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Summary

This thesis is mainly concerned with investigations into the reactivity o f the 
gallium(I) ^-heterocyclic carbene (NHC) analogue, [K(tmeda)][:Ga{[N(Ar)C(H)]2 }] 
(Ar = C6H3PrV 2 ,6 ). Reactions o f germanium, tin and lead alkyls, aryls, halides and 
heterocycles with [K(tmeda)][:Ga{[N(Ar)C(H)]2 }] afforded complexes such as 
[K(tmeda)][Sn{CH(SiMe3)2 }2 {Ga{[N(Ar)C(H)]2 }}], which exhibits the first 
structurally characterised Ga— Sn bond in a molecular complex. Group 6 , 9 and 11 
metal halide complexes were treated with [K(tmeda)][:Ga{[N(Ar)C(H)]2 }], yielding 
complexes such as [(IPr)Cu{Ga{[N(Ar)C(H)]2 }}] and [(IPr)Ag{Ga{[N(Ar)C(H)]2 }}]. 
These complexes exhibit the first structurally characterised Ga—Cu and Ga—Ag bonds 
in molecular complexes. A study o f the reactivity of [(lPr)Cu{Ga{[N(Ar)C(H)]2 }}] 
with unsaturated organic substrates suggested that the Ga—Cu bond is quite inert. Salt 
metathesis reactions o f group 1 0  metal halide complexes with [K(tmeda)] 
[:Ga{[N(Ar)C(H)]2 }] afforded complexes such as [(dppe)Pt{Ga{[N(Ar)C(H)]2 } h ]. An 
investigation into the further reactivity o f this complex towards /er/-butylphosphaalkyne 
yielded a platinum(II) complex, [(dppe)Pt{Ga{[N(Ar)C(H)]2 }}{Ga{[PC(Bul)C(H)- 
(NAr)C(H)N(Ar)]}}], which exhibits a formally anionic P,N-heterocyclic gallium(I) 
ligand. The kinetics o f the formation o f this complex were studied. A novel 
gallium(III) complex, [Gal2 {C(But)P(H)C(But)=P}]2, was formed by the 
disproportionation reaction o f [:Sn(ri4-P2C2But2)] with “Gal”. The oxidative insertion 
reaction o f [K(tmeda)] [:Ga{[N(Ar)C(H)]2 }] with FisoH yielded the gallium(III) 
hydride, [{N(Ar)C(H)N(Ar)-K}(H)Ga{[N(Ar)C(H)]2 }]. Reaction of the digallane(4), 
[Ga{[N(Ar)C(H)]2 }]2, with N 3-SiMe3 afforded the paramagnetic complex, [{p- 
N(SiM e3)}Ga{[N(Ar)C(H)]2'}]2, which was studied by EPR spectroscopy. A synthetic 
route to the novel gallium(I) NHC analogue, [K(tmeda)][:Ga{[N(Ar)C(Me)]2 }], is also 
described. Work performed in Monash University, involving bulky amidinate and 
guanidinate ligands, is also discussed. A novel cationic boron heterocycle, 
[BrB(Giso)]+ (Giso" = [{N(Ar)}2CNCy2]~), was synthesised from BBr3 and the 
gallium(I) guanidinate, [:Ga(Giso)]. The use o f [Sm(Giso)2] as a one-electron reducing 
agent is exploited in the coupling of two molecules o f CS2 by formation o f a C— S bond 
to yield [{Sm(Giso)2 }2(p-Tl2 :ti2-SCSCS2)]. The synthesis o f novel r|6-arene rhodium(I) 
complexes such as [(q4-COD)Rh(q6-Giso)], and their thermal conversion into 
thermodynamically more stable rj2-chelating forms, are also reported.
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Glossary

18-crown-6 1,4,7,10,13,16-hexaoxacyclooctadecane

A Angstrom, 1 x 10' 10 m

do Hyperfine coupling value

ab initio A quantum chemistry method

Ar, A r\ Ar", Ar*, Ar* A general aryl substituent
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Bu" Normal butyl

ca. Circa
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CDA Charge Decomposition Analysis

CDT 1,5,9-Cyclododecatriene

CHD 1,3-Cyclohexadiene

cm ' 1 Wavenumber, unit o f frequency (v/c)

COD 1,5-Cyclooctadiene

COE Cyclooctene

Cp Cyclopentadienyl

Cp’ A general cyclopentadienyl

Cp* Pentamethylcyclopentadienyl

Cy Cyclohexyl

s Chemical shift in NMR spectroscopy (ppm)



DAB Diazabutadiene

d Doublet

dba Dibenzylideneacetone

dcpe l,2-Bis(dicyclohexylphosphino)ethane

dd Doubled doublet

dec. Decomposition

DFT Density Functional Theory

DME 1,2-Dimethoxyethane

dppe 1,2-Bis(diphenylphosphino)ethane

dppm 1,2-Bis(diphenylphosphino)methane

dvds 1,1,3,3-Tetramethyl-1,3-divinyldisiloxane

E A general element

ENC Effective Nuclear Charge

EPR Electron Paramagnetic Resonance

Et20 Diethyl ether

Fiso" N,N-Bis(2,6-diisopropylphenyl)formamidine

FT-IR Fourier transform infrared spectroscopy

n Hapta

6iso Isotropic g value

G Gauss

Giso" WV'-Bis(2,6-diisopropylphenyl)dicyclohexylguanidinate

0 Fold angle

HOMO Highest Occupied Molecular Orbital

Hz Hertz, s ' 1

ICy l,3-Bis(cyclohexyl)imidazol-2-ylidene

IMes l,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene



IPr l,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene

ipso Ipso-substituent

IR Infrared

% Coupling constant between nuclei X and Y, over n

K Kelvin

k A rate constant

kcal Kilocalorie (1 kcal = 4.184 J)

kJ Kilojoule

L A general ligand

LUMO Lowest Unoccupied Molecular Orpital

P Bridging

pB Bohr Magneton, J T 1

PcfT Effective magnetic susceptibility

m A/e/tf-substituent

m Multiplet, medium

M A general metal or molar (mol dm*3)

M+ A molecular ion

Me Methyl

Mes Mesityl (2,4,6-trimethylphenyl)

Mes* Supermesityl (2,4,6-tritertiarybutylphenyl)

mol Mole

Mp Melting point

MS(APCI) Atmospheric Pressure Chemical Ionisation Mass

Spectrometry

MS(E1) Electron Ionisation Mass Spectrometry

m/z Mass/charge ratio
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NBO Natural Bond Orbital

NHC N-Heterocyclic carbene

NMR Nuclear Magnetic Resonance

nor Norbomene

o Orf/io-substituent
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Ph Phenyl

pin Pinacolato

Piso~ ^^-Bis(2,6-diisopropylphenyl)tertiarybutylamidinate
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Chapter 1 

General Introduction

1.1 The Physical and Chemical Properties of the Group 13 Elements

The group 13 elements are boron, aluminium, gallium, indium and thallium. 

They exhibit a ground state valence electron configuration of ns2n p \  with the core 

electronic configurations varying on descent o f the group. 1 The elements all possess 

fewer valence electrons than valence orbitals and as such are commonly referred to as 

“electron-deficient.” In the case o f boron this phenomenon, coupled with its high 

electronegativity and small atomic size, dominates its chemistry by encouraging 

extensive multi-centre covalent bonding in its compounds. Boron is non-metallic and 

high-melting and its physical and chemical properties are unlike those o f the heavier 

congeners. These differences commonly lead to boron being discussed separately to the 

other group 13 elements, having more in common with its horizontal and diagonal 

neighbours carbon and silicon than its vertical neighbour aluminium .2

Some physical properties of the elements have been compiled below (Table 1). 

The metallic elements (Al-Tl) are good conductors o f electricity and are typically low 

melting and soft. On descent o f the group, the changes in physical properties o f the 

metals are non-uniform, and all display unique characteristics. 1' 3 Gallium is of 

particular relevance to this study and so its physical properties will be briefly 

summarised here. It is a low-melting solid that expands on freezing, displays the 

longest liquid range o f any element and is remarkably non-toxic. Perhaps the most 

remarkable property o f gallium is that it appears to form dimeric entities in the solid 

state, with one neighbouring atom being at least 26 pm closer than the other six
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neighbouring atoms.1 This finding has led to the proposal that in the solid state, gallium 

is comparable to iodine, which displays discrete h  units.

B A1 Ga In T1

Atomic Number 5 13 31 49 81

Electronic
Configuration

[He]2*V IN eJ3*V (AflV^rV (KrJ4J,05525pI [Xe|4/45</,06sV

Melting Point/°C 2300 660.1 29.8 156.2 302.4

Metallic Radius/pm (80-90) 143 135 167 170

Ionisation Energy
( I I 5' 3 !E)/kJ

6887 5044 5521 5084 5439

Electronegativity, /  
(Pauling)

2.04 1.61 1.81 1.78 2.04

Electronegativity, /  
(A llred-Rochow)

2.01 1.47 1.82 1.49 1.44

Table 1 -  Selected properties of the group 13 elements

Basic periodicity suggests that on descent of a group, both electronegativity and 

ionisation energies should decrease and the radius of the elements should increase.1 

This is because the small increase in effective nuclear charge (ENC) on descent of a 

group is superseded by the addition of an extra shell of electrons. However, gallium is 

roughly the same size as aluminium and has a greater electronegativity by both Pauling 

and Allred-Rochow classifications.1'3 As well as this, the ionisation energies do not 

decrease as basic periodicity predicts. These observations can be explained by the 

effect of (/-block contraction, or “scandide contraction'’ as it is rarely known.1 This 

contraction occurs because (/-orbitals are large and diffuse, and as such electrons in 

these orbitals do not shield the valence electrons from the nucleus as effectively as 

electrons in s- and /?-orbitals. The result is that valence s- and p-electrons above a filled 

c/-shell experience a greater ENC than would be expected as they are influenced more
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strongly by the nucleus. As gallium immediately follows the first series o f the J-block, 

the valence orbitals are contracted, leading to the observed electronegativity and radius 

o f the element. A “lanthanide contraction” occurs for analogous reasons. This term is 

most commonly used to describe the observation o f second and third row transition 

metals displaying similar properties, but can also be invoked in this argument to explain 

the small differences in the radii and electronegativity (Allred-Rochow) o f indium and 

thallium . 1 The heavier homologue has a filled /-shell below the valence shell and 

electrons in this orbital are even poorer than ^-electrons at shielding the valence 

electrons from the influence o f the larger, more positively charged nucleus. Hence 

these factors help to explain seemingly anomalous periodic trends.

The “inert-pair” effect dominates the chemistry o f the heavier group 13 

elements .4 This term describes the observed reluctance o f the ns electrons to participate 

in bonding so that the heavier elements tend to exist in compounds in a subvalent state. 

Thallium, at the bottom o f the group, exists mainly in the +1 oxidation state in its 

compounds, whereas aluminium, near the top o f the group, tends to prefer the +3 

oxidation state in most compounds. Gallium, in the middle o f the group, is more 

intermediate in its preference o f oxidation states, though is almost exclusively in the +3 

oxidation state under aqueous conditions. 1 The tendency of an element to display an 

oxidation state two lower than expected is not due to any greater difficulty in removing 

the ns electrons on descent o f the group, as the sum of the first three ionisation 

potentials for gallium, indium and thallium are quite similar.

The “inert-pair” effect is best illustrated by example, with the metal halides MX 

and MX3 taken into consideration. On descent o f group 13, the s—*p promotion energy 

tends to increase. Hence, if  additional M—X bonds are to be formed to the metal centre

3



in MX then a greater amount o f energy is required to induce hybridisation o f the metal 

orbitals to form sp2 hybrids. In addition, the enthalpy o f formation o f an M— X bond 

decreases on descent o f the group, due to larger and more diffuse metal orbitals 

resulting in poorer orbital overlap with ligands. The preference for an element to exist 

in the higher oxidation state depends on whether the energy required to promote the s- 

electrons for purposes o f hybridisation is compensated for by the energy gained on 

formation o f two additional M—X bonds. In the case o f thallium, with a relatively 

large amount o f energy required for s—>p promotion, the tendency to prefer the lower 

oxidation state is particularly marked.

There is a third contributor to the observation o f the “inert-pair” effect that only 

becomes a significant factor in the case o f heavier elements, such as thallium. 

Relativistic effects are instigated by the large, highly positively charged nucleus of 

thallium causing the electrons in the 1 s orbital to be an appreciable fraction of the speed 

o f light, 0.6 c. Electrons orbiting at near the speed o f light will tend to contract towards 

the nucleus, causing the Is orbital to contract. As there is an overlap o f the probability 

function o f the Is orbital into all subsequent 5-orbitals, they are all made to contract. 

The result is that the valence 6s orbital in thallium is closer to the nucleus than 

expected, hence there is a larger s—>p separation and the s-electrons are even more 

reluctant to take place in bonding. The intermediary position of gallium in this series 

makes studies o f  low valent gallium compounds particularly interesting.
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1.2 Subvalent Group 13 Chemistry

Accessing the lower oxidation states o f aluminium and gallium has in the past 

proved difficult, in comparison to their heavier homologues, indium and thallium. The 

last twenty years o f research reveals that the two most common routes to accessing 

subvalent aluminium and gallium compounds are through substitution o f the halide in 

subhalides, EX (E = Al, Ga, X = Cl, Br, 1), with RM (M = Li, Na, K), or more simply 

by dehalogenation o f [R2EX] or [REX2], most often by reduction with alkali metals, M 

(Scheme l) .5 In both cases bulky R-groups are employed to kinetically protect the 

group 13 element in the product from thermodynamically favourable disproportionation 

processes. The method o f reduction is most commonly employed in the synthesis o f 

aluminium and gallium diyls, :E—R.5 The importance o f group 13 diyls is described in 

the next section (vide infra).

EX + RM ----------- ► :ER + MX (E = Al. Ga; X = Cl, Br, J; M = Li, Na, K)

2 [R2EX] + 2 M ----------- ► 2 MX + [R2E—ER2]

n [REX2] + 2/7 M ----------- ► 2nM X + [(ER)„] (n= 1 - 4 )

Scheme 1 -  General synthesis o f subvalent aluminium and gallium compounds

Organometallic aluminium and gallium compounds of oxidation states up to 

and including +3 can be accessed from their halides, the preparations o f which are now 

described. Trihalides o f all the group 13 elements are well established and easily 

prepared. Heating gallium metal, for example, in a stream o f chlorine or bromine 

carried by an inert gas yields low melting hygroscopic solids that consist o f Ga2X6 

dimeric units.2 Halides o f intermediate valency are well known for gallium and indium, 

but not to any real extent for aluminium or thallium. The gallium dihalides, GaX2, are
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typically mixed valence compounds which can be formulated as [Gal]t [Ga'"X4r .  True 

gallium(II) halides containing a metal-metal bond have been prepared, such as the 

dianions, [Ga2X6]2' (X = Cl, Br, I),6 and the donor-solvent stabilised compounds, 

[Ga2X4L2] (X = Cl, Br, I; L = dioxane, pyridine, phosphine).7 It is noteworthy that 

metal-metal bonded species stabilised in a similar manner have also been reported for 

indium(ll) halides, such as [I^L^PPr11̂ ] .8 Complexes o f the formulation 

[A hX ^donor^], formed from the disproportionation of A1X in solution, are known but 

have not been widely studied.9

Whilst the preparation o f subvalent indium and thallium halides is relatively 

simple, routes to aluminium(I) and gallium(I) halides have in the past proved 

problematic. The preparation o f “metastable” solutions o f these halides was only made 

possible through the construction o f specialised apparatus. Introduction o f HX(g) into a 

vacuum chamber containing liquid aluminium or gallium at high temperature leads to 

the resultant MX<g) vapour condensing on the walls o f the liquid nitrogen cooled vessel. 

In the presence o f an appropriate donor solvent, the oligomeric aluminium(I) or 

gallium(I) species, [{EX(L)}„] ( E = Al, Ga; X = Cl, Br, I, L = donor solvent n = 

integer), are stabilised.10 These oligomers are unstable with respect to temperature, and 

only several examples have been characterised by X-ray crystallography, e.g. the 

octameric species, [Ga8l8(PEt3)6],n and cyclic tetramers, [AUBr^donor).*].12 Metal(I) 

halides proved to be suitable precursors to a range of alkyl-, silyl-, amido- and 

phosphido-complexes and have allowed the preparation o f clusters such as 

[Gag4{N(SiMe3)2}2o]4*13 and [Al77{N(SiMe3)2 }2o]2 14 These clusters are o f tremendous 

interest as they challenge existing theories on metal-metal bonding and give insight into 

the formation o f metals; as such this work has been reviewed several times.5

6



The publication o f a facile route to subvalent gallium iodide has revolutionised 

the investigation o f subvalent gallium chemistry. This simple procedure involves 

ultrasonic activation o f half an equivalent o f gallium metal in a toluene solution of 

diiodine under an inert atmosphere, yielding a flocculent green solid that has been 

formulated as “Gal” .15 This highly reactive reagent may only be prepared in non­

coordinating solvents and its molecular structure remains unknown. However, Raman 

studies have suggested the compound to be a mixture of subhalides, with the ionic 

species, [Ga]+2[Ga2l6]2\  predominating.16 The reagent is a useful source o f gallium(I) 

and is an effective reducing agent in mediating C—C bond forming reactions.17 The 

paucity o f research in this area is surprising, considering that it is more reducing than 

the more extensively investigated compound, indium(I) iodide, which has proved useful 

in C— C bond forming procedures such as Reformatsky reactions and Barbier 

allylations.18 The well-established merits o f “Gal” as a versatile synthetic reagent have 

been recently reviewed.19 It is also o f note that “Gal” has been shown to have parallels 

with the aforementioned metastable gallium(I) halides in that many clusters have been 

prepared from it, generally from its treatment with bulky silyl or germyl anions. 

Complexes such as [Ga22{Si(SiMe3)3 }g] have arisen from this research, which had 

previously been prepared from “metastable” GaBr.21 O f most relevance to this study, 

“Gal” is a frequently used reagent in the preparation o f gallium diyls, a rapidly 

expanding area o f research.

1.3 Preparation and Chemistry of the Metal Diyls

The coordination chemistry o f the group 13 metal diyls, :E— R (E = Al, Ga, In, 

Tl), has been extensively studied and has recently been the subject o f several reviews.56' 

0,22 In their monomeric states they can be viewed as having a singlet lone pair of

7



electrons in the valence ^-hybridised orbital, with two vacant p-orbitals orthogonal to 

the E—C bond (Figure 1), though they commonly aggregate into oligomeric forms in 

the solid state. They are isolobal with carbon monoxide, CO, and as such may donate 

their lone pair of electrons to a Lewis acid to form a a-bond, and potentially accept 

electron density from coordinated transition metals into vacant p-orbitals to form 71- 

bonds. The involvement of 7t-bonding in transition metal complexes of the metal diyls 

has been the subject of much debate {vide infra). It is apparent that the nature of the R- 

substituent has a great influence on the 71-acceptor capabilities of metal diyls, as 

extensive theoretical studies have shown.23 Some recent highlights in group 13 metal 

diyl chemistry will now be discussed.

R  E CD nso R = alkyl' arylnsp, E = A I ,  Ga, In, Tl

Figure 1 -  A representation of the valence orbitals in group 13 metal diyls

A bulky terphenyl ligand was employed to facilitate the synthesis of the novel 

complex, 1, by a salt metathesis reaction of the gallium(IIl) precursor. [Ar*GaCl2] (Ar* 

= C6H3(C6H2Pr'3-2,4,6)2-2,6) with Na2 [Fe(CO)4] (Scheme 2).24 This complex was 

latterly synthesised directly by reaction of the isolated diyl, [:GaAr*], with Fe(CO)5.2̂  

It was claimed in the original report that the unusually short Ga—Fe bond length of 

2.2248 A is indicative of a triple bond, and the complex as such was dubbed a 

“ferrogallyne”.24 However, this claim was widely disputed and a report published 

subsequently in the same journal showed, through an analysis of the CO stretches in the 

IR spectrum and the use of density functional theory (DFT) calculations, that this 

description of the bonding is inaccurate.26 Several sets of calculations have followed
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these articles in an attempt to bring an end to this dispute.23,27 The current consensus is 

that although there may be some Ga<— Fe rc-back-donation in this complex, the bonding 

is mainly ionic and the bond order from an natural bond order (NBO) analysis is only 

0.53, so 1 does not contain a Ga^Fe triple bond. Group 13 metal diyls bearing a 

terphenyl group have not been studied to the same extent as those bearing alkyl, silyl 

and cyclopentadienyl substituents. Some o f the more interesting findings in this area 

will now be discussed.

