystal structures of [Bi(Tm™)(k?-NOs)(u2x%x!-NO;3)]> (left) and of
[(BiMe2)3(Tm™"),]" (right).

i

Figure 40. X-ray crystal structure of the bismuth complex of dihydridobis(4-ethyl-3-methyl-
5-thio-1,2,4-triazoyl)borate.