EtzO
[A r G a C y  + N a^ F etC O U ]------------- CO

(Ar* = C6H3(C6H2Pri3-2.4,6)2-2,6)

[:GaAr*] + Fe(CO)5

2 NaCI
Ar*----- Ga— Fe;— CO

toluene 4  ''0,0
-► OC

1-CO

Scheme 2 -  The original and alternative synthesis o f 1

->0
Whilst the synthesis o f  cyclopentadienyl indium and thallium metal diyls had 

been known for some time, the preparation o f the lighter homologues remained 

unknown. The advent o f  “metastable” solutions o f aluminium(I) and gallium(I) halides, 

however, allowed the preparation o f [:Al(r|5-Cp*)]3° 2a and [:Ga(r|5-Cp*)]31 2b in low 

yields by the treatment o f the subhalides with [Mg(r^5-Cp*)2] (Cp* = CsMe.s). The 

gallium homologue, 2b, has been shown to form hexameric aggregates in the solid 

state. Alternative, higher yielding synthetic procedures have since been developed for 

2a33 and 2b34 that involve reductive dehalogenation through employment o f an alkali 

metal. Both methods o f preparation o f the gallium homologue, 2b, are summarised 

below (Scheme 3). The 7t-backbonding capability o f 2a-b differ from CO as partial 71- 

donation o f electron density from the Cp* ligand into the empty valence /7-orbitals of 

the group 13 element reduces the ability o f the metal to accept 7t-electron density from a 

transition metal that it ligates to.22a'b



^Clsofvated + MgCp*2
toluene / Et20

[Cp*Gal2]

Ga
- % [Cp*MgCI.Et2012

2 K / toluene / 0  )

-2  Kl 2b

Scheme 3 -  Methods o f preparation of [:Ga(r|5-Cp*)], 2b

The coordination chemistry o f 2b has been investigated thoroughly and has been 

the subject o f  several reviews.5*^’228*6 It is noteworthy that homoleptic transition metal 

complexes o f 2b possessing four gallyl ligands have been synthesised; [M{Ga(ty- 

Cp*)}4] (M = Ni 3a,35 Pd 3b,36 Pt 3c36) (Figure 2). The diyl, 2b, displays analogies to 

CO in that it commonly exhibits bridging and terminal bonding modes in its complexes. 

As well as this, the hapticity o f the Cp* ligand can change upon complexation in 

sterically crowded environments from the usual ty-mode. Both of these characteristics 

are exemplified by the group 6 complexes, 4a-b.37 It is also noteworthy that 2b has 

shown a tendency to insert into metal-halide bonds, a feature that has allowed an 

extension o f its coordination chemistry. The chemistry o f 2b continues to produce 

interesting results; a recent highlight being the synthesis of the [Ga2(r|5-Cp*)]+ cation.

5. 39

GaCp*

■CDGa^ M^ ' /GaCP‘
CpGa C3aCp*

M = Ni 3a,
Pd 3b,
Pt 3c

OC/////I,
M. .M '<1/ 11.

 ̂ ;//CO

M = Mo 4a, 
W4b

Figure 2 -  Complexes 3a-c, 4a-b and 5
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Group 13 metal diyls bearing alkyl and silyl substituents are well explored.5bc’ 

22c A series o f tetrahedral, tetrameric aggregates, [{EC(SiMe3)3 }4] (E = Al 6a,40 Ga 

6b,41 In 6c,42 T1 6d43), have been reported to be stabilised by the employment o f the 

bulky and electronically stabilising tris(trimethylsilyl)methyl group (Figure 3).44 A lack 

o f investigation into the gallium analogue is easily explained by the low-yielding 

synthesis initially reported (< 15 %); an improved synthetic route with yields o f over 70 

% is now allowing this paucity to be addressed.45 Studies suggest that complexes 6a-d 

may insert into metal-halide bonds37*46 and act as bridging ligands47 in a manner similar 

to 2b. The preparation o f the homoleptic complexes, [Ni{EC(SiMe3>3 }4] (E = Ga 7a,48 

In 7b49), has allowed a direct comparison o f the 7t-backbonding capability o f this ligand 

class with 2b. The Ga—Ni bond length o f 2.1700 A observed in 7a, the shortest ever 

reported, warranted a charge decomposition analysis (CDA) and NBO analysis to be 

carried out. The studies found that the 7i-component o f the metal-ligand interaction was 

significant, with the 7i-contribution to the bonding being even greater than in the 

analogous complex, [Ni(CO)4].48

G(SiMe3)3
1 E{C(SiMe3)3)

VC(&Me3)3 wi
v -  ,,Me C.\E VE{C(SiM e3)3}

/.. e ,  r - '  io1, {( 3 >3 > E{C(SiMe3)3)
(Me^i^C C(SiMe3)3

E = A! fa, Ga 6b, E = Ga 7a,
In 6c, Tl 6d ,n 7b

Figure 3 -  Complexes 6a-d and 7a-b

1.4 The Importance of the A-Heterocyclic Carbene Class of Ligand

A carbene is defined as a neutral complex possessing an electron deficient 

divalent carbon atom.50*6 The carbon atom features six electrons in the valence shell, 

two o f which are not involved in bonding. The geometry o f carbenes is dependent on
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the degree of hybridisation at the carbene centre. In the extreme case of a linear 

carbene, s/?-hybridisation would produce two degenerate orbitals, px and py, though most 

carbenes display a bent geometry as they are sp2-type hybridised, making the frontier 

orbitals a p-orbital (px) and an sp2-type orbital (a). The deviation from linearity, by 

inducing .v-character into the /vorbital, dictates the energy gap between a  and pn and 

therefore the ground-state multiplicity of the carbene and its reactivity. The two 

electrons not involved in bonding can either be spin-paired and both reside in the o- 

orbital (singlet state), or unpaired with one electron in the o-orbital and one in the p x- 

orbital (triplet state) (Figure 4). A large a —*px energy gap (> 2 eV) favours the singlet 

ground state, which is generally more stable and should be ambiphilic in nature/03 b 

Triplet ground state carbenes are generally short-lived and difficult to stabilise and as 

such will not be further discussed here.

I S O  . ^ 5 0

A "  Y / I
X *

Pk
2 °  —  _ c   Y

Singlet Ground State Triplet Ground S tate  

Figure 4 -  Singlet and triplet ground states for carbenes

The substituents on the carbon atom may stabilise carbenes by electronic and 

steric effects.503 Of relevance to this discussion, diaminocarbenes are particulary stable 

as the N-substituents are 7t-donor and a-attractors of electron density with respect to the 

carbon atom (Figure 5). This type of carbene stabilisation is known as a push, push 

mesomeric -  pull, pull inductive substitution pattern. Symmetric combinations of the 

nitrogen lone pairs with the p*-orbital raises the energy of this orbital relative to the o- 

orbital, therefore favouring the singlet state. The formal four-electron, three-centre 71- 

system that results stabilises the carbene mesomerically by creating some multiple bond 

character. It is this highly stabilising mesomeric effect, however, that causes the
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diaminocarbenes to be very poor n- acceptor ligands, due to the partial occupancy of the 

p*-orbital. The high electronegativity of the N-substituents creates a stabilising 

inductive effect by increasing the 5-character of the non-bonding a-orbital. The o- 

orbital is therefore decreased in energy relative to the ^-orbital, also favouring and 

stabilising the singlet state. Whilst bulky substituents are known to kinetically stabilise 

all carbenes, steric bulk tends to favour a triplet ground state and is not a major factor in 

the stabilisation of diaminocarbenes.

Figure 5 -  The inductive and mesomeric stabilisation of diaminocarbenes

The 2,3-dihydroimidazol-2-ylidines, 8 (Figure 6), a class of A-heterocyclic 

carbene (NHC) with an unsaturated backbone, have been investigated extensively50 

since the first successful isolation and characterisation of this type of ligand by 

Arduengo et a/.51 Despite the fact that metal complexes of these ligands had been 

known for over twenty years previously, from the pioneering work of Wanzlick52 and 

Ofele,53 the study of these heterocycles and their complexes has only blossomed since 

they were found to be stable isolable compounds. This is perhaps mostly due to the 

catalytic properties that complexes of these ligands commonly display.500 The frontier 

orbitals of carbenes of type 8 make them strong nucleophiles and bases, and poor 71-  

acceptors of electron density from metal centres. The M—C bond in NHC transition 

metal complexes is commonly described as inert, although there is substantial evidence 

that this is not always the case due to the possibility of reductive elimination, 

displacement and C—H/C—C activation of the NHC.50d In addition to studies of
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transition metal complexes o f NHCs, investigations have shown NHCs to react with a 

range o f organic compounds and main group precursors. 50b,e*f

R

\
R

Figure 6 -  The 2,3-dihydroimidazol-2-ylidenes, 8

The frontier orbital properties o f NHCs such as 8 have led them to be commonly 

described as essentially pure o-donors. This attribute is comparable with the much- 

investigated electron-rich organophosphines, :PR.3, many transition metal complexes of 

which have been shown to display catalytic activity, such as Grubbs’ “first generation" 

olefin metathesis catalyst, 9 (Figure 7).54 The replacement o f one phosphine ligand with 

an NHC gave the “second generation" catalyst, 10, which displays increased 

reactivity.55 Many other examples o f such replacements were investigated500 56 and, 

coupled with the ability o f NHCs to stabilise unusual oxidation states and incorporate 

bulky R-substituents,50 this has lead to NHCs commonly being referred to as 

“phosphine mimics."500 This term is not strictly true, as in many cases phosphines may 

have substantial 7t-contributions in their bonding to metal complexes, and NHCs have 

largely superseded their phosphine congeners. Metal complexes o f NHCs have 

generally been shown to have a greater activity and stability compared to their 

organophosphine analogues.50
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Ru:
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Ru:
X

PCy3 
R = C6H2Me3-2,4,6 

10

Ph

Figure 7 -  The ruthenium catalysts, 9 and 10

1.5 Theoretical Studies on Group 13 NHC Analogues

The high catalytic activity o f transition metal complexes of NHCs prompted 

research into the synthesis o f  valence isoelectronic analogues o f 8. Following the 

successful synthesis o f  silylenes, 11c,57 germylenes, l id ,58 nitrenium cations, I lf ,59 

phosphenium cations, l lg ,60 and arsenium cations, l lh ,61 analogous to 8 (Figure 8), 

theoretical studies were performed to determine if  anionic group 13 analogues, such as 

lla -b , would be stable, isolable compounds worthy o f synthetic investigation.62 As in 

the case o f NHCs, a large a —►/?* energy gap in the frontier orbitals is required for the 

stable singlet state to be preferred over the reactive diradical triplet state. In addition to 

this, a high electron affinity o f the group 13 element, E, is required for these anions to 

be stable. A DFT analysis on the model complexes, 12a-d (Figure 9), showed that their 

N— E— N angles vary from 97.8° (E = B) to 77° (E = In), suggesting that the geometry 

o f these complexes would be largely determined by the size of the group 13 element.623 

Although the electron affinity for E = B was found to be small, the singlet-triplet energy 

separations were found to be large for all analogues, suggesting that all compounds 

would be thermodynamically stable. The heavier analogues are additionally stabilised 

by their high electron affinities.
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Figure 8 -  Structurally characterised valence isoelectronic analogues o f 8
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Figure 9 -  The model complexes, 12a-d, and the bonding depictions, 13 and 14

An NBO analysis o f  the bonding in 12a-b revealed very different electron 

distributions for the two analogues.628 Whilst the canonical structure, 13, describes 

mostly covalent bonding for E = B, the donor-acceptor formulation, 14, with the group 

13 metal formally in the +1 oxidation state, best illustrates the bonding for E = Al 

(Figure 9). Formulation 14 becomes increasingly dominant for more electropositive 

atoms in the order E = Al < Ga < In. The E—N bond strength calculated for E = Al 

suggests an electron density approximating to almost half a bond; in the case o f E = B it 

is almost a single bond. For E = Al, considerable electron density is released to the 

more electronegative N atoms, strengthening the E—N bond in this way. The sip ratio 

for the lone pair o f electrons for E = Al (1.660/0.536) is also much higher than E = B 

(1.378/0.918). The heavier anionic group 13 NHC analogues (E = Al, Ga, In) were 

predicted to not undergo a cyclic delocalisation o f electrons, as is proposed to be the 

case for compounds o f class s .508,0̂
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An ab initio study on model complexes similar to 12a-d was published the same 

year as the DFT study.62b This study suggested that in model complexes such as 12a-d. 

there is appreciable aromatic stabilisation for E = B and E = Al. However, an analysis 

o f  the HOMO -  4 of both models suggested that only in the case o f the boron analogue 

is the “empty” px-orbital involved in the delocalised 7i-system, so the cyclic stabilisation 

o f the Al analogue is much lower. The ab initio study concurred with the DFT study on 

the greater stabilisation o f the lone pair in heavier analogues compared with E = B, and 

that this is located in the HOMO, which is high in energy and makes 12b-d 

nucleophilic. The conclusion from both reports is that five-membered anionic group 13 

NHC analogues are feasible synthetic targets.

Following the successful synthesis o f the anionic gallium(I) NHC analogue, 

[:Ga{[N(Ar)C(H)]2 }]~ 15 (Ar = C6H3Pr'2-2 ,6 ) , 63 DFT studies were performed on the 

model complex, [:Ga{[N(Me)C(H)]2}]~ 16, by Dr. J. A. Platts (Cardiff University) to 

determine the frontier orbitals o f this species, employing the BP86/6-31 G(d) basis set 

(Figure 10) . 64 A large HOMO -  LUMO gap (198.68 kJ m o l1) was observed for this 

model complex. The main contribution to the LUMO is the large and diffuse p-orbital 

at gallium, which is high in energy, and is indicative o f weak 7i-acceptor properties for 

this ligand. In contrast to the previous study, the HOMO was found to be mainly 

ligand-based, involving intra-heterocyclic ^-interactions. The sp-type lone pair at 

gallium is the main contributor to the HOMO -  1, indicating that this species should act 

as a strong nucleophile with a directional lone pair.
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LUMO

375.24 kJ m ol1

HOMO

176.56 kJ mol '

HOMO -  

50.86 kJ mol' 1

Figure 10 -  DFT calculated frontier orbitals of the model complex, 16

18



The employment o f bulky P-diketiminate ligands to stabilise neutral monov alent 

group 13 six-membered NHC analogues, such as [:Al{[N(Ar)C(Me)]2CH}] 17a6' and 

[:Ga{[N(Ar)C(Me)]2CH}] 18.66 led to theoretical studies into the properties of this new 

ligand class . 67 Initial studies suggested that the complexes should behave as Lewis 

bases, with the HOMO mainly being an sp-Xype lone pair of electrons at L and the 

LUMO mainly being a 7t*-orbital associated with the ligand backbone, and not the 

empty /vo rb ita l at H, which is assigned to be mainly in the LUMO + i/° -67a The 

stability o f the aluminium analogue was later attributed to the possibility of the v/Mype 

lone pair participating in ring delocalisation .68 A detailed DFT analysis of the model 

complexes, 19a-d, sought to deduce differences in their bonding and therefore the 

relativ e stabilities o f the complexes (Figure 1 l).67b By analysis of theoretical reactions 

between the heterocycles, 19a-d, and Lewis acids and bases, the authors hoped to probe 

the possibility o f a lone pair o f electrons at E.

R2 Ri

R n = H, Me
R2 = H

E = B 19a, Al 19b,
G a 19c, In 19d

Figure 11 -  The model complexes. 19a-d

The boron analogue, 19a, was found to be substantially different to the heavier 

analogues, 19b-d, in that the singlet-triplet energy gap was found to be minimal and 

that there is significant covalent interaction in the B—N bonds. Although the electron 

localisation function (ELF) and a theoretical reaction with BFi suggests that a lone pair 

of electrons exists at the boron centre, the small singlet-triplet energy gap suggests that
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the boron analogue would not be thermodynamically stable and therefore is not a valid 

synthetic target. The boron atom in this species has been assigned a formal oxidation 

state o f +2, and is best described by two diradical Lewis structures. The other 

analogues, 19b-d, were found to have large singlet-triplet energy gaps and H was 

defined by the formal oxidation state o f +1. As is the case for the model compounds. 

12a-d. the bonding in 19b-d is best viewed as an anionic bidentate ligand chelating a 

formally positive metal cation E \  the Lewis structures of which, 20a-c. are depicted 

below (Figure 12).67b

R2 R 1 ^ 2  R 1 R2 R 1

20a 20b 20c

R, = H. Me 
R2 = H

Figure 12 -  The proposed Lewis structures, 20a-c

Following these insightful theoretical investigations, the successful synthesis of 

the p-diketiminato complexes, [:E{[N(Ar)C(Me)]2CH}], E = In 21a.69 E = II 22a.'° 

provoked further study into this ligand class . 71 By performing DFT calculations on 

complete molecules using coordinates taken directly from the X-ray crystal structures of 

17, 18. 21a and 22a, the considerable steric bulk of the ligand was taken into account in 

calculations for the first time . 706 The kinetic stabilisation induced by the ligand was 

cited as the major stabilisation factor, rather than the electronic factors originally 

proposed .68 Most other conclusions drawn from the theoretical studies were in 

agreement with those already published. However, the thallium analogue. 22a. 

analysed for the first time, displayed a significantly different ordering of its molecular
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orbitals (MOs) compared to the lighter analogues, 17, 18 and 21a. Interpreted as a 

manifestation of the “inert-pair" effect, the /?*-orbital at thallium becomes the LUMO 

and the HOMO is ligand-based, with the lone pair of electrons more tightly held in the 

HOMO -  2, making this analogue more stable and less reactive. A recent DFT study 

correlates all previous calculations on the subject of neutral group 13 p-diketiminate 

complexes, with an in-depth view of their reactivities . 71 In addition, this study suggests 

that, despite the instability o f the boron analogue, kinetically and thermodynamically 

stable B=B bonded dimers o f the p-diketiminate ligand could be experimentally 

accessible, though not necessarily via the monomer.

The successful synthesis o f the four-membered NHC analogues, [:Ga(Giso)] 23 

and [:In(Giso)] 24 (Giso = [{N(Ar)}2CNCy2 }]~), prompted a DFT investigation of the 

model complexes, [:E{[N(Ph)]2CNMe2 }] 25a-c (Figure 13).72 This report followed 

previous synthetic attempts to synthesise related amidinato group 13 NHC analogues, 

the most successful o f which yielded rf-A,arene-chelated amidinato complexes of 

indium(I) and thallium(I) . 73 A parallel study yielded the gallium(II) dimer, [{Gal(rf- 

.V,.V-Piso)}2 ] (Piso = [{N(Ar)}2CBul] ), by disproportionation . 74 Models of the indium 

and thallium complexes were investigated by DFT against their A’.A'-chelated 

analogues . 73 The study concluded that the A ,A -chelated model of the indium complex 

was 37.9 kJ mol' 1 more stable than the A.arene-chelated complex. Isomerisation did not 

take place between the two forms because of a high barrier to conversion (85.0 kJ m of 

'), so it was deduced that the employment of a more A’-electron rich ligand with a 

bulkier backbone substituent would be required to synthesise the rf-A.A’-chelated 

complexes. This proved to be the case.
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Ar Ph

E = Ga 23, In 24 E = Al 25a, Ga 25b, In 25c
Ar = C6H3Pr,r 2.6

Figure 13 -  Complexes 23 and 24 and the model complexes, 25a-c

In the model complexes, 25a-c, the optimised geometries were similar and the 

HOMO and LUMO corresponded to the .s/?-type lone pair of electrons and the /vorb ita l 

at the metal centre respectively. The lone pair of electrons were found to be very high 

in .v-character (sip ratio Al = 1.85/0.41, Ga = 1.90/0.37, In = 1.90/0.36) and minimal 

interaction o f the lone pairs in the N /?-orbitals with the ^-orb ita l at the metal were 

observed, with 25b displaying a Ga—N bond order of 0.23. The Ga—N bonds are 

highly ionic, indicative o f a formally monoanionic ligand binding a formally cationic 

group 13 element centre, similar to the five- and six-membered heterocycles discussed 

previously. The large HOMO -  LUMO gaps (ca. 60 kcal m ol'1) for all model 

complexes are testament to the observed stabilities o f 23 and 24, although these gaps are 

smaller than in the six-membered heterocycles discussed previously (ca. 1 0 0  kcal 

m ol'1). The report suggests that the aluminium analogue of 23 and 24 should be 

synthetically viable, due to the model complex, 25a. displaying a similar HOMO -  

LUMO gap to 25b and 25c.
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1.6 The Synthesis and Coordination Chemistry of NHC Analogues

1.6.1 Four-Membered Group 13 Metal(l) Guanidinate Complexes

Synthesis of the four-membered rf-A',A’-guanidinato gallium(I) and indium(I) 

NHC analogues, 23 and 24, was achieved by treatment of the appropriate metal(i) 

halide with a toluene solution o f the lithium guanidinate, [Li(Giso)] (Scheme 4 ) . 74 

Treatment o f TlBr with [Li(Giso)] yielded the rf-A,arene-guanidinato thallium(I) 

complex, 26, most likely due to the increasing ionic radii in the series Ga(I)—>11(1) not 

favouring A. Y'-chelation in the heavier ion. The successful synthesis of these 

heterocycles is timely, taking into account that the first stable four-membered NHC was 

only recently reported.7> Both 23 and 24 are remarkably thermally stable, considering 

that the element(l) centres are less sterically protected and have more acute N—M—N 

bite angles than in the corresponding five- and six-membered heterocycles. The bond 

lengths in the crystal structures obtained are indicative of extensive 7c-electron 

delocalisation over the CN 3 guanidinate backbones.

23. 24

©  Li©

N

Tl#.N

26

Scheme 4 -  The synthesis o f 23, 24 and 26

The coordination chemistry o f 23 and 24 is currently being explored.76™ An 

initial report describes the treatment o f group 10 metal(O) fragments with the



heterocycles.76 Complexes 23 and 24 were reacted with [Ni(rj4-COD)2 ] (COD = 1.5- 

cyclooctadiene) and [(dppe)Pt(rf-C 2 H4 )] under any stoichiometry to yield the 

disubstituted products. 27 -  29. with the loss of one labile olefin ligand (Scheme 5). 

The attempted synthesis of the indium analogue of 27 led to deposition of metallic 

nickel at -10 °C; experimental evidence of the predicted poorer o-donor capability of 24 

over 23. These results are in contrast with the reactions of group 13 metal(I) diyls w ith 

[Ni(rj4-COD)2 ], which yield kinetically inert homoleptic gallium and indium complexes 

(vide supra )* '4* The reaction of 23 and 24 with [Pd2(dba)i| (dba = 

dibenzylideneacetone) resulted in the deposition of palladium metal below 0 °C. but a 

homoleptic complex, 30, was successfully synthesised from the treatment of three or 

four equivalents o f 23 with [Pt(rf-norbomene)3].76 The attempted synthesis of the 

analogous homoleptic indium complex led only to the cluster, 31. in low yield, further 

proof o f the differing a-donor abilities o f the two four-membered heterocycles.77

Ar

Ar = C6H3Pr,2-2,6  
nor = norbornene

r~Ll„, \  Ar M = Ni, E = Ga, L - L = COD 27
( X  M = Pt, E = Ga, L - L = dppe 28

\  ' Ar M = Pt, E = In, L - L = dppe 29

23 24
CY2N.

nor

NCy2 30 NCy2 31

Scheme 5 -  The synthesis of 27 -  31
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The steric bulk o f the heterocycle, 23. is cited as the reason why a trigonal 

planar three-coordinate platinum complex, 30, is formed over a tetrahedral four- 

coordinate complex.76 Despite the considerable steric crowding in 30, the average 

Ga— Pt bond length of 2.309 A is the shortest reported. This finding warranted a DFT 

study, utilising the model complex, [Pt{Ga[N(C6H3Me2-2,6)]2CNMe2b]. A charge 

decomposition analysis (CDA) suggested a mean ^-contribution of 39.8 % to the 

Ga— Pt bonds. However, this fraction only relates to the covalent component of the 

bonding, and given the considerable electrostatic component that must exist due to the 

polarisation o f the Ga— Pt bonds, this 7u-bonding was not deemed substantial. An 

orbital population analysis suggested that the HOMO and HOMO -  1 of the model 

complex were derived from the back-donation of electron density from the filled 

platinum J-orbitals into empty p-orbitals at the gallium centres. These frontier orbitals 

represent the majority o f the ^-contribution to the Ga— Pt bonds.

Recent highlights o f the investigation into the coordination chemistry of 23 and 

24 include the synthesis o f a range o f platinum(II) alkyls. Treatment of the olefin 

precursors. [(q4-CHD)Pt(Arl )2] (CHD = 1,3-cyclohexadiene, Ar1 = C6F4 H-4 ). [(r|4- 

CHD)Pt(Arl b] (Arh = C6F4OMe-4). or [(q4-CHD)Pt(Arf ")2] (Ar,u = C6H2F3-2A 6). 

with two equivalents of 23 or 24 yielded the distorted square planar complexes, cis- 

[ {Ga(Giso)}2 Pt(Ar*>2 ] 32, c7.v-[{Ga(Giso)}2Pt(ArF')2] 33, fraw.v-[{Ga(Giso)}2-Pt(Ar,'")2 ] 

34, {In(Giso)}2Pt(Arl )2] 35, and /rt/m-[{In(Giso)}2Pt(Arh )2 ] 36. The five-

coordinate complexes, ( {InfGisoj^PUAr1' )2] 37, and [ {In(Giso)}̂ Pt(Ar1 ’)2 ] 38, resulted 

from the addition of three equivalents of 24 to the olefin precursors.77 The occurrence 

of c7.v- or trans-isomers in the four-coordinate complexes is thought to arise from the 

greater o-donor ability o f 23 over 24, and the relative donor strengths of the differing 

alkyl ligands arising from their /wra-substitution patterns. The five-coordinate
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compounds, 37 and 38, are particularly noteworthy as two of the heterocycles in each

exhibits In F interactions in the solid state. Compound 37 is depicted below as an

example (Figure 14). All the platinum(II) complexes were found to be highly unstable 

in solution in the absence o f an excess o f the ligands, 23 and 24, being present, 

suggesting that the heterocycles are labile in these complexes. Some success has also 

been achieved in the reactions o f the metal(l) heterocycles with transition metal(O) 

carbonyl complexes .77,78 The ruthenium complex, [(PPh3)3Ru(CO)2], reacts with 24 

under any stoichiometry to yield the monosubstituted complex, 

[(PPh3>2Ru{ln(Giso)}(CO)2] 39, with the loss o f one labile phosphine ligand. 77 The 

heterocycle occupies an equatorial position in the pseudo-trigonal bipyramidal 

arrangement o f ligands. Unusually, the analogous gallium(l) coordination complex 

could not be structurally characterised. Other investigations show that 23 does not react 

with [Fe(CO)5], but successfully cleaves the dimer, [Fe2(CO>9], to yield 

[Fe(CO)4 {Ga(Giso)}] 40.78 The reaction o f [Co2(CO)g] with two equivalents o f 23 

gives the novel complex, 41, in which the gallium(I) heterocycle has adopted an r|2- 

bridging mode. This exciting development has shown that 23 can behave like metal 

diyls in its coordination chemistry.

Ar = C6H3Pr,r 2,6
NCy2

Cy2N < £ oc-----OC//'/. xn'N03//, ^ x C 0
C  ' ‘

N

NCy2 41

Figure 14 -  Complexes 37 and 41
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1.6.2 Five-Membered Analogues of 23-Dihydro-imidazol-2-ylidenes

The first reported anionic group 13 five-membered NHC analogue, 

[:Ga{[N(Bu‘)C(H)]2 }]_ 42, was prepared in a multi-step synthetic route starting from 

G aCh .79 Reduction o f the initially formed gallium(III) complex over a potassium 

mirror for just over three days, through an isolable gallium(II) dimer, yielded only 4 % 

o f the desired heterocycle as an ion-separated salt with a [K(18-crown-6)((THF)2]+ 

cation. A later modification o f this synthetic route employed the bidentate amine tmeda 

(A^A^NVV-tetramethylethylenediamine) in the final reduction step to give an improved 

yield o f 18 %. The increased yield was obtained by increasing the reduction time to a 

total o f  fourteen days in the three step synthesis (Scheme 6 ). In contradiction to earlier

O |
work, a (chloro)galla-imidazole was formed in good yield (80 %) from the treatment 

o f  [{LiN(Bu‘)C(H)}2] (l^B u '-D A B ) with G aC b .79,80 Reduction o f this gallium(III) 

complex with two equivalents o f  potassium in THF yielded a gallium(II) dimer after ten 

days. Addition o f tmeda and a further two equivalents o f potassium furnished the 

desired gallium(I) compound after four days. The [K(tmeda)]+ salt o f 42 was found to

aggregate into centrosymmetric dimers in the solid state, with Ga K contacts of

3.438 A and 3.4681 A.80 Both synthetic procedures suffer from lengthy reduction times 

and poor yields, so the coordination chemistry o f 42 was not investigated further.
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Scheme 6  -  The synthesis o f a potassium salt of 42

A report on the discovery o f a simple high-yielding synthetic route to an anionic

five-membered gallium(I) NHC analogue, [:Ga{[N(Ar)C(H)]2 }]~ 15 (Ar = CeHsPrV

2,6), starting from “G al” followed several years later (Scheme 7) . 63 The one-electron

reduction o f  Ar-DAB ({N(Ar)C(H)}2) with “Gal” gave, with the loss o f one equivalent

o f gallium metal, a high yield (> 90 %) o f the paramagnetic gallium(III) compound,

[l2Ga{[N(Ar)C(H)]2‘}], which was independently synthesised by another group.82

Reduction o f this heterocycle over a potassium mirror in THF for eight hours, followed

by treatment with a tmeda/Et2 0  mixture, gave the salt, [K(tmeda)][15], in 6 8  % yield,

presumably via the known gallium(II) dimer, [Ga{[N(Ar)C(H)]2 } ]2  83 This salt has a

similar structure to the previously reported compound, [K(tmeda)][42],80 except that the

Ga Ga distance in this compound is 4.21 A, whereas in [K(tmeda)][15] this distance

is only 2.88 A, that is only 13 % longer than a typical Ga—Ga single bond. This

remarkable difference is thought to arise, in addition to the electrostatic attraction

between Ga” and K+, from a partial donation o f electron density from the lone pair of

electrons on each gallium centre into the empty /7-orbital on the other. No Ga Ga

interaction, however, was observed in the ion-separated salt, [{K(1 8 -crown-6 )}2(p~1 8 -
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crown-6 )] +[15]2. The high yield and ease o f synthesis of 15 by this route has allowed

extensive investigations into its chemistry, which has been recently reviewed 84

complete summary o f all investigations performed into the reactivity o f 15 with s- and 

p-block precursors is discussed in Chapter 2. The corresponding investigations into the 

reactivity o f 15 with d- and /-block precursors are summarised in Chapter 3.

Ar

/
2 " G a r . to luene

- G a

Ar Ar = C6 H3Pr,r 2.6

\
1 /

-Ga

ArAr

Ga

Ar 15

N\
G a

4 \i i

"Ar

Scheme 7 -  The synthesis o f a potassium salt o f 15

A recent report detailing the synthesis o f the boryllithium complex, 

[LiB{[N(Ar)C(H)]2 }] 43 (Ar = C6H3Pr'2-2 ,6 ), marks an exciting development in the 

investigation o f anionic five-membered group 13 NHC analogues.853 The B— Li bond 

in 43 was described as lying between an ionic and covalent bond, as the bond length of 

2.291 A, derived from a structural characterisation, is 8.5 % longer than the sum o f the 

covalent radii for boron and lithium atoms. The synthetic route to 43 involves the 

synthesis o f  a heterocyclic boron(III) precursor from di-reduced Ar-DAB and BBri in 

56 % yield (Scheme 8 ). Reduction o f this precursor with lithium powder and 

naphthalene in THF at -45 °C affords the boryllithium, 43, quantitatively. 

Spectroscopic and structural data indicate that the boron centre is .^-hybrid ised  and 

exists in the theoretically predicted singlet state. The reactions o f 43 with a selection o f
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organic electrophiles such as benzaldehyde confirmed the nucleophilic character of this 

heterocycle.85® Reaction o f the boryllithium, 43, with MgBr2 in different 

stoichiometries afforded several borylmagnesium complexes, the most notable being the 

magnesium analogue o f 43, [Mg(THF)2 {B{[N(Ar)C(H)]2 }h]-85b The boryllithium, 43, 

has recently been utilised in the synthesis o f novel group 11 transition metal complexes, 

[(lMes)MB{[N(Ar)C(H)]2 }] (M = Cu 44, Ag 45, Au 46), by salt metathesis (Scheme 

Q) . 86 Complexes 45 and 46 are the first examples o f structurally characterised boryl 

silver and boryl gold molecular complexes, and these complexes will be discussed 

fiirther in Chapter 3. At present, five-membered anionic aluminium, indium and 

thallium NHC analogues remain elusive.
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Scheme 8  -  The synthesis of 43

M es Ar
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- LiCI M-
/
\

M = Cu 44. Ag 45. Au 46  
Ar = CeHaPr's^.S 

Mes = C6H2M e3-2 .4 . 6

Ar M es Ar

Scheme 9 -  The synthesis o f 44 -  46

The first successful synthesis o f a five-membered silicon(II) NHC homologue, 

[:Si{[N(Bul)C(H)]2 }] 47, was achieved by the reduction of a silicon(IV) precursor with
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alkali metal in refluxing THF for five days (Scheme 10) . 57 The chemistry o f 47 and 

related silicon(ll) NHC analogues has been, and continues to be investigated 

extensively; more so than any other p-block analogue o f the NHC class o f ligand. In 

common with their lighter homologues, 8 , they have been shown to be nucleophilic 

(though to a lesser extent), but they display a unique chemistry due to the strong 

tendency o f these heterocycles to oxidatively add to a wide range o f complexes by bond 

insertion reactions.87 The first germanium homologue of 47, [:Ge{[N(Bul)C(H)]2 }] 48, 

was prepared by salt elimination from L^Bu'-DAB and [GeC^dioxane)] (Scheme

10) . 58 Investigations into the chemistry o f 48 and related heterocycles are not as mature

* * •  88 as those o f  the silicon analogues, but many similarities have been observed. The

stability o f the silylene and germylene unsaturated NHC analogues is often attributed to

a delocalisation o f 7i-electron density throughout the five-membered ring .87 88 This

“aromatic” nature is less o f a stabilising factor for the germylenes than the silylenes, and

in both cases this delocalisation is less than that proposed for the dihydro-imidazol-2 -

ylidenes.
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\
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Scheme 10 -  The synthesis o f 47, 48 and 49a-b
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The tin homologues o f 47, [:Sn{[N(R)C(H)]2 }] (49a R = Bu1, 49b R = Mes), 

have been synthesised by trans-amination o f the a-amino aldimines with the tin(II)

OQ
amide, [Sn{N(SiMe3>2 }2]. Their attempted synthesis from dilithiated DABs and tin 

dichloride in an analogous manner to the preparation o f 47 proved unsuccessful. The 

heterocycles, 49a-b, proved to be thermally unstable, decomposing to metallic tin and 

DAB at only 60 °C. The reason for this is that the tin homologues do not have 

extensive 7C-delocalisation in the five-membered ring. As such, these species are 

commonly depicted as a resonance form with tin(0) chelated by a DAB ligand. This 

resonance form explains the propensity for 49a-b to react with other DAB ligands, not 

by nucleophilic attack but by formal transfer o f  the tin atom to the new DAB ligand to

AQ
form a new tin heterocycle. This unusual reactivity dominates the chemistry of these 

stannylenes, as the reaction o f DABs with 49a-b are the only reactions reported for 

these heterocycles .89 90

Nitrenium [50]+,59 phosphenium [51]+,60 arsenium [52]+,61 and stibenium [53]+91 

cationic group 15 analogues o f 8  were first prepared by the methods depicted below 

(Scheme 11). Whilst the nitrenium cation, [50]+, was synthesised by the treatment of a

1,2,3-triazole with methyl iodide, 59 [51]+ and [52]+ were synthesised initially by the 

treatment o f the heterocycles, [Cl2Si{[N(Bul)C(H)]2 }] and [Cl2Ge{[N(Bu!)C(H)]2 }], 

with ECI3 (E = P, As) at ambient temperature, and latterly from dilithiated DAB at low 

temperature .60,61 The precursor to the antimony analogues, [53a-b]+, was synthesised 

from an a-amino aldimine, which was then treated with a chloride acceptor to yield the 

free heterocycle .91 Subsequent investigations into the chemistry o f the phosphenium

cation, [51]+CT, have been carried out to see if  the long P Cl distance (2.759 A) is

enough to warrant a description o f this species as being a separate cation-anion pair.92'94 

The 71-electrons on the A-substituents are thought to donate not only into the empty p-
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orbital at P, but also into the low-lying o* (P—Cl) orbital, weakening this bond. 

Treatment o f [51]+C f  with AgPF6 yields the uncontested ion-separated salt, [51]+PF6~, 

by salt metathesis. All group 15 complexes, [50]+ -  [53a-b]+, are stabilised by 

substantial 7i-electron delocalisation within the five-membered ring .59' 61’91'94 The series 

o f valence isoelectronic analogues o f 8  has recently been extended with the synthesis of 

a dicationic selenium analogue, [54]2+, from selenium tetrachloride and Ar-DAB (Ar = 

C6H3Pr'2-2 ,6 ) at ambient temperature, with tin dichloride as the reducing agent (Scheme 

l l ) . 95 This heterocycle is thought to have little 7c-delocalisation, and is viewed formally 

as a Se2+ cation chelated by a diimine fragment.
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1.63 Six-Membered Group 13 P-Diketiminate Complexes

The synthetic routes to aluminium(I) 17a-b,65 gallium(I) 18,66 indium(l) 21a- 

b69’70 and thallium(I) 22a-c70 p-diketiminate complexes are summarised below (Scheme 

12). The aluminium(I) compound, 17a, is prepared in low yield by the reduction of the 

aluminium(III) precursor, 55a,65 whilst a salt metathesis reaction from a lithiated P- 

diimine and “Gal” was the favoured method for the synthesis o f the gallium(I) 

heterocycle, 18, also in a low yield (39 Vo).66 A salt metathesis reaction has been shown 

to be a successful route for the preparation o f the thallium(l) analogues, 22a-b, in good 

yield (82 % and 80 % respectively).70® An alternative “one pot” preparation starting 

from the p-diimine was shown to be effective in the preparations o f the indium(I) 

heterocycles, 21a (36 % yield),69 and 21b (58 % yield).706 This procedure also proved 

successful in the preparation o f the novel thallium analogue, 22c, in ca. 40 % yield.706 

Recently, the synthesis o f  a novel aluminium(l) p-diketiminate, 17b, has been reported 

in poor yield by an analogous procedure to that employed for 17a, in 20 % yield.96 

Only the thallium(l) analogues, 22a-c, do not display planarity in the 6-membered ring, 

because o f  the large size o f the metal.
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Scheme 12 -  The synthesis o f 17a-b, 18, 21a-b and 22a-c

The reactivity o f the heterocycles, 17a-b, 18, 21a-b and 22a-c is currently being

investigated, and will be summarised here. Most investigations to date have centred

around the heterocycles, 17a and 18. Their reactions with group 13 precursors are

summarised below (Scheme 13). Treatment o f 18 with the Lewis base, B(C6F5)3, gave

the expected donor-acceptor complex, 56.97 In contrast, the reaction o f 17a with the

same substrate led to the formation o f 57, which displays a relatively close Al F

contact (2.156 A ).97 The aluminium centre is formally acting as a Lewis base towards

the electron deficient boron atom and as a Lewis acid to an ortho-fluorine atom. The

authors have coined the term “Janus-faced” to describe the unique behaviour o f the

aluminium atom in this complex. Complexes 56 and 57 both display relatively long

E—B bonds, and the boron centres exhibit a distorted tetrahedral geometry. An

investigation into the redox reaction o f 17a with two equivalents o f PhB(OH )2 yielded
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the aluminium(III) compound, 58, proposed to be driven by the exothermic formation o f 

two Al— O bonds." The same product was obtained by reacting PhB(OH ) 2 with an 

aluminium(III) hydride precursor."

18

Ar

Ar

F 5 7

56

B(CgF 5)3 PhB(O H )2
--------------- 1 7 a ---------------- *

Ar = C6 H3P r,2-2.6

Scheme 13 -  The reactions o f 17a and 18 with group 13 precursors

Investigations into the reactivity o f the aluminium(I) heterocycle, 17a, with

organic substrates have proved fruitful. Alkynes react with equimolar quantities o f 17a

to form the aluminacyclopropenes, 59a-d, by an oxidative cycloaddition in excellent

100yields (Scheme 14). This methodology provides a useful synthetic route to the 

aluminacyclopropenes, which were previously synthesised by the reduction o f the 

aluminium(IU) diiodide, 55a, in the presence o f alkynes. 101 Compounds 59a-b could 

not be prepared by the reduction pathway due to the metallation o f the acetylenic 

proton, hence the new synthetic route has proved useful. The further reactivity o f these 

novel three-membered rings towards unsaturated precursors such as carbon monoxide, 

isocyanides, dioxygen, carbon disulphide, carbon dioxide, ketones, nitriles and azides 

has been extensively investigated . 101102 A recent report into the reactivity o f an 

aluminacyclopropene with pyridine and water has further illustrated the importance of 

these compounds . 103 The addition of an excess o f terminal alkynes to 17a yielded the
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alkenylalkynyl aluminium complexes, 60 and 61, by the migration o f an acetylenic 

proton, whereas the addition o f an excess o f the internal alkynes gave only 59c-d.100

17a
RiCcr2

R1 = R2 = H 59a 
R1 = H. R2 = Ph 59b 
R 1 = R2 = Me 59c  
R, = R2 = CCS1M0 3  59d

Ar

Ar

R, = r 2 = r 3 = H 60  
R 1 =  h. R2 = R3 = Ph 61

Scheme 14 -  The reactivity o f 17a towards alkynes

The group 13 p-diketiminate complexes have proved reactive towards other 

organic substrates; a summary is given here (Figure 15). Heating 17a and 2,3-dihydro- 

imidazol-2 -ylidenes in the solid state gave the aluminium monohydride adducts, 62a-b, 

by the migration o f  a proton from a methyl group on the p-diketiminato backbone. 104 

The reaction o f two equivalents o f  a bulky isocyanide with 55, in contrast, gave the 

novel spirocycles, 63 and 64, depending on the reaction conditions employed.96 These 

heterocycles are formed via the oxidative coupling o f two isocyanide units mediated by 

the aluminium centre. Treatment o f 18 with an excess o f the less bulky isocyanide, 

Bu!NC, gave the simple oxidative insertion product, [(Bul)(NC)Ga{[N(Ar)C(Me)]2CH}] 

65.105 The treatment o f 17a with two equivalents o f diphenyldiazomethane gave the 

diiminylaluminium compound, 6 6 , with the loss of dinitrogen. 104 Experimental 

evidence points towards the initial formation o f Ph2C=N—N=CPh2 and the subsequent 

oxidative addition o f 17a into the N—N bond. Azobenzene reacts with 17a at elevated 

temperatures to give the spirocycle, 67.106 The reaction mechanism was proposed to 

involve initial r| -coordination o f the azo group followed by rearrangement of 

azobenzene by cleavage o f the N—N bond and transfer of an or//?o-phenyl proton to 

form the tertiary amine. Treatment o f the indium(I) analogue, 21a, with a variety of
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alkyl halides gave the oxidative insertion products, 6 8 a -e . 107 The authors noted that the 

bromides, 6 8 d and 6 8 e, are easily converted to the iodides by addition o f KI, and 

proposed a radical mechanism for the observed bond insertion.
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Figure 15 -  Complexes 6 2 - 6 4  and 6 6  -  6 8

The reactivity o f group 13 p-diketiminate complexes towards a variety o f azides

continues to be examined thoroughly (Figure 16).96’108 The employment o f a

sufficiently bulky terphenyl azide, N 3-Ar* (Ar* = C6H3(C6H2PrV 2 ,4 ,6 )2-2 ,6 ), allowed

the synthesis o f  the stable monomeric imides, 69 and 70, from 17a and 18

respectively.108a A structural characterisation o f the gallium analogue, 70, revealed a

short Ga=N imide bond, which was determined to have little 7i-bond character by DFT

analysis. The reaction o f 17a with the less bulky terphenyl azide, N3-Ar* (Ar# =

C6H3(C6H3Pr'2-2 ,6 )2-2 ,6 ), gave the rearranged products, 71 and 72a.,08b Both

compounds are thought to arise from a short-lived imide intermediate which undergoes

either a [2 + 2] cycloaddition, to form 71, or an intramolecular C— H activated addition,
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to form 72a. It is noteworthy that heating a toluene/hexane solution o f 71 facilitated 

the thermal conversion o f this strained compound into the more thermodynamically 

favourable product, 72a. Treatment o f the more bulky aluminium(I) heterocycle, 17b,

(N3>3-SiBul, reacts with one equivalent o f 17a to yield the unprecedented dimeric

bond is formed, which may undergo a [ 2  + 2 ] cycloaddition to generate the observed 

product. Other azides, such as adamantyl azide (N3-C 10H 15), N 3-SiPh3 and N3-SiMe3 

react with 17a to yield the tetrazoles, 74a, 74b and 74c respectively. 108c'd Interestingly, 

the gallium(I) P-diketiminate complex, 18, reacts with N 3-SiMe3 to give a 1 : 3 mixture 

o f the tetrazole, 75, and the amide/azide isomer, 76.108d

with N3-Ar* gave exclusively the thermodynamic product, 72b.96 The less bulky azide,

compound, 73.,08c This mixed amide/azide compound is thought to arise from the

migration o f the azide group to aluminium in a short lived imide intermediate. An N=Si

Ar r  .  Bu172b

N(SiMe])2

Ar

Ar R

E * Al, R * C10H15 74a 
E = Al, R * SiPh3 74b 
E » AJ, R * SiM«3 74c 
E * Ga, R * SiM«3 75

Ar * CeH3Pr'2-2.6
Ar*= CeH3-2 .6 -<C6H2-Pr,3-2 ,4 .6 )
Ar* * C ^ lr 2.6-(C8H3-Pi,r 2.6)

Figure 16 -  Complexes 69 -  76
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The reactivity o f group 13 p-diketiminate complexes towards group 15 and 16 

precursors has been investigated (Figure 1 7 ) 96 , 09 ,12 n 4  Addition o f 18 to the 

phosphenium-phosponium salt, [Ph3P— PPI12HSO3CF3], yielded complex 77, with the

• 1 AO
loss o f triphenylphosphine. This complex contains a rare example o f a group 13 

centre acting as a Lewis base towards the Lewis acceptor, phosphorus. The 

aluminium(I) heterocycle, 17a, reacts with white phosphorus, P4, in a 2 : 1 

stoichiometry to yield 78.110 DFT studies o f the bonding in this complex point toward 

highly ionic A1— P bonding and a formal [P4]4- core in this complex. The controlled 

oxidation o f 17b with stoichiometric quantities of water have led to the isolable 

hydroxyaluminium hydride, 79,96 and 17a and 18 react with an excess o f N2 0 (g) to yield

the bridged dimers, 80a and 81a, which display short E E contacts (E = Al,

Ga) . 111,112 The reaction o f 80a with a stoichiometric amount o f water gave the 

alumoxane, 82, which had been previously synthesised by a different route. 113 

Treatment o f 18 with an excess o f elemental sulphur, Sg, gave the bridged dimer, 81b, 

which is isostructural to the oxygen analogue . 112 The aluminium(I) complex 17a, in 

contrast, reacts with Sg in a 2 : 6  stoichiometry to give the polysulphide, 83, in low 

yield . 114 This complex exhibits two p-S3 chains connecting two aluminium atoms to 

give an AI2S6 bimetallic analogue o f the Sg ring. The bridged dimer, 80b, analogous to 

the gallium complex, 81b, can be prepared by changing the reaction conditions and had 

previously been synthesised by another method . 115
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Figure 17 -  Complexes 77 -  83

The transition metal coordination chemistry o f the group 13 p-diketiminate 

complexes is remarkably under-developed in comparison to the number o f 

investigations concerned with /7-block precursors. The reactions o f 17a and 18 with 

non-olefinic transition metal complexes are summarised below (Figure jg ) 251 ,6117  in 

an analogous manner to the metal(I) diyls previously discussed, 18 reacts with iron 

pentacarbonyl to give the monosubstituted product, 84, by displacement o f CO under 

any stoichiometry. Recent reports show that 18 displays a tendency to insert into 

transition metal-halide bonds. , , 6 ’n 7  Addition o f 18 to [(PPh3)AuCl] gives the 

complexes, 85a and 85b, depending on the stoichiometry o f the reaction . 116 Treatment 

o f 85b with Na[BArF,,,4] (ArF'H = C6H3(CF3>2-3 ,5 ) gave the linear homoleptic cation, 86,

P 117by salt metathesis, with BAr " 4  as the counter-ion. Unusually, the reaction o f 43 with
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[(PPh3)3RhCl] gave the chloride-bridged product, 87.117 This compound can be 

regarded as a ‘‘frozen intermediate” o f the insertion o f 18 into a Rh— Cl bond.
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©
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Figure 18 -  Complexes 84 -  87

The reactions o f 17a and 18 with olefinic transition metal precursors are 

summarised below (Figure 19).,05’,,7*,,9 The insertion o f 17a into the dimer, [(r|2- 

COE>2RhCl]2 (COE = cyclooctene), in benzene gives the “piano stool” complex, 8 8 . " 7 

No isolable products were obtained in the absence o f benzene. A range of nickel(O) 

olefin complexes, 89a-d, have been synthesised starting from [Ni(r|6-CDT)] (CDT = 

1,5,9-cyclododectatriene), [Ni(ri2-C2H4)3] and 18.118 Careful manipulation of the 

reaction conditions yielded a number o f Ga^Ni^ clusters (x = 1-2, y  = 2-3), the most 

remarkable o f which is the hydride, 90. A number of platinum(O) and palladium(O) 

complexes have been prepared by the treatment o f 17a and 18 with [Pd2(dvds)3] (dvds =

l,l,3,3-tetramethyl-l,3-divinyldisiloxane) and [Pt(r|4-COD)2], such as 91 and 92.105119 

Such compounds have been shown to undergo further loss o f olefins by reaction with 

[:Ga(r|5-Cp*)] to give clusters, 1,9 and with CO or Bu‘NC to give 93a-d.105 Treatment of 

[P tO ^-C O D ^lS JJ (x = 1-2 , y  -  1 -2 ) with hydrogen gas and triethylsilane gave a
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variety o f  hydrides, such as 94.105 The reactivity o f aluminium(I) and gallium(I) p -  

diketiminate complexes has been summarised in several reviews.223’85,120

Rh.

88

. < / k >
\  K \ A Ar

M = Pd, L = CO 93a 
M = Pt. L = CO 93b 
M = Pd. L = Bu*NC 93c 
M = Pt. L = Bu'NC 93d

L = CDT (1,5,9-cyclodecatriBne). 89a, 
2 C2H4 . 89b.
2 C8H5CHCH2, 89c,
dvds (1.1,3,3,-tetram«thyl-1 ,3-
divinytdisiloxane. 89d

Ar

E Pd

Ar
E = Al 91, 

G a 92

\  /  V

;a Ga
V /  \

Ar = C8 H3Pr,r 2.6

Figure 19 -  Complexes 8 8  -  94

In comparison to the large number o f investigations into the reactivity o f NHCs 

and group 13 metal diyls, studies o f the chemistry o f 15 are remarkably under­

developed. It is the main objective o f this thesis to describe further investigations into 

the reactivity o f 15.
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Chapter 2

Complexes of an Anionic Gallium(I) TV-Heterocyclic Carbene Analogue 

with Group 14 Element(ll) Fragments

2.1 Introduction

Investigations into the s- and p-block coordination chemistry o f the anionic 

gallium(I) TV-heterocyclic carbene (NHC) analogue, [:Ga{[N(Ar)C(H)]2 }]“ 1 (Ar = 

C6H3Pr'2-2 ,6 ), have been frequent since the synthesis of potassium salts of this 

compound were first reported . 1 The only 5 -block complexes of 1 reported to date, apart 

from the dimeric potassium salts in the original report, are the bis(gallyl) magnesium, 

[Mg(THF>3 {Ga {[N(Ar)C(H)]2}} 2] 2, and calcium, [Ca(THF)4 {Ga{[N(Ar)C(H)]2 }}2] 3, 

compounds depicted below (Scheme 1). The reduction o f the previously reported 

gallium(III) heterocycle, [l2Ga{[N(Ar)C(H)]2*}],3 with the appropriate alkaline earth 

metal in the presence o f mercury in THF gave 2 and 3 in low to good yields (Scheme 1), 

in a similar manner to the preparation o f [K(tmeda)][l] by reduction o f 

[l2Ga{[N(Ar)C(H)]2 }] with potassium metal. 1 The stepwise reduction was proposed to 

go through the previously reported paramagnetic gallium(II) dimer, 

[lGa{[N(Ar)C(H)]2’}]2,4 and diamagnetic digallane(4), [Ga{[N(Ar)C(H)]2 }]2 ,5 with the 

group 2 metal oxidatively inserting into the Ga—Ga bond of the latter. Unlike the salt 

[K(tmeda)][l], 2 and 3 are molecular compounds and as such exhibit the first 

structurally characterised examples o f Ga— Mg (2.7222 A mean) and Ga—Ca (3.1587 

A mean) bonds. These bond lengths are outside the sum of the covalent radii o f these 

element pairs (Ga— Mg 2.61 A; Ga—Ca 2.91 A).6 A density functional theory (DFT) 

analysis was performed on model complexes to probe the nature o f the Ga— M bonds, 

concluding that the bonds have significant ionic character. The attempted synthesis of
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strontium and barium analogues proved unsuccessful, which is unusual because the 

heavier elements are more electropositive than the lighter metals.

Ar.
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Scheme 1 -  The synthesis o f 2 and 3

The heterocycle, 1, has been shown to form complexes with group 13, 14, 15, 16 

and 17 centres. The reaction o f two equivalents of [K(tmeda)][l] with the group 13 

hydrides, [lnH3(NMe3)] and [GaH3(quinuclidine)], in diethyl ether gave the trimetallic 

hydrides, 4 and 5, in high yields (Scheme 2 ) . 7 The reaction is proposed to proceed via 

elimination o f KH to give neutral monosubstituted intermediates that are subsequently 

coordinated by a second equivalent o f  [K(tmeda)][l] to give 4 and 5. Crystallographic 

characterisations o f  4 and 5 highlighted the first structurally authenticated Ga— In 

bonds, with the presence o f Li+ in 4 explained by the in situ preparation of 

[InH3(NMe3>], which generates lithium bromide as a by-product. A DFT analysis on 

model complexes revealed a significant amount o f negative charge on the MH2 

fragments, explaining the contact ion pair in 5. The attempted synthesis o f an 

aluminium analogue o f 4 and 5 proved unsuccessful. Complexes 4 and 5 are 

remarkably stable, with the decomposition temperature of 4 (116 °C) being comparable 

to that o f  the related InHi-NHC complex [InfhOMes)] (IMes = [:C{[N(Mes)C(H)]2 }], 

Mes = C6H2Me3-2 ,4 ,6 ) (115 °C ) . 8 Thus 1 displays close parallels with NHCs in its 

ability to stabilise thermally labile fragments.
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The group 13 cyclopentadienyl complexes, InCp and TICp, in contrast, caused 

the oxidative coupling o f 1 with deposition o f the group 13 metal and complexation of 

generated KCp to give the rc-cyclopentadienyl-bridged digallane(4), 6 . 9 This complex, 

which exhibits the first structurally characterised example of a ^-interaction with a 

gallium(li) centre, could also be directly prepared from KCp, tmeda (tmeda = 

tetramethylethylenediamine) and the digallane(4), [Ga{[N(Ar)C(H)]2 }]2 . Theoretical 

and experimental studies indicated that there is probably a fluxional 

complexation/decomplexation o f the K(tmeda)2Cp unit from the gallium(II) dimer in 

solution.

1 InHjfNMe-j), LiBr
(K(tmeda)] *

E tjO

 1 ©  (tmeda )2
Ar Ar Ar Ar

I HV V*H I I >  j
G aH 3(quin) /

TICp. E ^O . 
tm eda

r \ J  - \_r “ J
N

V J  v /Ar A r 4 Ar Ar 5
Tl. - KCp ©

[U (tm eda)2]

Ar = C6 H3Pf<r 2 .6

(tm eda h 
KI

\  / '
G a  G a

/  \‘N N"

Ar 6

Scheme 2 -  The reactions o f [K(tmeda)][l] with group 13 complexes

Prior to the study discussed in this chapter (vide infra), attempts to form 

complexes o f 1 with group 14 element(II) fragments were not as successful as those 

with group 13 precursors. Even very strong nucleophiles such as NHCs were found not 

to coordinate to the Ga centre o f [K(tmeda)][l]. However, it should be noted that the 

reaction o f [K(tmeda)][l] with the imidazolium salt, IMes.HCl, resulted in the oxidative 

insertion o f its gallium centre into a C—H bond of the cation and the formation o f the
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NHC-gallium hydride heterocycle complex, 7 (Scheme 3) . 10 In the presence o f trace 

amounts o f water the hydroxide-bridged gallium hydride salt, 8 , forms by partial 

hydrolysis o f 7. Since the publication o f the work described in this chapter, 

[K(tmeda)][l] has been shown to react with other group 14 precursors. 11 This work will 

be discussed later in the chapter.

Ar Ar

/  H \
\  / ° \  / '  

G a G a

. / \  / \
N H H N '

Ar Ar

IMes.HCI. THF. H20  1 IMes.HCI, THF
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KCI - KCI

Ar = C 6 H3P rV 2 .6  
M as -  C 6H2Me2-2 ,4 ,6

M as

Ar

Ga M as

V
Ar[(IM es)2H] 8

Scheme 3 -  The reactions o f [K(tmeda)][l] with group 14 complexes

The gallium(I) complex, [K(tmeda)][l], reacts with the triphosphabenzene, 

1 ,3 ,5 -P3C3Bu!3, to yield the known diphospholyl anion, l ,3 -P2C3Bu*3, which forms via

1 7phosphorus abstraction from the heterobenzene (Scheme 4). The only species 

detected by 3 ,P{!H} NMR spectroscopy was 1,3 -P2C3Bul3, with the phosphorus- 

containing by-product presumably being an insoluble gallium phosphide complex. The 

same result is obtained in the reaction o f  l , 3 ,5 -P3C3Bu*3 with elemental potassium , 13 

which highlights the strongly reducing nature o f 1. The oxidative insertion o f 1 into a 

P— P bond o f cyc7 o-(PPh)5 gave the spirocyclic complex, 9, under any reaction 

stoichiometry, with the loss o f a PPh fragment, most likely in the form o f cyclic 

oligomers (Scheme 4 ) . 14 This reactivity is in marked contrast to that o f NHCs, which 

have been shown to form NHC-pnictinidene adducts on treatment with cyclic 

pnictanes, 15 and instead displays more similarities to the reactivity o f related group 13 

metal diyls. 16 Although the desired terminal gallium-imide complex was not formed in 

the reaction o f [K(tmeda)][l] with azobenzene, this gave the novel ionic spirocyclic 

product, 10. 14 The most likely mechanism for this reaction was deemed to involve the
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[4 + 1 ]  cycloaddition o f the gallium centre with azobenzene, with a 1,3-migration of the 

orf/io-phenyl proton to the nitrogen bearing the metallated phenyl group. It is 

noteworthy that no reaction occurred between [K(tmeda)][l] and MesN=NMes, 

Mes*P=PMes* (Mes* = 0 6 ^ 8 ^ 3-2 ,4 ,6 ) or Ar*E=EAr* (E = As, Sb, Ar* = 

C6H3(C6H2Pr'3-2,4,6)-2,6), presumably due to the steric bulk o f these precursors and 

their absence o f ortho-ary\ protons.

Ar
/  Ph Ph

■{ \  /
\  ,*'p— ?

Ga
/  P^"P.

'N\ /  \
\  Ph Ph
Ar

Ar

Ga

PhN=NPh  ̂ cydo-{ PPh)5
[K(tmeda)]Et20   /j THF

Ar = C ^ P r ^ S

10
1.3.5-P3C3Bu'3 THF [Kflmeda)]

Bu' Bu'

Scheme 4 -  The reactions o f [K(tmeda)][l] with group 15 complexes

A study into the reactions o f [K(tmeda)][l] with group 16 precursors yielded 

some interesting results (Scheme 5).17 Leading on from the observation that 

[K(tmeda)][l] showed no reaction towards elemental sulphur, selenium and tellurium, 

and decomposed in the presence o f oxygen, it was decided to perform the controlled 

oxidation o f [K(tmeda)][l] with a stoichiometric amount of N2 0 (g> to give the dimeric 

dianionic complex, 11. The reaction o f (Te)PEt3, a soluble source o f tellurium, with 

[K(tmeda)][l] gave a similar dimeric species, 12. The analogous reactions of 

[K(tmeda)][l] with soluble sources o f sulphur gave only intractable mixtures of 

products. Structural characterisation o f 11 and 12 showed that their solid state 

structures are markedly different, with the small electronegative oxygen centres in 11
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encouraging a short Ga Ga distance o f 2.608 A compared to the long Ga Ga

separation o f  3.408 A in 1 2 . The small separation in 1 1  could be indicative of a small 

degree o f Ga—O rc-bonding. In other work the heterocycle, 1, was shown to 

oxidatively insert into the E— E bond o f the dichalcogenides, PhEEPh (E = Se, Te), to 

yield 13 and 14.'7 No isolable products were liberated from the reactions of related 

oxygen and sulphur dichalcogenides with [K(tmeda)][l]. The selenium analogue, 13, is 

polymeric in the solid state and the tellurium analogue, 14, monomeric. In addition, 

they have different degrees o f solvation around the potassium counter-ions.

*T Ph

r N\  sGaC. /  V
\  IA, Ph

|K(Et20)J
E = Se. n = 0 13  
E = Te. n = 3 14

Pr^Ej, 1 N20  / (Te)PEt3
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\ /
Ar Ar

[K(L)]2
E = O, L = tmeda 11 
E = Te, L = THF 12

Scheme 5 -  The reactions o f [K(tmeda)][l] with group 16 precursors

It was envisaged that a study o f the analogous behaviour o f 1 and NHCs towards

heavier group 14 precursors would be made possible with the correct choice o f reagents.

Previous studies by Weidenbruch et al. describe the reactivity o f an NHC,

[:C{[N(Pr‘)C(Me)]2}], with Ar'2E=EAr’2, Ar' = C6H2Pr'3-2,4,6, E = Sn18 or Pb . 19 These

investigations show that in solution the distannene and diplumbene reaction precursors

exist in equilibrium with their monomeric stannylene and plumbylene forms, :EA r2.

These fragments form the weakly coordinated complexes, 15 and 16, with the NHC

(Figure 1). Evidence o f the weakness o f these interactions is supplied by the complexes

exhibiting no E— C(carbene) double bond character, having very long E—C(carbcne)

interactions and possessing relatively obtuse fold angles (0 ) between the donor and

acceptor fragments. NHC complexes o f G eh20 and SnCE ,21 and benzannulated NHC
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complexes o f benzannulated ^-heterocyclic silylenes, germylenes, stannylenes and 

plumbylenes have been shown to display comparable structural features.

P r'

V Ar'

A r' \
P r'

A r' = C 6H 2P r l3-2 ,4 ,6  

E = Sn 15 (0 = 68.6°. SrvC<carbene) = 2.379(5) A)
E = Pb 16 (0 = 70.5°. Pb-q^tw w ) = 2.540(5) A)

Figure 1 -  The complexes 15 and 16

2.2 Research Proposal

1 ft 79NHC adducts o f group 14 fragments are well known. * The chemistry of the 

anionic gallium(I) NHC analogue, 1, with group 14 precursors is not as developed. 1011 

An investigation into the reactivity o f [K(tmeda)][l] towards the heavier alkene 

analogues, R2E=ER.2, E = Ge, Sn or Pb, was proposed in order to compare the chemistry 

o f this heterocyle with NHCs. The preparation o f gallyl complexes isostructural to 15 

and 16 would yield a number o f complexes with interesting bonding properties and also 

provide the first examples o f structurally characterised Ga— Sn and Ga—Pb bonds. The 

previous work o f Weidenbruch would then be comparable with the results o f the 

reactions between [K(tmeda)][l] and the heavy alkene analogues, R.2E=ER2 .

2.3 Results and Discussion

23.1 Preparation of Ionic Complexes

Lapperf s heavy alkene analogues, R2E=ER2, E = Ge or Sn; R = CH(SiMe3)2,

were reacted in a 1 : 2  stoichiometry and the plumbylene, :PbR2, in a 1 : 1 stoichiometry

59



with [K(tmeda)][l] in diethyl ether at -78 °C and slowly warmed to room temperature. 

When E = Ge or Sn, the anionic complexes, 17 and 18, were formed in moderate to 

good yields (Scheme 6 ). These “adducts” display similarities to 15 and 16, and likely 

result from coordination o f the gallium heterocycle to :ER.2 fragments, which are known 

to be in equilibrium with R.2E=ER2 in solution. The reaction with the plumbylene, 

however, led to the deposition o f lead metal and formation of the known digallane(4), 

[Ga{[N(Ar)C(H ) ] 2 } ] 2 .5 It is likely that the relatively strongly reducing nature of the 

Ga(l) centre o f [K(tmeda)][l] causes this redox process. This reducing nature was 

previously observed when [K(tmeda)][l] was added to SnCh in a 2  : 1 stoichiometry, 

which resulted in the deposition o f elemental tin and the formation of the gallium(ll) 

dimers, [ClGa{[N(Ar)C(H)]2 '} ]2  and [Ga{[N(Ar)C(H)]2 }]2 . The corresponding 2  : 1 

reaction o f [K(tmeda)][l] with [GeCbCdioxane)] gave an intractable mixture of 

products, as did the reaction o f two equivalents o f [K(tmeda)][l] with PbCh in the 

presence o f IMes. Tin deposition was observed in the 1 : 1 reaction of [K(tmeda)][l] 

with the tin diphosphacyclobutadienyl complex, [:Sn(q4-P2C2Bul2)]. Similarly, the 1 : 1 

reaction o f [K(tmeda)][l] with the bulky amide [Pb{N(SiMe3>2 }2] results in lead 

deposition and the formation o f [Ga{[N(Ar)C(H)]2 }]2- It is noteworthy that

[K(tmeda)][l] does not react with the tin(II) amide, [Sn{N(SiMe3)2}2], most likely a 

result of the tin(II) centre being less redox-active than the metal centre o f the lead(II) 

analogue.6

The preparation o f 2 : 1 complexes o f the gallium heterocycle with :ER2 

fragments was attempted by treating 17 and 18 with a further equivalent of 

[K(tmeda)][l]. No reaction occurred with 17 but, surprisingly, that with 18 afforded the 

digallyl stannate complex, 19, in low isolated yield. No other products could be 

identified in the reaction mixture. We proposed that the reaction that yields 19 proceeds
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via a dianionic intermediate, 20, which subsequently eliminates “K[CH(SiMe3)2].” This 

mechanism seems plausible taking into account that we have previously observed the 

elimination o f potassium alkyls in 2  : 1 reactions o f [K(tmeda)][l] with other metal 

dialkyls.24 It would appear that the lower reactivity o f 17 towards [K(tmeda)][l] is due 

to the smaller radius and lower Lewis acidity o f its Ge centre relative to the Sn centre of 

18. The attempted methylation o f 18 with Mel gave an intractable mixture o f products.
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Scheme 6  -  The synthesis o f 17 -  19

In order to draw closer comparisons with Weidenbruch’s work and to test the 

generality o f these reactions, [K(tmeda)][l] was reacted with Ar'2E=EAr'2, E = Ge, Sn 

(generated in situ) or Pb (Scheme 7). In contrast to the formation of 17, no reaction was 

observed with Ar'2Ge=GeAr'2 . This is easily rationalised by the Ge=Ge bond in 

Ar'2Ge=GeAr'2 being significantly shorter and stronger than that in

[{(Me3Si>2C(H)}2Ge=Ge-{(H)C(SiMe3)2 }2]- This difference in Ge=Ge bond lengths 

explains why the latter mostly dissociates into monomeric germylene fragments in 

solution, whereas the former predominates as the dimeric digermene in solution, 

although partial dissociation into germylene fragments is also likely for this compound.
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Analogous to the formation o f 18, the reaction o f [K(tmeda)][l] with an in situ 

generated solution of Ar,2Sn=SnAr,2 (which is known to be in equilibrium with the 

corresponding stannylene in solution) afforded the anionic complex, 2 1 , in almost 

quantitative yield (Scheme 2). In contrast to the formation o f 19, when 21 was treated 

with a second equivalent o f [K(tmeda)][l], no reaction occurred. This can be explained 

by taking into account the reduced steric accessibility o f the Ga heterocycle to the Sn 

centre o f  21 relative to that in 18.

As in the reaction o f [K(tmeda)][l] with [Pb{CH(SiMe3>2 }2], lead metal 

deposition was observed when [K(tmeda)][l] was reacted with Ar,2Pb=PbAr,2 . In this 

instance, however, the gallium heterocycle, 22, was isolated. This galladiazole is 

probably formed via the lead analogue o f 2 1  which is most likely unstable at room 

temperature. It is noteworthy that the neutral NHC adduct, 16 (E = Pb), is unstable in 

solution above -70 °C and decomposes to form 1,3,5-triisopropylbenzene. 19 A closely 

related gallium heterocycle, [(Me3Si)3CGa{N(Pr')C(H)}2], has been recently reported to 

arise from the reaction o f the diazabutadiene, {N(Pr')C(H)}2, with the tetrameric 

gallium diyl, [{GaC(SiMe3)3 }4 ] .26 This synthetic route to the galladiazole, 22, is 

important because attempts to intentionally prepare it via the reaction o f [K(tmeda)][l] 

with Ar’Br were unsuccessful and led to the formation o f the known paramagnetic 

gallium(II) dimer, [BrGa{[N(Ar)C(H)]2 '}]2-4 A final attempt to prepare a first 

structurally characterised example o f a Ga— Pb bonded complex was undertaken by 

adding a toluene solution o f the benzannulated lead(II) NHC analogue, 

[:Pb{C6H4(BulCH2N)2- l , 2 }] 23,22a to [K(tmeda)][l] at low temperature. A previous 

study revealed that 23 reacted with a benzannulated NHC to form a room temperature- 

stable adduct, 228 so it was hoped that the corresponding complex o f 1 with 23 would 

display similar stability. Unfortunately, no product could be isolated from this reaction,
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but a trace amount o f the starting material, 23, crystallised from the reaction mixture. 

Hence the first structural characterisation o f a lead(II) NHC analogue was undertaken 

(vide infra).
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Scheme 7 -  The synthesis o f 21 and 22

The spectroscopic data for the anionic 1 : 1 and 2 : 1 complexes, 1 7 - 1 9  and 21, 

suggest that the gallium heterocycle(s) remain(s) coordinated to the germylene or 

stannylene fragments in solution. The *H and ^C ^H } NMR spectra are, however, 

more symmetrical than would be expected if  the solid state structures o f the complexes 

were retained in solution. It is likely that the aryl coordinated [K(tmeda)] cation of each 

complex either migrates rapidly (on the NMR timescale) between the aryl groups of the 

anions, or the complexes are in equilibrium between contact ion pairs and ion separate 

salts. Such equilibria may be facilitated by the arene solvent (C6D6) used for the NMR 

experiments. Variable temperature NMR studies were attempted to investigate the 

possible fluxional processes occurring in solution (Dg-toluene), but were thwarted by 

the poor solubility o f the complexes at low temperatures. An examination o f the *H, 

and 29Si{!H} NMR spectra o f 17 and 18 revealed these complexes to possess 

two sets o f  chemically inequivalent SiMe3 groups in solution, as might be expected. 

The ,l9Sn{,H} NMR spectra o f 18 and 21 displayed broad singlet resonances at 

considerably higher fields (S -97.9 and -306.7 ppm respectively) than has been reported 

for the related neutral complex, 15 (E = Sn, £  710 ppm ) . 18 This is not surprising 

considering the anionic nature o f these complexes which can be compared to trialkyl

63



stannate anions, e.g. LiSnMe3, 119Sn{*H} NMR £-189.2 ppm .27 No signal was observed 

in the II9Sn{*H} NMR spectrum o f 19, presumably due to the quadrupolar broadening 

o f the resonance by the two gallium centres coordinated to the tin centre. Finally, the 

NMR spectra o f the gallium heterocycle, 22, are consistent with its solid state structure 

and warrant no further discussion.

X-ray crystallographic analyses o f complexes 1 7 -1 9  and 2 1 - 2 3  were carried 

out. The molecular structures o f these compounds are depicted in Figures 2 - 7 .  The 

crystal structure o f 2 1  is o f  poor quality due to weak diffraction data but indicates that 

the complex is structurally similar to 17 and 18. Compounds 17 and 18 are not 

isomorphous but are isostructural. The complexes are monomeric contact ion pairs in 

which the germanium or tin centres are coordinated by two alkyl ligands and one 

gallium heterocycle. As in previously reported complexes o f the gallium heterocycle, 

j  2,7,9-12.14.17̂ 8 jts Qa—^  distances n — Qa—jq angle are shorter and less actute

respectively relative to those in the free heterocycle. A molecule o f tmeda chelates the 

potassium centres o f 17 and 18, which have an q 6-interaction with one of the aryl 

substituents o f the gallium heterocycle, and are coordinated by the lone pair o f the 

group 14 element centre. The Ga— Ge bond in 17 (2.5396(8) A) is very long and 

outside the known range (2.407 -  2.494 A).29 Although there have been no structurally 

characterised Ga— Sn bonds in molecular compounds reported previously, those 

observed in 18 (2.7186(6) A), 19 (2.6361(5) A, 2.6610(6) A) and 21 (2.6660(18) A) lie 

around the sum o f the covalent radii for the two elements (2.65 A)6 and therefore can be 

considered weak. These weak Ga— E interactions are comparable to the weak NHC— E 

interactions in 15 and 16.
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Figure 2 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [K(tmeda)][Ge{CH(SiMe3)2}2{Ga{[N(Ar)C(H)]2}}] 17; hydrogen atoms omitted for 

clarity. Selected bond lengths (A) and angles (°): G e(l)—C(27) 2.085(4), 

G e(l)—C(34) 2.091(4), G e(l)— G a(l) 2.5396(8), G e(l)—K (l) 3.4418(12),

G a(l)—N(2) 1.911(4), G a(l)—N (l) 1.925(4), K (l)—N(3) 2.783(4), K (l)—N(4) 

2.959(4), N (l)—C(l) 1.398(6), N(2)—C(2) 1.404(6), C(l)—C(2) 1.324(6),

K(l)—centroid (C(3)—C(8)) 2.931(3), C(27)—Ge(l)—C(34) 105.81(18), C(27) 

—G e(l)— G a(l) 106.13(12), C(34)—G e(l)—G a(l) 97.15(14), C(27)—G e(l)— K (l) 

106.21(12), C(34)— Ge( 1)— K( 1) 143.45(14), G a(l)—G e(l)— K (l) 90.47(2),

N(2)— Ga( 1)—N(1) 85.59(15), N(2)—G a(l)—G e(l) 148.55(11), N (l)—G a(l)—G e(l) 

123.60(11).
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Figure 3 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f [K(tmeda)][Sn{CH(SiMe3)2 h{Ga{[N(Ar)C(H)]2 }}] 18; hydrogen atoms (except 

H(27) and H(34)) omitted for clarity. Selected bond lengths (A) and angles (°): 

Sn(l)— C(34) 2.268(2), S n(l)— C(27) 2.280(2), Sn(l)—G a(l) 2.7186(6), Sn(l)—K (l) 

3.6407(9), G a(l)—N(2) 1.909(2), G a(l)—N (l) 1.9294(19), K (l)—N(4) 2.820(3), 

K (l)—N(3) 2.833(3), N (l)— C (l) 1.397(3), N(2)—C(2) 1.397(3), C (l)—C(2) 1.343(3), 

K (l)—centroid (C(3)— C(8 )) 2.939(3), C(34)— Sn(l)—C(27) 99.81(9), C(34)— Sn(l) 

—G a(l) 104.23(7), C(27)—-Sn(l)— G a(l) 100.10(6), C(34)— Sn(l)— K (l) 123.34(7), 

C(27)— Sn( 1)— K( 1) 133.40(6), G a(l)— Sn(l)— K (l) 86.571(13), N(2)—G a(l)—N (l) 

85.79(8), N(2)— Ga( 1)— Sn( 1) 147.95(6), N( 1)—Ga( 1)—Sn( 1)120.10(6).
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Figure 4 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f [K(tmeda)][Sn{CH(SiMe3)2 } {Ga{[N(Ar)C(H)]2 }}2] 19; isopropyl groups and 

hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles (°): 

S n(l)— C(53) 2.259(3), S n (l)— Ga(2) 2.6361(5), Sn(l)—G a(l) 2.6610(6), Sn(l)— K (l) 

3.5082(10), G a(l)— N(2) 1.895(3), G a(l)—N (l) 1.916(3), Ga(2)—N(3) 1.901(3), 

Ga(2)— N(4) 1.902(3), K (l)—N(5) 2.769(3), K (l)—N(6 ) 2.784(3), N (l)—C (l)

1.399(4), N(2)— C(2) 1.402(4), N(3)— C(27) 1.401(4), N(4)—C(28) 1.400(4),

C (l)— C(2) 1.332(5), C(27)— C(28) 1.336(5), K( 1)—centroid (C(3)—C(8 )) 2.866(3), 

C(53)— Sn( 1)— Ga(2) 98.11(8), C(53)— Sn(l)—G a(l) 108.57(9), Ga(2)— Sn(l)

—G a(l) 96.009(16), C(53)— Sn(l)-K (l) 123.22(8), Ga(2)— Sn( 1)— K( 1) 134.39(2), 

Ga( 1)— Sn( 1)— K( 1) 88.767(19), N(2)— Ga( 1)—N( 1) 86.73(12), N(2)— G a(l)— Sn(l) 

155.80(9), N (l)— G a(l)— Sn(l) 117.35(8), N(3)—Ga(2)—N(4) 87.51(11), N(3) 

—Ga(2)— Sn(l) 138.80(8), N(4)— Ga(2)— Sn(l) 133.38(8).
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Figure 5 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [K(tmeda)][Sn(Ar')2 {Ga{[N(Ar)C(H)]2 }}] 21; hydrogen atoms omitted for clarity. 

Selected bond lengths (A) and angles (°): S n l—C27 2.216(14), S n l—C42 2.262(12), 

S n l—Gal 2.6660(18), S n l— Kl 3.495(4), G al—N1 1.914(11), G al—N2 1.923(11), 

K l— N3 2.768(17), K l—N4 2.816(16), N l—Cl 1.395(17), N2—C2 1.388(17), 

C l—C2 1.328(19), C27—S n l—C42 99.7(5), C27—S nl—Gal 98.0(3), C42—Snl 

—Gal 117.8(4), C27—S n l— Kl 154.9(4), C42—S n l—Kl 98.8(3), G al— S n l— Kl 

88.22(7), N l—G a l—N2 85.9(5), N3—K l—N4 66.1(5), C l—N l—Gal 109.3(8), 

C2—N2—Gal 109.8(8), C2—C l—Nl 118.0(12), C l—C2—N2 117.0(12).
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Figure 6  -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

of [Ar'Ga{[N(Ar)C(H)]2 }] 2 2 ; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): G a(l)—N (l)  1.846(2), G a(l)—N(2) 1.848(2), G a(l)—C(27) 

1.936(3), N (l)— C (l) 1.400(3), N(2)— C(2) 1.406(3), C (l)—C(2) 1.343(4), N (l) 

—G a(l)— N(2) 89.65(10), N (l)— G a(l)—C(27) 134.58(10), N(2)— G a(l)—C(27) 

135.77( 10), C( 1)—N( 1)—G a(l) 108.76( 17), C(2)—N(2)—Ga( 1) 108.15(17).
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Figure 7 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f [:Pb{C6H4(Bu!CH2N)2- l ,2 }] 23; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): P b(l)—N (l) 2.178(5), Pb(2)—N(2) 2.184(5), N (l)—C (l) 

1.371(8), N(2)— C(9) 1.375(8), C (l)— C (l')  1.449(14), C(9)—C(9') 1.443(14), Pb(l) 

—centroid(C(l)— C (l')) 3.163, Pb( 1)—centroid(C(9)—C(9’)) 3.979, Pb(2)—centroid 

(C (l)— C (l')) 3.976, Pb(2)— centroid(C(9)— C(9')) 3.172, N (l)—Pb(l)—N (l') 74.8(3), 

N(2)— Pb(2)—N(2') 74.2(3), C( 1)— N( 1)— Pb( 1) 116.2(4), C(9)—N(2)— Pb(2)

115.4(4), N( 1)— C( 1)—C( 1') 115.9(4), N(2)—C(9)—C(9’) 116.4(4), symmetry

operation x, y\ -z.
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As in the NHC adducts, 15 and 16, the fold angles, 0, between the Ga— E vector 

and the C— E—C least squares planes o f 17 and 18 are acute at 70.5° and 70.9° 

respectively. Interestingly, this angle is considerably more acute in 2 1  (62.3°) but 

closer to the value for 15, which incorporates the same stannylene fragment as 21. The 

length o f the Ga— E bonds and the magnitude o f the fold angles, 0, for 17 and 18 

suggest that the lone pair o f the gallium heterocycle donates into the empty /^-orbital of 

the germylene or stannylene fragments and that there is little “rehybridisation” o f the 

germanium or tin centres upon coordination. Further evidence for this comes from the 

KEC2 fragment which is not distorted far from planar as judged by the angle between 

the E— K vector and the EC2 least squares plane (17 = 26.1 °, 18 = 16.2 °). It is 

interesting that this angle is significantly more acute in 18, which means that the 

coordination environment o f the tin centre directly opposite the gallium heterocycle is 

exposed. This could allow a second gallium heterocycle to attack the metal, as 

proposed for the mechanism o f formation o f the digallyl stannate, 19.

The molecular structure o f 19 is depicted in Figure 5. It is a monomeric contact 

ion pair with a tin centre that possesses a distorted tetrahedral geometry. As in the 

previously described complexes, the potassium centre is chelated by a molecule of 

tmeda, has an r|6-arene interaction, and is coordinated by the tin lone pair. Both the 

Sn— K and Ga— Sn distances are significantly shorter than those in 18 and the intra- 

heterocyclic geometries are similar to those in previously reported complexes. The 

crystal structure o f  the monomeric, neutral gallium heterocycle, 22, (Figure 6 ) contains 

two crystallographically independent molecules in the asymmetric unit that show no 

significant geometrical differences. As a result, geometric parameters for only one 

molecule are included in the caption o f Figure 6 . The gallium heterocycle is effectively 

planar and forms an angle o f 52.3° with the Ar' plane. The Ga—N bond lengths and
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N— Ga—N angle are similar to those observed in [(Me3Si)3CGa{[N(Pr')C(H)]2 }],26 but 

shorter and more obtuse respectively than is normal for metal complexes of the gallium 

heterocycle.2,7’9' 1214,17,28

The crystal structure o f 23 (Figure 7) also contains two crystallographically 

independent molecules in the asymmetric unit with similar geometrical parameters.

There is evidence for two types o f Pb arene intermolecular interactions. Reciprocal

(r|6-C6H4 )— Pb interactions (Pb C6(centroid) = 3.168 A mean) exist for the 7i-stacked

crystal lographically identical molecules. In addition, the perpendicular approach of two 

crystal lographically independent molecules results in a weak o-interaction of the lone

pair o f  electrons on lead with the arene ring (Pb C6(centroid) = 3.978 A mean). The

lead compound, 23, is isostructural but not isomorphous with the tin homologue, 

[:Sn{C6H4(Bu!CH2N)2- l , 2 }],30 which displays reciprocal (t|6-C6H4)— Sn intermolecular

interactions (Sn C6(centroid) = 3.23 A). It is unusual that the Pb C6(centroid)

distance in 23 is less than the Sn C6(centroid) distance in [:Sn{C6H4(BulCH2N)2-

1,2}], when the larger ionic radius o f Pb(II) (1.32 A) over Sn(II) (0.93 A) is

considered.6 The tin homologue does not exhibit a perpendicular Sn arene

interaction.

In order to shed light on the nature o f the weak Ga—E bonds in 17 and 18, DFT 

calculations were carried out on the model anions, [{(Me3Si)2HC}2E- 

Ga{[N(Ph)C(H)]2 } ]\ E = Ge or Sn by S. P. Green. These complexes converged with 

similar geometries to those o f 17 and 18, though the bonds about the heavier group 14 

and gallium centres were overestimated by 3 -  5%, as has been previously observed in 

DFT studies on metal complexes o f the heterocycle, [Ga{P^(Ph)C(H)]2 } r .2’79*12’14'17'28 

In addition, the angles between the planes o f the phenyl substituents and the plane o f the
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gallium heterocycle are significantly more acute than in the experimental complexes. 

This is probably a result o f the lack o f phenyl substitution in the model anions. Despite 

this, and the fact that coordination to counter-cations has not been taken into account in 

the model systems, the angles about the E centres o f the theoretical anions are close to 

those for 17 and 18. Most importantly, the fold angles, 0, (E = Ge 72.4°, Sn 74.8°) are 

in good agreement with the experimental complexes.

An NBO analysis o f the Ga— E bonds (Wiberg bond indices: E = Ge 0.997, Sn 

0.745) in [{(Me3Si>2HC}2EGa{[N(Ph)C(H)]2 } r  revealed that the orbital contributions 

from the E centres are o f very high p-character (E = Ge s 4.4%, p  95.4%; Sn s 4.7%, p  

95.1%), whilst the orbital contributions from the donating Ga centres have s- to sp- 

character (E = Ge s 77.6%, p  22.3%; Sn s 64.4%, p  35.5%). This is consistent with the 

apparently weak Ga— E bonds and the minimal “rehybridisation” o f the E centres upon 

heterocycle coordination. As might be expected, the lone pairs at the E centres of the 

anions have significant 5 -character (E = Ge 78.6%, Sn 80.9%). The orbitals that have 

the greatest contribution to the Ga— E bonds and the E lone pairs are the HOMO -  3 

and HOMO -  1, which differ in energy by 32.3 and 31.4 kcal mol' 1 for the germanium 

and tin model complexes respectively. Illustrations o f these orbitals for the germanium 

system are depicted in Figure 8 . The HOMO and HOMO -  2 are largely ligand based 

orbitals.
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(a)

(b)

Figure 8 -  Representations o f  (a) the HOMO -  3 and (b) the HOMO -  1 o f the model 

anionic system, [ {(Me3Si>2 H C} 2G eG a{[N(Ph)C(H)]2}r .
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Since the publication o f this work,28f the gallium(I) heterocycle, 1, has been 

employed by others to synthesise group 14 complexes.11 The reaction o f [K(tmeda)][l] 

with Mes2Ge=GeMes2 afforded the novel complex, 24, coupled with a trace amount of 

the cyclotrigermene, (Mes2Ge>3 (Scheme 8).11 The crystal structure o f 24 was obtained, 

and revealed a similar geometry to that o f 17, although the Ga—Ge bond is shorter in 

24 (2.46 A), probably a result o f lower steric congestion about the Ge centre. The 

authors o f this report propose that [K(tmeda)][l] reacts with the digermene, 

Mes2Ge=GeMes2, directly to form a trimetallic intermediate, and that there is no 

dissociation o f Mes2Ge=GeMes2 into monomeric units, :GeMes2, in solution. The 

trimetallic intermediate is proposed to eliminate a “transient” germylene fragment, 

which may dimerise, react with [K(tmeda)][l] to form 24, or react with 

Mes2Ge=GeMes2 to form (Mes2Ge)3 . The reactivity o f [K(tmeda)][l] towards 

Mes2Ge=GeMes2 is in contrast to the lack o f reactivity observed between [K(tmeda)][l] 

and Ar,2Ge=GeAr,2 in our study {vide supra), and is probably a result of the increased 

steric demand o f the Ar' ligand over Mes. Mel and TMSC1 (TMS = trimethylsilyl) 

reacted with 24 cleanly to form alkylated derivatives by salt metathesis. An X-ray 

crystallographic analysis was performed on the TMS derivative, revealing a shorter 

Ga— Ge bond (2.43 A) than 24, despite the increased steric bulk in this complex. The 

orbital contribution o f germanium to the relatively long Ga—Ge bonds in complexes 

such as 17 and 24 is believed to be o f mainly /?-character.28f Hence contraction o f the 

Ga—Ge bond in the TMS derivative relative to 24 was attributed to the orbital 

contribution o f germanium to the Ga—Ge bond being more s/?3-type in character. 11 As 

previously mentioned, the reaction o f 18 with Mel, in contrast, gave an intractable 

mixture of products {vide supra).
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[K(tmeda)J1] Mes2 Ge=GeMes2 I \
Ga

K(tmeda)

Ar = C6H3Pri2-2,6 
Mss = C6H2Me3-2,4,6 L  /

Ge

N

\ Mes
24Ar

Scheme 8 -  The synthesis of 24

23.2 Preparation of Covalent Complexes

Complexes 17 and 18 can be considered as weakly bound “adducts” of an 

anionic gallium(I) heterocycle with germylene or stannylene fragments. It was thought 

logical to attempt the preparation o f germanium(II) and tin(II) complexes o f the 

heterocycle that contain more normal covalent bonds for purposes o f comparison. 

Obviously, this should be achievable by salt elimination reactions between 

[K(tmeda)][l] and compounds o f the type REX, E = Ge or Sn, X = halide. However, all 

previous attempts to utilise [K(tmeda)][l] in metathesis reactions with metal halide 

complexes have been unsuccessful, leading to paramagnetic gallium(II) dimers, 

[XGa{[N(Aj)C(H)]2*}]2,31 presumably via insertion o f the Ga(I) centre into the M—X 

bond o f the precursor, followed by decomposition. Recently, we have discovered that if 

the metal halide precursor incorporates a bulky neutral or anionic chelating ligand, then 

the formation o f [XGa{[N(Ar)C(H)]2‘} ]2  can be circumvented. We have developed 

synthetic routes to monomeric germanium(Il), tin(ll) and lead(II) halide complexes, e.g. 

[(Piso)GeCI]32 (PiscT = [{N(Ar)}2CBu']“) and [(Priso)ECl] (E = Ge,32 Sn33 or Pb,33 

Priso" = [{N(Ar)]2 }CNPr'2]~), stabilised by very bulky amidinate and guanidinate 

ligands and saw these as ideal starting materials for this study.
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In collaboration with K. -A . Lippert and Dr. A. Stasch, the 1 : 1 reactions of 

[K(tmeda)][l] with [(Piso)GeCl] and [(Priso)ECl], E = Ge or Sn, in toluene led to good 

yields o f the monomeric germanium or tin-gallyl complexes, 25 -  27 (Scheme 8). 

Compounds 25 -  27 were found to be unreactive towards excess [K(tmeda)][l]. The 'H 

and C{'H} NMR spectra o f  all complexes are similar and consistent with the retention 

o f their solid state structures in solution. The presence of only two methyl doublet 

resonances for the isopropyl groups o f the gallium heterocycle in the spectra o f all 

compounds suggests that the rotation o f that heterocycle about the Ga— E bond is not 

restricted. This has been noted previously for complexes of the heterocycle.2,7,9' 121417 28 

Despite this, resonances for four chemically inequivalent sets of methyl groups from the 

group 14 heterocycle aryl substituents were observed in the spectra of the complexes. 

The 1,9Sn{*H} NMR spectra o f  27 exhibits a broad singlet (<5 454.8 ppm) in the normal 

region for neutral complexes containing a 3-coordinate tin centre (c f  15, S 710 ppm). 

The reaction o f [(Priso)PbCl] with [K(tmeda)][l] yielded only the digallane(4), 

[Ga{[N(Ar)C(H)]2 }]2,5 with lead metal deposition. No reaction was observed in the 

reaction o f [K(tmeda)][l] with the germanium(II) heterocycle, [:Ge{[N(But)C(H)]2 }].

R

[(Priso)ECI]
[K(tmeda)I1] -

/  Ar N » '  N -^ A r
[(Piso)GeCI] or  m  \  /

A r=  C6H 3Pr'r 2.6 " KCI

\
-------------- E-

N\ R = Bu!, E = Ge 25
\  R = NPrV E = Ge 26, Sn 27
Ar

Scheme 9 -  The synthesis o f 25 -  27
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Figure 9 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(Priso)Ge{Ga{[N(Ar)C(H)]2 }}] 26; hydrogen atoms omitted for clarity. Selected 

bond lengths (A) and angles (°): G e(l)—N (l) 1.9971(15), G e(l)—N(2) 2.0148(16), 

G e(l)—G a(l) 2.5157(7), G a ( l ) ~  N(4) 1.8825(16), G a(l)—N(5) 1.8898(16),

N (l)— C (l) 1.353(2), N(2)— C (l) 1.346(2), N(3)—C (l) 1.369(2), N(4)—C(32) 

1.396(2), N(5)— C(33) 1.389(3), C(32)— C(33) 1.344(3), N (l)—G e(l)—N(2) 65.03(6), 

N( 1)— Ge( 1)— Ga( 1) 108.98(5), N(2)— G e(l)— G a(l) 105.07(4), N(4)—G a(l)—N(5) 

87.10(7), N(4)— Ga( 1)— Ge( 1) 161.38(5), N(5)—G a(l)—G e(l) 110.50(5), C (l)—N (l) 

—Ge( 1) 93.53(11), C(1)— N(2)— Ge( 1) 92.95( 11), N(2)—C( 1)—N( 1) 106.08( 16).
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Figure 10 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

of [(Priso)Sn{Ga{[N(Ar)C(H)]2 }}] 27; hydrogen atoms omitted for clarity. Selected 

bond lengths (A) and angles (°): Sn(l)—N (l) 2.188(3), Sn(l)—N(2) 2.215(3), 

Sn( 1)—Ga( 1) 2.6888(6), Ga(l)—N(4) 1.882(3), Ga(l)—N(5) 1.890(3), N (l)—C(l) 

1.365(4), N(2)—C (l) 1.345(4), N(3)—C (l) 1.371(4), N(4)—C(32) 1.401(4),

N(5)—C(33) 1.388(5), C(32)—C(33) 1.349(5), N (l)—Sn( 1)—N(2) 60.18(10),

N( 1)— Sn( 1)—Ga( 1) 104.39(8), N(2)—Sn( 1)—Ga( 1) 99.70(7), N(4)—Ga(l)—N(5) 

87.56(13), N(4)—Ga( 1)— Sn( 1) 157.14(9), N(5)—Ga(l)—Sn(l) 114.63(10),

C( 1)—N( 1)—Sn( 1) 95.3(2), C( 1)—N(2)—Sn( 1) 94.7(2), N(2)—C( 1)—N( 1) 109.1 (3).

79



Unfortunately, X-ray quality crystals o f 25 could not be obtained, but a 

structural characterisation o f 26 and 27 was possible (Figures 9 and 10). Compounds 26 

and 27 are structurally analogous. Both compounds are monomeric and contain heavily 

distorted pyramidal germanium or tin centres. Although the Ga—Ge bond o f 26 is 

significantly shorter than that o f 17, it still lies outside the otherwise known range for 

such bonds. Similarly, the Ga— Sn distance for 27 is less than that for 18 (but longer 

than that for 21) but can still be considered long. The reasons for these long interactions 

must include steric crowding between the bulky gallium and group 14 heterocycles. 

Another manifestation o f this is that the gallium-group 14 element bonds are 

significantly “skewed” with the E— Ga— {C(32)— C(33) bond mid point} angles being 

markedly distorted from the ideal 180° (26: 153.5°, 27: 157.9°). In all other aspects, the 

geometry o f the effectively planar gallium heterocycle in both compounds is almost 

symmetrical and unremarkable. Although the four-membered germanium and tin 

heterocycles are strained, their guanidinate ligands appear to be largely delocalised and

7Qtheir E— N bond lengths lie well within the reported ranges. The angles between the 

two heterocycles are 74.9° in 26 and 76.7° in 27.

2.4 Conclusion

In summary, the reactions o f an anionic gallium(I) heterocyclic complex, 

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }], with a variety o f heavier group 14 element(II) 

precursors have been carried out. In the case o f the reactions with R.2E=ER2, E = Ge or 

Sn, the ionic complexes, [K(tmeda)][R.2E{Ga{[N(Ar)C(H)]2}}], which exhibit weak 

Ga— E bonds, are formed. The tin complex exhibits the first structurally characterised 

example o f such a bond in a molecular compound. The nature o f the Ga— E bonds has 

been probed by DFT calculations and the complexes shown to be closely related to
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neutral NHC adducts o f group 14 dialkyls. It is of interest that the tin complex reacts 

with a further equivalent o f the gallium heterocycle to give [K(tmeda)] 

[RSn{Ga{[N(Ar)C(H)]2 }}2]> whereas its germanium counterpart is unreactive. 

Moreover, the complexes, Ar,2E=EAr,2, E = Ge, Sn or Pb, were found to be, in general, 

less reactive than R.2E=ER.2 towards the gallium heterocycle. The study has also 

highlighted the utility o f the anionic gallium(l) heterocycle in potassium halide 

elimination reactions for the first time. Its reactions with bulky monomeric amidinato 

and guanidinato group 14 halide complexes have given neutral complexes, 

[(Piso)Ge{G a{[N(Ar)C(H)]2}}] and [(Priso)E{Ga{[N(Ar)C(H)]2}}], E = Ge or Sn, with 

covalent Ga— E bonds that are shorter than the weak Ga—E interactions seen in the 

aforementioned anionic complexes. Despite this, these bonds are still long, presumably 

due to considerable steric crowding within the complexes. This study also resulted in 

the first structural characterisation o f a lead NHC analogue, [:Pb{C6H4(BulCH2N)2- 

1,2}]. Most o f the work discussed in this chapter has been summarised in a recent 

publication.28f

2.5 Experimental

General experimental procedures are compiled in Appendix 1 and 

crystallographic data are compiled in Appendix 3. 29Si{*H} NMR spectra were

recorded on a Jeol Eclipse 300 spectrometer operating at 59.7 MHz and were referenced 

to SiMe4 . ,,9Sn{'H} NMR spectra were recorded on a Bruker AMX 500 spectrometer 

operating at 186.4 MHz and were referenced to SnMe4. Where reproducible 

microanalyses could not be obtained due to solvent of crystallisation or the highly air 

sensitive nature o f the compound, the NMR spectra of the samples suggested protic 

impurities < 5 %. [K(tmeda)][:Ga{[N(Ar)C(H)]2 }],1 [Ge{CH(SiMe3)2h]2,23
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[Sn{CH(SiMe3)2}2]2,23 [Sn(Ar’)2]3,34 [Pb{Ar')2]2,35 and [:Pb{C6H4(Bu'CH2N)2-l,2}]22a 

were synthesised by literature procedures. [(Piso)GeCl]32 and [(Priso)GeCl],32 and 

were synthesised by K. -A . Lippert and A. Stasch by literature procedures. 

[(Priso)SnCl]33 was synthesised by K. -A . Lippert and Dr. A. Stasch by an unpublished 

procedure which involved the 1 : 1 reaction o f [Li(Priso)] with SnCh in diethyl ether. 

All other reagents were used as received.

Geometries o f the model anions [{(Me3Si)2HC}2EGa{[N(Ph)C(H)]2 }]~, E = Ge 

or Sn were optimised using the Gaussian ‘98 package36 by S. P. Green employing the 

methods recommended by Boehme and Frenking.37 That is the BP86 density functional 

method,38 with a 6-31G* basis set on C, N and H,39 Stuttgart-Dresden ECP/basis sets for 

Si, Ga and Sn,40 augmented by a d-type polarisation function with exponent 0.207 on 

Ga, 0.183 on Sn and 0.246 on Ge.41 Atomic charges, orbital populations and bonding 

analyses were obtained from the NBO scheme42 o f the optimised structure. To comply 

with the maximum basis functions allowed by the NBO program, 6-31G basis sets were 

applied to C and H atoms outside the gallium heterocycle and those not directly bound 

to the group 14 centres.

Preparation of [K(tmeda)l[Ge{CH(SiMe3 )2 }2 {Ga{[N(Ar)C(H)]2 }}] 17: A solution of 

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }] (0.31 g, 0.51 mmol) in diethyl ether (20 cm3) was 

added to a solution o f [Ge{CH(SiMe3)2 }2]2 (0.20 g, 0.26 mmol) in diethyl ether (20 

cm3) at -78 °C. The orange reaction mixture was warmed to 20 °C and stirred 

overnight. Volatiles were then removed in vacuo, and the residue extracted into hexane 

(40 cm3) and filtered. The filtrate was concentrated to ca. 20 cm3 and stored at -30 °C 

overnight to give yellow crystals o f 17 (0.28 g, 56 %). Mp 110-112 °C (decomp.); *H 

NMR (400 MHz, C6D6, 298 K): £0.16 (s, 18H, (C //3)3Si), 0.18 (s, 2H, {(CH3)3Si}2C//)
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0 . 2 2  (s, 18H, (CH ihSi), 1.29 (d, VHH = 6 . 8  Hz, 1 2 H, (C //3)2CH), 1.32 (d, VHH = 6 . 8  Hz, 

12H, (C //3)2CH), 1.68 (s, 4H, NCH2), 1.70 (s, 12 H, (C //3)2N), 3.84 (sept, = 6 .8  

Hz, 4H, (C H j)2C /7), 6.27 (s, 2H, NC//), 6 . 8 8  (t, 3J Hh = 7.6 Hz, 2H, p-Ar-H), 7.03 (d, 

V„H = 7.6 Hz, 4H, m-Ar-H); 13C{'H} NMR (75.6 MHz, C6D6, 298 K): 8  3.1 

« (C H 3)3Si}2CH), 3.8 ((CH3)3Si), 4.5 ((CH3)3Si), 23.4 ((CH3)2CH), 26.6 ((CH3)2CH),

28.5 ((CH3hCH ), 45.5 ((CH3)2N), 57.0 (NCH2), 121.9 (CN), 123.1 (m-Ar-C), 123.7 (p- 

Ar-C), 146.8 (o-A r-Q . 150.3 (ipso-Ar-C); 29Si{'H} NMR (59.7 MHz, C6D6, 298 K): 8-  

0.95, -0.20 (5/(CH3)3); MS (El 70eV) m/z (%): 446 (Ga{[N(Ar)C(H)]2 } H \ 100), 377 

({N(Ar)C(H)}2H+, 46); IR v/cra ' 1 (Nujol): 1583 s, 1564 s, 1250 s, 1101 s, 1014 s, 844 s.

Preparation of |K(tmeda)|[Sn{CH(SiMe3)2}2{Ga{[N(Ar)C(H)]2}}] 18: A solution of 

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }] (0.27 g, 0.45 mmol) in diethyl ether (60 cm3) was 

added over 1 hr to a solution o f [Sn{CH(SiMe3)2 }2]2 (0.19 g, 0.23 mmol) in diethyl 

ether (40 cm3) at -50 °C. The red reaction mixture was stirred for 2 hrs, warmed to 20 

°C and stirred overnight. Volatiles were then removed in vacuo and the residue 

extracted into hexane (40 cm3) and filtered. The filtrate was concentrated to ca. 20 cm3 

and stored at -30 °C overnight to give large red crystals o f 18 (0.16 g, 35 %). Mp 130- 

132 °C (decomp.); 'H NMR (400 MHz, C6D6): £0.17 (s, 2H, {(CH3)3Si}2C//), 0.20 (s, 

18H, (C //3)3Si), 0.28 (s, 18H, (C //3)3Si), 1.29 (d, V Hn = 6 .8  Hz, 12H, (C//3)2CH), 1.32 

(d, Vhh = 6 . 8  Hz 12H, (C //3)2CH), 1.67 (s, 4H, N C //2), 1.72 (s, 12H, (C //3)2N), 3.87 

(sept, V Hh = 6 . 8  Hz, 4H, (CH3)2C //), 6.30 (s, 2H, NC//), 6 .8 8  (t, 3Jim = 7.6 Hz, 2H, p- 

A r-//), 7.04 (d, *Jm  = 7.6 Hz, 4H, m-Ar-H); ^C f'H } NMR (75.6 MHz, C6D6, 298 K): 8

3.8 ({(CH3)3Si}2CH), 4.4 ( (CH3)3Si), 4.7 ((CH3)3Si), 24.2 ((CH3)2CH), 26.4 

((CH3)2CH), 28.5 ((CH3)2CTi), 45.2 ((CT43)2N), 56.7 (NCH2), 122.2 (CT4), 123.0 (/w-Ar- 

o ,  123.8 {p-Ar-C), 146.9 (o-Ar-C), 150.2 (iipso-Ar-C); 29Si{!H} NMR (59.7 MHz, 

C6D6, 298 K): £-0.04, 0.31 (Si(CH3h)l “ ^ { 'H }  NMR (186.4 MHz, C6D6, 298 K): 6  -



97.9 (pw 233 Hz at 1/2 peak height); MS (El 70eV) m/z (%): 446 (Ga{N(Ar)C(H)}2H+, 

67), 377 ({N(Ar)C(H)}2H+, 100); IR v/cra'1 (Nujol): 1588 s, 1565 m, 1248 s, 1113 s, 

1020 s; C46H9oN4Si4KGaSn requires C 53.17, H 8.73, N 5.39 %; found; C 52.42, H 

8.60, N 5.38 %.

Preparation of |K(tmeda)|[Sn{CH(SiMej)j}{Ga{[N(Ar)C(H)|2 }}2 | 19: A solution of 

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }] (0.56 g, 0.92 mmol) in diethyl ether (20 cm3) was 

added to a solution o f [Sn{CH(SiMe3)2 h ]2 (0.20 g, 0.23 mmol) in diethyl ether (20 cm3) 

at -78 °C. The red reaction mixture was warmed to 20 °C and stirred overnight. 

Volatiles were then removed in vacuo and the residue extracted into hexane (40 cm3) 

and filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C overnight 

to give orange crystals o f 19 (0.10 g, 16 %). Mp 188-190 °C (decomp.); *H NMR (400 

MHz, C6D6, 298 K): £0.28 (s, 1H, {(CH3)3Si}2CH), 0.35 (s, 18H, (C//3)3Si), 1.40 (br. 

overlapping m, 48H, (C //3)2CH), 1.87 (s, 12H, (CH3)2N), 1.96 (s, 4H, NCH2\  3.84 (br. 

overlapping m, 8H, (CH3)2C//), 6.35 (br. s, 4H, NC//), 7.11-7.15 (m., 12H, Ar-//); 

,3C{'H} NMR (75.6 MHz, C6D6, 298 K): £  1.2 ({(CH3)3Si}2CH), 3.3 ((CH3)3Si), 23.9,

24.9, 26.0, 26.3 ((CH3)2CH), 28.1, 28.2 ((CH3)2CH), 45.3 ((CH3)2N), 57.0 (NCH2),

123.0 (br., CN), 123.7 (br., m-A r-Q , 124.4 (br.,/?-A r-Q , 146.4 (br., o-Ar-Q , 152.6 

(br., ipso-A r-Q ; 29Si{lH} NMR (59.7 MHz, C6D6, 298 K): £0.30 (5i(CH3)3); MS (El 

70eV) m/z (%): 446 (Ga{[N(Ar)C(H)]2}H+, 18), 377 ({N(Ar)C(H)}2H+, 41 %); IR 

v/cm’1 (Nujol): 1652 m, 1625 m, 1594 m, 1249 s, 1106 s, 1021 s.

Preparation of [K(tmeda)][Sn(Ar*)2 {GJa{[N(Ar)C(H)]2 }}] 21: A solution of

[Sn(Ar')2]3 (0.40 g, 0.25 mmol) in diethyl ether (60 cm3) at -55 °C was irradiated at 256 

nm for 3 hrs, yielding a red solution. This was cooled to -78 °C and a solution of 

[K(tmeda)] [:Ga{[N(Ar)C(H)]2 }] (0.46 g, 0.76 mmol) in diethyl ether (30 cm3) was
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added. The red reaction mixture was allowed to warm to 20 °C overnight. The 

volatiles were removed in vacuo and the residue was extracted with hexane (120 cm3) 

and filtered. Concentration o f the filtrate to ca. 80 cm3 and storage at -30 °C overnight 

yielded orange crystals o f  21 (0.79 g, 92 %). Mp 141-145 °C (decomp.); 'H NMR (400 

MHz, C6D6, 298 K): <50.75 (d, V „ h = 6.9 Hz, 12H ,p-(C//3)2CH, Ar'), 0.91 (v. t, 3J „ h =

6.8 Hz, 24H, o-(CH3)2CH, A t'), 0.99 (d, 3J HH = 6.8 Hz, 12H, (C //3)2CH, Ar), 1.08 (d, 

3J ml = 6.8 Hz, 12H, (C //3)2CH, Ar), 1.45 (s, 12H, (C //3)2N), 1.50 (s, 4 H, NC H2), 2.53 

(sept, V„H = 6.9 Hz, 2 H, p-(CH3)2CH, Ar'), 3.46, 3.59 (2 x sept, VHn = 6.8 Hz, 2 x 4H, 

(CH3)2CW, Ar' and Ar), 6.09 (s, 2 H, NC//), 6.65 (t, 3J HH = 7.4 Hz, 2H, p-Ar-H, Ar), 

6.76 (s, 4H, m-Ar-H, Ar'), 6.78 (d, 3. / h h  = 7.4 Hz, 4H, m-Ai-H, Ar); l3C{'H} NMR 

(75.6 MHz, C6D6, 298 K): S  24.0, 24.4, 24.8, 25.1, 25.7 ((CH3)2CH), 28.5, 34.5, 39.6 

((CH3)2CH), 45.0 ((CH3)2N), 56.8 (NCH2), 120.3 (CN), 122.5, 122.9, 123.9, 146.3,

146.9, 150.2, 153.9, 155.0 (Ar-C); ll9Sn{'H ) NMR (186.4 MHz, C6D6, 298 K): S  -

306.7 (pw 251 Hz at 1/2 peak height); MS (El 70eV) m/z (%): 1126 (MH+, 3), 648 

(Ar’Ga{[N(Ar)C(H)]2H \  100), 446 (Ga{[N(Ar)C(H)]2}H+, 13), 377 ({N(Ar)C(H)}2H+, 

14); IR v/cm '1 (Nujol): 1842 m, 1666 m, 1594 s, 1556 s, 1260 s, 1099 s.

Preparation of [Ar,Ga{[N(Ar)C(H)j2 }) 22: A solution of [K(tmeda)]

[:Ga{[N(Ar)C(H)]2}] (0.28 g, 0.46 mmol) in diethyl ether (30 cm3) was added to a 

solution o f [Pb(Ar')2]2 (0.28 g, 0.23 mmol) in diethyl ether (20 cm3) at -78 °C. The 

deep red reaction mixture was warmed to room temperature over 2 hrs, during which 

time a lead mirror formed on the side o f the vessel. Volatiles were then removed in 

vacuo and the residue was extracted into hexane (40 cm3) and filtered. The filtrate was 

concentrated to ca. 5 cm3 and stored at -30 °C overnight to give yellow crystals of 22 

(0.04 g, 13 %). Mp 112-114 °C; 'H NMR (400 MHz, C6D6, 298 K): £0.77 (d, 3J Mh =

6.7 Hz, 12H, o-(C //3)2CH, Ar'), 0.80 (d, 3JHH = 6.9 Hz, 6H, p-(C //3)2CH, Ar'), 0.87 (d,



V hh = 6 . 8  Hz, 1 2 H, (C //3)2CH, Ar), 0.98 (d, VHH = 6 . 8  Hz, 1 2 H, (C //3)2CH, Ar), 2.36 

(sept, VHH = 6.9 Hz, 1 H, /H C H 3)2C//, Ar1), 2.48 (sept, V hh = 6.7 Hz, 2 H, o-(CH3)2C//, 

Ar'), 3.45 (sept, }J m  = 6 . 8  Hz, 4H, (CH3)2C //, Ar), 6.14 (s, 2H, NC//), 6.58 (s, 2H, m- 

Ar-H , Ar'), 6.71-6.89 (m, 6 H, A r-//, Ar); i3C{'H} NMR (75.6 MHz, C6D6, 298 K): S

23.7, 23.9, 24.6, 25.7 ((CH3)2CH), 28.5, 34.4, 40.9 ((CH3)2CH), 120.2 (CN), 121.42,

123.8, 125.3, 133.3, 144.5, 144.7, 151.9, 155.3 (Ar-C); MS (El 70eV) m/z (%): 648 

(MH+, 80), 446 (Ga{[N(Ar)C(H)]2 )H+, 5), 377 ({N(Ar)C(H)}2H+, 83); IR v /cn f1 

(Nujol): 1659 m, 1593 s, 1557 m, 1260 s, 1203 s, 1118 s, 1101 s, 1058 s, 934 s; El acc. 

mass on M+: calc, for C4 iHs9N2Ga: 648.3929, found 648.3926; C4 |Hs9N2Ga requires C 

75.80, H 9.15, N 4.31; found: C 74.97, H 9.20, N 4.40.

Preparation of |(Piso)Ge{Ga{|N(Ar)C(H))2}}| 25: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.06 g, 0.10 mmol) in toluene (5 cm3) was added to a solution o f 

[(Piso)GeCl] (0.05 g, 0.10 mmol) in toluene (5 cm3) at -78 °C. The deep red reaction 

mixture was warmed to 20 °C and stirred overnight. Volatiles were then removed in 

vacuo and the residue was extracted into hexane (5 cm ) and filtered. The filtrate was 

concentrated to ca. 0.5 cm and stored at -30 °C overnight to give light red crystals o f 

25 (0.04 g, 44 %). Mp 151-152 °C (decomp.); 'H NMR (400 MHz, C ^ .  298 K): S  

0.92 (s, 9 H, (C //3)3C), 1.09 (d, 3J H h  =  6.7 Hz, 6 H, (C //3)2CH, Ge ring), 1.14 (d, V Hn  =

6.7 Hz, 6 H, (C //3)2CH, Ge ring), 1.23 (d, 3J H h  =  6.9 Hz, 12 H, (C //3)2CH, Ga ring),

1.29 (d, V h h  =  6.8 Hz, 6 H, (C //3)2CH, Ge ring), 1.39 (dd, 3J H h  =  6.9 Hz, V Hh =  6.8 Hz. 

18 H, (C //3)2CH, Ga ring + Ge ring), 3.58 (sept, 3J HH = 6.8 Hz, 2 H, (CH3)2C//, Ge 

ring), 3.64 (sept, Vhh = 6.7 Hz, 2 H, (CH3)2C //, Ge ring), 3.75 (sept, './mi = 6.9 Hz, 4 

H, (CH3)2C //. Ga ring), 6.47 (s, 2 H, C //N ) 7.08-7.29 (m, 12 H, m-Ar-H, Ga ring + Ge 

ring); ,3C{'H} NMR (100.6 MHz, C6D6, 298 K): S  22.3 ((CH3)3C), 24.2, 25.6 

((CH3)2CH, Ga ring), 26.7, 27.8 ((CH3)2CH, Ge ring), 28.2, 28.5 ((CH3)2CH, Ga ring),



28.8, 29.2 ((C H ^C H , Ge ring), 42.2 ((CH3)3C), 122.7 (CN), 123.0, 123.7, 125.1, 126.9, 

138.6, 143.9, 145.3, 146.7 (Ar-C), 167.2 (CN2C); MS (El 70eV) m/z (%): 420 

({[N(Ar)]2CBu'}H+, 100), 378 ({N(Ar)C(H)}2H+, 8); IR v/cm '1 (Nujol): 1612 w, 1586 

w, 1406 s, 1256 s, 1210 w, 1118 s.

Preparation of |(Priso)Ge{Ga{[N(Ar)C(H)]2}}] 26: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.25 g, 0.41 mmol) in toluene (20 cm3) was added to 

[(Priso)GeCl] (0.24 g, 0.41 mmol) in toluene (10 cm3) at -78 °C. The red reaction 

mixture was warmed to 20 °C and stirred overnight. Volatiles were then removed in 

vacuo and the residue was extracted into hexane (20 cm ) and filtered. The filtrate was 

concentrated to ca. 5 cm and stored at -30 °C overnight to give light red crystals o f 26 

(0.26 g, 64 %). Mp 149-152 °C (decomp.); 'H  NMR (400 MHz, C6D6, 298 K): S 0.77 

(d, VHH = 7.0 Hz, 12H, (C //3)2CHN), 1.10 (2 x coincidental d, VHH = 6.7 Hz, 12H, 

(C //3)2CH, Ge ring), 1.21 (d, VHH = 6.9 Hz, 12H, (C //3)2CH, Ga ring), 1.28 (d, V Hh =

6.8 Hz, 6H, (C //3)2CH, Ge ring), 1.34 (d, Vhh = 6.8 Hz, 6H, (C //3)2CH, Ge ring), 1.40 

(d, Vhh = 6.9 Hz, 12H, (C //3)2CH, Ga ring), 3.57 (sept, VHH = 6.7 Hz, 2H, (CH3)2C//, 

Ge ring), 3.68 (sept, Vhh = 6.8 Hz, 2H, (CH3)2C//, Ge ring), 3.74 (sept, Vhh = 6.9 Hz, 

4H, (CH3)2C //, Ga ring), 3.87 (sept, Vhh = 7.0 Hz, 2H, (CH3)2C//N), 6.40 (s, 2H, C//N) 

7.03-7.29 (m, 12H, Ar-//); ,3C{'H} NMR (100.6 MHz, C6D6, 298 K): <5 22.9 

((CH3)2CH, Ge ring), 23.0 ((CH3)2CH, Ge ring), 23.2 ((CH3)2CHN), 24.3 ((CH3)2CH, 

Ga ring), 25.6 ((CH3)2CH, Ga ring), 26.1 ((CH3)2CH, Ge ring), 27.8 ((CH3)2CH, Ge 

ring), 28.2 ((CH3)2CH, Ga ring), 28.4 ((CH3)2CH, Ge ring), 28.7 ((CH3)2CH, Ge ring), 

49.0 ((CH3)2CHN), 122.5 (CN), 122.9, 124.1, 124.1, 124.8, 126.6, 138.5, 144.8, 145.3,

145.8, 147.5 (Ar-C), 154.9 (CN3); MS (El 70eV) m/z (%): 981 (MH+, 5), 377 

({N(Ar)C(H)}2H \  8); IR v/cm '1 (Nujol): 1612 w, 1586 w, 1408 s, 1256 s, 1211 w, 1120 

s, 1055 m, 937 w; El acc. mass on M+: calc, for CsTHMNsGaGe: 981.5189, found:



981.5182; CsrHwNsGaGe requires C 69.74, H 8.62, N 7.13; found: C 69.61, H 8.76, N

7.32.

Preparation of [(Priso)Sn{Ga{(N(Ar)C(H))2}}| 27: A solution of

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }] (0.29 g, 0.48 mmol) in toluene ( 2 0  cm3) was added to 

[(Priso)SnCl] (0.30 g, 0.48 mmol) in toluene (10 cm3) at -78 °C. The deep red reaction 

mixture was warmed to 20 °C and allowed to stir overnight. Volatiles were then 

removed in vacuo and the residue was extracted into hexane (20 cm3) and filtered. The 

filtrate was concentrated to ca. 5 cm3 and stored at -30 °C overnight to give deep red 

crystals o f  27 (0.26 g, 52 %). Mp 205-206 °C; ‘H NMR (400 MHz, C6D6, 298 K): S

0.81 (d, Vhh = 6.9 Hz, 12H, (C //3)2CHN), 1.12 (2 x coincidental d, 3J Hh = 6 .8  Hz, 12H, 

(C //3)2CH, Sn ring), 1.23 (d, 3J Hh  = 6.9 Hz, 12H, (C //3)2CH, Ga ring), 1.30 (d, 3JUH =

6 . 8  Hz, 6 H, (C //3)2CH, Sn ring), 1.37 (d, 3JHH = 6 . 8  Hz, 6 H, (C /Z^CH , Sn ring), 1.40 

(d, 3J Hh = 6.9 Hz, 12H, (C //3)2CH, Ga ring), 3.61 (sept, V Hh = 6 .8  Hz, 2H, (CH3)2C//, 

Sn ring), 3.76 (overlapping m., 6 H, (CH3)2C //, Ga (4H) and Sn (2H) rings), 3.92 (sept, 

V H„ = 6.9 Hz, 2H, (CH3)2C/7N), 6.51 (s, 2H, C //N ) 7.10-7.28 (m, 1 2 H, Ar-H)\ l3C{'H} 

NMR (100.6 MHz, C6D6, 298 K): <5 22.9 ((CHsfeCH, Sn ring), 23.2 ((CH3)2CH, Sn 

ring), 23.4 ((CH3)2CHN), 24.6 ((CH3)2CH, Ga ring), 25.6 ((CH3)2CH, Ga ring), 26.0 

((CH3)2CH, Sn ring), 27.6 ((CH3)2CH, Sn ring), 28.1 ((CH3)2CH, Ga ring), 28.5 

((CH3)2CH, Sn ring), 28.6 ((CH3)2CH, Sn ring), 49.1 ((CH3)2CHN), 122.9 (CN), 123.1,

123.9, 124.1, 125.0, 125.8, 139.9, 143.9, 145.2, 145.4, 147.0 (Ar-C), 159.8 (CN3); 

" ’Sn{'H} NMR (186.4 MHz, C6D6, 298 K): <5454.8 (pw 420 Hz at 1/2 peak height); 

MS (El 70eV) m/z (%): 1027 (MH+, 15), 377 ({N(Ar)C(H)}2H+, 7); IR v/cm ' 1 (Nujol): 

1613 m, 1584 m, 1256 s, 1212 m, 1116 s, 1056 m, 934 w; El acc. mass on M+: calc, for 

CsTHwNsGaSn: 1027.4999, found: 1027.5002; CsTHmNsGaSn requires C 66.62, H 

8.24, N 6.81; found: C 66.20, H 8.30, N 6.90.
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Chapter 3

The Synthesis and Reactivity of Transition Metal Gallyl Complexes 

Stabilised by TV-Heterocyclic Carbene Coordination

3.1 Introduction

3.1.1 Transition Metal Gallyl Complexes Incorporating the Heterocycle, 

|:Ga{[N(Ar)C(H)]2})“

There have been several investigations into the reactivity of the anionic 

gallium(I) N-heterocyclic carbene (NHC) analogue, [:Ga{[N(Ar)C(H)]2}]_ l , 1 (Ar = 

C6H3Pr'2-2 ,6 ) with transition metal and lanthanide complexes in the last several years. 

However, compared with the extensive study o f main group complexes of l , 2 transition 

metal complexes o f 1 are fewer in number. To date, most success has been achieved in 

the reactions o f [K(tmeda)][l] with metallocene and piano stool complexes.3-6 

Treatment o f nickelocene or cobaltocene with [K(tmeda)][l] in any stoichiometry gave 

the bis(gallyl) metal(II) salts, 2 and 3, after elimination of KCp (Scheme 1 ) . 3,4 The 

displacement o f Cp“ from the metallocenes mirrors the reactivity of the NHC, 

[:C{[N(Me)C(Me)]2 }] 4, towards nickelocene, which forms the salt

[CpNi{C{[N(Me)C(Me)]2 }}][Cp] 5 .7 A density functional theory (DFT) study on a 

model o f 2 attempted to explain the short Ga—Ni bond lengths in this complex, and 

revealed a value o f 28 % for the ^-component o f these bonds.4 Considering that the 

metal-metal interactions are largely ionic in nature, this value is not significant. In this 

study, a ligand competition study attempted to define the comparative o-donor abilities 

o f  1 and 4.3 This was not entirely successful, as complex 2 did not react with an excess 

o f [K(tmeda)][l], and the reaction o f 2 with 4 surprisingly induced elimination of a
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further equivalent o f KCp and yielded the neutral complex, 6.3 The cobalt analogue, 3,

The treatment o f a range o f other first row metallocenes with [K(tmeda)][l] 

either led to no reaction, in the case o f FeCp2, or to intractable mixtures of products, for 

MCp2 (M = V, Cr, Mn).6 As such a different synthetic strategy was required to prepare 

other metallocene complexes o f 1. It was found that the digallane(4), 

[Ga{[N(Ar)C(H)]2 } ]2  7, could be prepared in high yield by the oxidative coupling o f 1 

with the ferrocenium ion, [FeCp2][PF6], or Co2(CO)8.4,6 This compound had previously 

been synthesised from a different synthetic route.8 It was believed that metallocenes 

could potentially oxidatively insert into the Ga—Ga bond o f the digallane, 7, in a 

similar manner to the oxidative insertion o f “WCp2” into the B—B bond of the 

diborane, B2C at2 (Cat' = 4 -BulC6H3 0 2 - l ,2  or 3,5-Bu*2C6H202-l,2).9 Hence the reaction 

of “ZrCp2”, generated in situ from BunLi and [CP2Z1CI2], reacted with 7 and an excess 

of BunLi to give the unusual Zrm salt, 8 (Scheme 2).5 The desired neutral Zr(IV) 

complex, [Cp2Zr{Ga{[N(Ar)C(H)]2 }h ], could not be isolated, though it is proposed 

that this Zr(IV) intermediate is initially generated and subsequently reduced by the 

alkyllithium reagent. Interestingly, the Zr(III) or Zr(IV) gallyl complexes could not be

was not reported to react with 4.4 The nickel(II) centre in 6 displays a distorted square 

planar geometry with a trans-arrangement o f ligands.3

(K(tmeda)I1) MCP2 

Ar « C6H3Pr,2-2.6 - KCp

[K(tmeda)] 
M = N i2  
M = Co 3

Scheme 1 -  The synthesis o f 2 ,3  and 6
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synthesised by the direct treatment o f [K(tmeda)][l] with [Cp2ZrCl2]. A combination of 

EPR and X-ray crystallographic studies showed that the Ga—Zr bonds in 8 are quite 

weak, with negligible back-bonding from the dx -Zx centre into the empty /7-orbital on 

the gallium centres.

7 i. ii
Ar = C6H3Pri2-2)6

i. "ZrCp2H, THF, - 50 °C
ii. BuHLi, -10 °C

Scheme 2 -  The synthesis of 8

©

[Li(THF)4]
0

Following the successful synthesis o f 8 by the oxidative insertion of the 

metallocene into the Ga— Ga bond o f the digallane, 7, other metallocene systems were 

investigated.4 6 The metallocenes, M(C5H4Me)2 (M = V, Cr), reacted with 7 to give the 

neutral mono-gallyl complexes, 9 and 10 (Scheme 3). It is assumed that initial 

oxidative insertion takes place to afford a bis-gallyl M(IV) intermediate, 11, which 

comproportionates with M(C5H4Me)2  to yield the observed product. Treatment of 9 and 

10 with the NHC, 4, did not result in a reaction. In contrast, [K(tmeda)][l] reacted with 

9, but not with 10, to yield the bis-gallyl salt, 12. The difference in reactivity of 9 and 

10 towards [K(tmeda)][l] was attributed to the larger, more accessible vanadium centre 

relative to chromium and the instability that the nineteen-electron chromium analogue 

o f 1 2  would display.

A number o f half-sandwich anionic complexes o f 1 (13 -  15) have been 

synthesised from the cyclopentadienyl-metal carbonyl complexes, [Cp'M(CO)r

3 0



V, Cp' = Cp, n = 4; M = Mn, Cp' = MeCp, n = 3; M = Co, Cp' = Cp, n = 2) (Scheme 

4 ) . 4,6 These compounds were synthesised because analogous neutral NHC complexes 

o f this type have proved useful in catalysis. 10 Only one carbonyl group was substituted 

by 1, regardless o f the reaction stoichiometry. The short Ga— M bonds in 13 -  15 

warranted a DFT study o f the bonding in related model complexes.6 As would be 

expected, the n : a  ratio o f the Ga—M bonds increased for the more electron rich M 

centres, which had a decreased number of competing 7i-acidic CO ligands. However, as 

these 7i : a  ratios calculated were found to be similar in analogous boryl and NHC model 

complexes, there was deemed to be little jc-character in the Ga—M bonds in 1 3 -1 5 .

Ar = C6H3Prir 2,6

. M(C5H4Me)2, Et20,
i. M(C5H4Me)2, Et20
ii. M = V, [K(tmeda)l[1], Et20

©
Ar

\
/

N

Ga
\

N

/
12

Ar

M = V 9 
M =Cr 10

[K(tmeda)(Et20)]

Scheme 3 -  The synthesis o f 9 ,10  and 12
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[K(tmeda)J

i. [(C5H4R)M(CO)n], - CO

_ Ar _
M = V, n = 4 ,  R = H 13  
M = Mn, n = 3 , R = Me 14  
M = Co, n = 2 , R = H 15

Scheme 4 -  The synthesis of 13 -  15

The ability o f 1 to displace CO on a metal centre was also demonstrated in the 

synthesis o f  the salt, 16, from iron pentacarbonyl (Scheme 5).11 The reaction of 

[K(tmeda)][l] with several other homoleptic metal carbonyls proved unsuccessful. The 

facile displacement o f CO is testament to the strong a-donor capability o f 1, and an IR 

analysis and DFT studies concurred that there is negligible 7t-back-bonding in 16. In 

another study, a manganese(II) dialkyl, [Mn{CH(SiMe3)2 }2], reacted with 

[K(tmeda)][l] to form the salt, 17. The Ga— Mn bond length in 17 is comparatively 

weak, being much longer (> 0.3 A) than in the half-sandwich manganese complex, 14. 

It is o f  note that addition o f a further equivalent o f [K(tmeda)][l] did not lead to 

K[CH(SiMe3>2] elimination, in contrast to the reactivity of the previously discussed tin 

complex, [{(SiMe3)2HC}2Sn{Ga{[N(Ar)C(H)]2 }}].2e
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[K(tmeda)][1]
Ar = CeH aPr^.S tKf,

Ar

CO

/
OC------Fe— Ga

4 \  \
OC CO

N-

N'

Ar

Ar

(M eaSiJ^C^
/ '

Mn— Ga
✓ \

(MejSlzHC N

Ar

©
[K(tmeda)]©

16

©
[K(tmeda)]©

17

Scheme 5 -  The synthesis o f 16 and 17

One area where [K(tmeda)][l] has not proved as useful as first thought is in salt 

metathesis reactions with metal halides (MXn) and their complexes. Until recently these 

invariably led to paramagnetic gallium(II) dimers, [XGa{[N(Ar)C(H)]2'}]2, X = Cl, Br 

or I, presumably via an initial oxidative insertion o f the Ga(I) centre o f 1 into the M—X 

bond o f the metal halide, followed by reductive elimination o f the gallium(ll) dimer. 12 

O f late, the problems associated with reactions o f [K(tmeda)][l] with metal halides have 

been overcome by coordination o f the metal halide with bulky and electron rich 

amidinates and guanidinates. This finding allowed the Jones group to access neutral 

group 14 metal-gallyl complexes containing the first structurally characterised Ga— Sn 

bonds.23 In an extension to this work, the neutral zinc-gallyl complex, 18, was 

synthesised by the salt metathesis o f [K(tmeda)][l] and [(Priso)ZnCl] (Priso~ = 

[{N(Ar)}2CNPr'2D  (Scheme 6 ) . 13 Interestingly, the tetrahedral bis-gallyl complex, 19, 

was synthesised in a similar manner from the 2  : 1 reaction of [K(tmeda)][l] and 

[(tmeda)ZnCl2]. The corresponding 1 : 1 reaction gave an intractable mixture of 

products. The tmeda ligand is not bulky, so the stabilising factors preventing reductive
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eliminations o f Ga(II) dimers in the formation o f 19 are thought to derive from the 

strong a-donor and chelating abilities o f this ligand. The zinc-gallyl complexes, 18 and 

19, represent the first structurally characterised examples o f Ga—Zn bonds. 

Unfortunately, the reducing nature of 1 prevented the formation o f a stable cadmium 

analogue o f 19 from its reaction with [(tmeda)CdCl2]. Instead this reaction led to the 

deposition o f cadmium metal.

[K(tmeda)I1] 
Ar = C6H3Pri2-2f6

Ar Ar

/ \
.N

PrSN-

N

V  /
Zn— Ga 

\

N

\
N

Ar

Ar­

e a  N
ArZn 

✓ \ Ga— N

Ar 19

/
Ar 18

Scheme 6  -  The synthesis o f 18 and 19

Following on from these successes, the 2 : 1 reactions of [K(tmeda)][l] and the 

metal(ll) complexes, [(tmeda)nMX2] (M = Mn, Fe, Co, Ni, Cu; X = Cl, Br; n = 1 or 2), 

were carried out. 14 Although the 2 : 1 reaction o f [K(tmeda)][l] with [(tmeda)CuCl2] 

gave only the known digallane(4), [Ga{[N(Ar)C(H)]2 }]2 ,8 and deposition o f metallic 

copper, the other reactions successfully yielded the desired neutral transition metal bis- 

gallyl complexes, [(tmeda)M{Ga{[N(Ar)C(H)]2 }}2] (M = Mn, Fe, Co, Ni) 20 -  23 

(Scheme 7). The manganese and iron derivatives are tetrahedral, whilst the cobalt and 

nickel analogues are o f a square planar geometry. Only the nickel complex is
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diamagnetic. The attempted preparations o f [(dppe)M{Ga{[N(Ar)C(H)]2 }}2] 

complexes, by reacting two equivalents o f [K(tmeda)][l] with [(dppe)MX2] (M = Mn, 

Fe, Co, Ni, Cu, Zn; X = Cl, Br, I) were unsuccessful. 14 The zinc, managanese, iron, and 

cobalt reactions yielded trace amounts of 19 -  22 respectively and free dppe. The nickel 

and copper reactions gave intractable mixtures of products, with metal deposition. 

Interestingly, the 1 : 2 reaction o f the copper(I) dimer, [(dppe)CuI]2, with [K(tmeda)][l] 

afforded the copper-gallyl complex, 24 (Scheme 7) . 14 Complex 24 displays the first 

structurally characterised example o f a Ga—Cu bond.

It was concluded from these studies that the synthesis of transition metal 

complexes o f 1 by salt metathesis is possible if the metal centre in a generalised 

complex, [(L)nMXm] (L = ligand; M = metal; X = halide; n, m = integer), is bound by a 

sufficiently strong a-donating and/or chelating ligand, L. Provided that the metal centre 

M is electronically satisfied, it is then much less prone to reduction by 1, and the 

formation o f the undesired gallium(II) dimers, [Ga{[N(Ar)C(H)]2 }]2  and 

[XGa{[N(Ar)C(H)]2‘}]2 ,12 is restricted. An extension of this methodology to /-block 

chemistry has recently allowed the preparation o f the first reported gallium-lanthanide 

complex, 25 (Scheme 8 ) . 15 A highly nucleophilic NHC ligand was employed in this 

study, which incorporates a chelating amide function on one A-substituent, making the 

neodymium centre resistant to reduction by l . 16 Compound 25 displays the first 

structurally authenticated Ga—Nd bond, which was probed by DFT analysis to show 

that the covalent contribution to the bond is 87.2 % Ga and 12.8 % Nd in character, and 

is remarkably stable in solution. It is noteworthy that the only other group 13 element- 

lanthanide complexes, [Cp*2Ln(AlCp*)] (Ln = Eu, Yb), were recently prepared in 

solvent-free conditions, and decompose in the presence o f solvent to [LnCp*2] and
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AlCp* . 17 The Ga—Nd bond length in 25 is long, being > 0.3 A longer than the sum of 

the covalent radii o f gallium and neodymium . 18

Ar-

[K (tm eda)I1] + 1/2 
Ar = C e H ^V z -2 .6

\ /  \

[K(tmeda)I1] 
Ar = C6H3Pr'r 2,6

G a— N

Ar
Ar

M = Mn, n = 1, X = Cl 20 
M = Fe, n = 2, X = Cl 21 
M = Co, n = 1, X = Cl 22 
M = Ni, n = 2, X = Br 23

Cu— Ga

/ \
Scheme 7 -  The synthesis of 20 -  24

Bu*

N (Me3Si)2N.

T
THF

Kl

Me3SiW SJ
Scheme 8  -  The synthesis of 25

Bu1

Nd

Ar 25

3.1.2 Transition Metal Boryl Complexes

A wide variety o f transition metal-cyclic boryl complexes have proved useful as 

catalysts for a number o f synthetic transformations. 19 They have been utilised for, or 

suggested as intermediates in, the catalytic borylation or hydroboration of unsaturated 

compounds, and the C— H activation o f alkanes, arenes and heteroarenes. A transition 

metal boryl complex o f particular relevance to this study is the copper(I) complex, 

[(IPr)Cu{B(pin)}] 26 (IPr = [:C{[N(Ar)C(H)]2}], B(pin) = [B{[OCMe2]}2]')  (Figure
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1 ) . 20 This complex is stabilised by NHC coordination and has been reported by Sadighi 

and co-workers to borylate alkenes and to catalytically diborylate aldehydes.21 In 

addition, it has been shown to be an effective catalyst in the reduction o f CO2 to C O 20

Boryl complexes o f the group 9 metals are, however, more prevalent and a number of

Despite this, no structurally characterised NHC coordinated group 9 metal boryl 

complexes have yet been reported. Recently, several linear group 11 transition metal 

boryl complexes (27 -  29) have been prepared by the salt metathesis reaction of 

[(IMes)MCl] (M = Cu, Ag, Au, IMes = [:C{[N(Mes)C(H)]2}]) with the boryl NHC 

analogue, [LiB{[N(Ar)C(H)]2 }], 30, which is a lighter homologue of [K(tmeda)][l] 

(Figure 2). The silver, 28, and gold, 29, complexes are the first structurally 

characterised boryl silver and boryl gold molecular complexes. An investigation into 

the reactivity o f 27 -  29 is currently in progress. In the context of this study it is of note 

that there are no structurally characterised examples o f cyclic boryl complexes of the 

group 6  metal chromium.

Figure 2 -  The NHC-stabilised group 11 metal(I) boryl complexes, 27 -  29
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catecholato- and pinacolato-boryl complexes of Co, Rh and Ir have been described . 19

Ar

Ar Ar = C6H2Prir 2,6 26

Figure 1 -  The NHC-stabilised copper(I) boryl complex, 26

M = Cu 27, Ag 28, Au 29
Ar = C6H3Pri2-2,6 

Mes -  CgH2Me3“2,4,6

Mes Ar



3.2 Research Proposal

The successful application o f salt metathesis reactions towards the synthesis of 

transition metal gallyl complexes has been demonstrated . 13,15 It has also been shown 

that the employment o f a stabilising NHC ligand may facilitate the synthesis of 

lanthanide metal-gallyl complexes. 17 Neutral transition metal gallyl complexes, 

[LnM{Ga{[N(Ar)C(H)]2 }}m]» should have parallels with the wide variety of 

catalytically active transition metal-cyclic boryl complexes. 19 It was therefore proposed 

that a variety o f NHC-coordinated metal-gallyl complexes be prepared and their 

catalytic potential investigated. The preparation of a gallyl complex analogous to the 

catalytically proficient copper(I) boryl complex, 26,20,21 was seen as a worthy objective 

as this complex could also exhibit catalytic behaviour. The preparation of heavier 

homologues o f 27 -  29 would also allow a direct comparison o f the o-donor strengths 

and therefore the /raws-influences o f the group 13 NHC analogues [K(tmeda)][l] and 30 

for the first time. It was also hoped that this study would provide structurally 

characterised examples o f novel Ga— M bonds.

3.3 Results and Discussion

3.3.1 The Preparation of a Group 6 Metal Gallyl Complex

Our previous work with 1 has shown that it can readily reduce transition metal 

fragments to lower accessible oxidation states.4 As a result, for this study suitable 

NHC-coordinated transition metal halide precursors were selected with the metal 

displaying a stable low oxidation state. It was thought that the fourteen-electron 

chromium(II) complex, [(r|5-Cp)Cr(IMes)Cl] , 23 would be a suitable candidate for a
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successful salt metathesis reaction with [K(tmeda)][l]. This proved to be the case, with 

the 1 : 1 reaction in THF affording the expected product, 31, in excellent yield (Scheme 

9). Earlier studies into the reactions o f [K(tmeda)][l] with metallocenes showed that 

the gallium(I) heterocycle is capable o f displacing Cp" from metal complexes, 

eliminating KCp.3,4 However, the addition o f a second equivalent o f [K(tmeda)][l] to 

31 did not lead to further substitution at the Cr(II) centre. In contrast, the related 

chromium(lll) complex, [(r|5-Cp)Cr(lMes)Cl2],23 reacted with two equivalents of 

[K(tmeda)][l] to yield the paramagnetic gallium(II) dimer, [ClGa{[N(Ar)C(H)]2*}]2,12 

as expected. 31 was treated separately with carbon disulphide (CS2), silver tetra- 

phenylborate and /er/-butylphosphaalkyne (BulCP), in all cases giving an intractable 

mixture o f products.

[(Cp)Cr(IMes)CO
[K(tmeda)I1] ----------------------------*

- KCI 
Ar = C ^ P r ^ S

Mes ArC r

Ga

Mes Ar

Scheme 9 -  The synthesis o f 31

The data on 31 are incomplete. A reproducible microanalysis could not be 

obtained and no molecular ion was observed in the mass spectrum. However, a 

fragment corresponding to !MesH+ was detected. Due to the paramagnetic nature o f the 

compound, no meaningful *H NMR spectroscopic assignments could be made. 

However, the magnetic susceptibility o f the compound in solution (Evan’s method,24 

298 K, pcfr = 1.65 pB) was measured, employing an 0.1 M tetramethylsilane (TMS) in 

C6D6 insert as a standard. Although this value is lower than expected, the complex can 

be viewed as low-spin with two unpaired electrons. The halide starting material, [(rj5-
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Cp)Cr(IMes)Cl], was found to be high-spin with four unpaired electrons by this method

'y'x(Peff = 4.62 pB). This difference in spin multiplicity o f the two chromium(II) centres 

can be easily explained by the strong o-donating ability of 1 in comparison to chloride. 

Most CpCr(II) derivatives in the literature are low-spin with two unpaired electrons,25 

though it must be noted that in most o f these examples the chromium(II) centre is six- 

coordinate. No EPR measurement o f 31 was attempted as it was assumed that the 

compound is likely to be EPR silent, as is [(r|5-Cp)Cr(IMes)Cl] and other paramagnetic 

chromium(ll) complexes.253

An X-ray structural determination o f 31 was performed and its molecular 

structure is depicted in Figure 3. The Ga—Cr bond length of 2.5800(5) A is remarkably 

long in comparison to the known range o f such interactions (2.390 -  2.479 A).26 

Perhaps the best comparison is with the chromium(III) gallyl complex, 10, which 

displays a Ga— Cr bond length o f 2.4231 A .4,6 This difference can be attributed to the 

larger ionic radii and smaller electrostatic attraction of chromium(II) (r = 0.84 A) over 

chromium(III) (r = 0.64 A),18 as well as the possibility of increased steric crowding 

around the metal centre. Although no crystallographic determination of the halide 

starting material, [(r|5-Cp)Cr(IMes)Cl], has been performed to date, a related phenyl 

complex, [(r|5-Cp)Cr(IMes)Ph], has been prepared and structurally characterised.23 

Both [(ri5-Cp)Cr(IMes)Ph] and 31 display a “piano stool” arrangement of ligands 

around the nearly trigonal planar chromium centre (E angles Ga/C—Cr—C(carbene), 

Cp(centroid)— Cr—C(carbene) and Ga/C— Cr—Cp(centroid) is 359.85° for 31 and 

359.8° for [(ri5-Cp)Cr(lMes)Ph]). However, the Ga—Cr—C(carbene) angle of 31 

(110.52°) is far more obtuse than the C(phenyl)—Cr—C(carbene) angle in [(ry5- 

Cp)Cr(IMes)Ph] (97.98°), probably as a result o f the increased steric demands o f 1 over
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the phenyl ligand. As well as this, the C=C backbones of the gallyl and IMes ligands in 

31 are skewed with respect to each other (torsion angle C(6)C(7)— C(33)C(34) 52.4°).

N2

N3
C7

C33 Ga1C32

N4 C6

C34

Q ------

Figure 3 -  Thermal ellipsoid plot (25% probability surface) o f the molecular structure of 

[(Tj5-Cp)Cr(IMes){Ga{[N(Ar)C(H)]2 }}] 31; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.9209(19), G a(l)—N(2) 

1.923(2), Ga( 1)—Cr( 1) 2.5800(5), C r(l)— C(32) 2.115(2), C r(l)—centroid (C(l)-C(5)) 

1.985, N (l)— C(6) 1.393(3), N(2)—C(7) 1.396(3), N(3)—C(32) 1.373(3), N(3)—C(33) 

1.390(3), N(4)—C(32) 1.356(3), N(4)— C(34) 1.390(3), C (l)—C(2) 1.348(7),

C (l)— C(5) 1.395(5), C(2)—C(3) 1.409(7), C(3)—C(4) 1.421(5), C(4)— C(5) 1.388(4), 

C(6)—C(7) 1.348(3), C(33)—C(34) 1.349(4), N (l)—G a(l)—N(2) 84.67(8),

C(32)— Cr( 1)— Ga( 1) 110.52(6), C(6)—N( 1)— Ga( 1) 110.95(14), C(7)— N(2)—G a(l) 

111.55(15), C(32)—N(3)— C(33) 111.6(2), C(32)—N(4)—C(34) 111.9(2), C(7)—C(6) 

—N (l) 117.2(2), C(6)—C(7)—N(2) 115.6(2), N(4)—C(32)—N(3) 103.4(2),

C(34)—C(33)—N(3) 106.4(2), C(33)— C(34)—N(4) 106.7(2).
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3.3.2 The Preparation of a Group 9 Metal Gallyl Complex

In this study, all attempts to form group 9 metal gallyl complexes involved the 

use o f metal(I) halide precursors. In earlier work, Dr. R. J. Baker reacted [K(tmeda)][l] 

with either [(ti4-COD)MCl]2 (M = Rh or Ir, COD = 1,5-cyclooctadiene), [(PPh3)3CoCl]? 

[(PPh3)2RhCl]2, or [(PPh3)2lr(CO)Cl]. In all cases, the gallium(II) dimer, 

[ClGa{[N(Ar)C(H)]2’}]2,12 was the only identifiable product. As previously mentioned, 

it is believed that this occurs via an initial oxidative insertion of the Ga(I) centre of 1 

into the M— Cl bond o f the transition metal precursor, followed by reductive 

elimination o f the dimer. In this respect, it is worthy of mention that the related neutral 

6-membered heterocycle, [:Ga{[N(Ar)C(Me)]2CH}] (Ar = Cef^Pr^), has been shown to 

insert into Rh—Cl bonds.27

Treatment o f [(r|4-COD)Ir(IMes)Cl] with one equivalent o f [K(tmeda)][l] 

yielded the novel complex, [(q4-COD)Ir(IMes){Ga{N(Ar)C(H)}2}] 32, in moderate 

yield (Scheme 10). The rhodium(I) analogue, 33, was synthesised by S. P. Green, and 

will not be commented on further here. Addition of a further equivalent of 

[K(tmeda)][l] to 32 gave no reaction. Complexes 31 and 32 are air sensitive but 

indefinitely stable at ambient temperature under argon. It, therefore, seems that IMes 

coordination o f the group 6 or 9 metal halide precursor effectively protects the metal 

centre from reduction by 1, presumably because o f the donor strength and steric bulk of 

the NHC ligand.
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Mes

Ga

[M(COD)(IMes)CI]
lK(tmeda)J1] Ar Mes

- KCI
Mes = 06^63-2 ,4 ,6  

Ar = C6H3PH2-2.6

M = Ir, Rh

Scheme 10 -  The synthesis of 32 and 33

The *H and ,3C{1H} NMR spectroscopic data for 32 are consistent with its 

proposed formulation. Compounds 32 and 33 are structurally analagous, but only the 

molecular structure o f 32 is depicted in Figure 4. The iridium(I) compound, 32, is 

monomeric and possesses a distorted square planar group 9 metal centre. The geometry 

o f the gallyl ligand is similar to those o f previously reported transition metal complexes 

o f i . 3-6’11*13’15 There has only been one previously structurally characterised Ga—Ir 

bond in [Ir{Ga(Me)2N(SiMe2CH2PPh2)2} {C(=CH2)(Me)>], which at 2.4480 A28 is 

considerably shorter than that observed in 32. The more or less identical cyclooctadiene 

C=C distances in 32 (both 1.394(4) A) point toward the /raws-influences for the gallyl 

and NHC ligands being similar. Comparisons between 32 and [(r|4-COD)Ir(IMes)Cl] 

cannot be carried out as the latter has not been structurally characterised.
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Figure 4 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure of 

[(r|4-COD)Ir(lMes){Ga{[N(Ar)C(H)]2 }}] 32; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): Ir(l)—C(27) 2.039(2), 

Ir(l)— C(53) 2.155(2), Ir( 1)—C(49) 2.164(2), Ir(l)—C(52) 2.204(2), Ir(l)—C(48) 

2.232(2), Ir(l)— G a(l) 2.4689(5), G a(l)—N(2) 1.9198(19), G a(l)—N (l) 1.9274(19), 

N (l)— C (l) 1.399(3), N(2)—C(2) 1.399(3), C (l)—C(2) 1.340(3), C(48)—C(49) 

1.394(4), C(52)— C(53) 1.394(4), C(27)— Ir( 1)—G a(l) 96.23(6), N(2)—G a(l)—N (l) 

85.69(8), N(4)—C(27)—N(3) 103.24(18).

3.3.3 The Preparation of Group 11 Metal Gallyl Complexes

In earlier work, Dr. R. J. Baker reacted [K(tmeda)][l] with [(PPh3)AuCl], giving 

the gallium(ll) dimer, [ClGa{[N(Ar)C(H)]2*}]2,12 as the only identifiable product. In 

consideration o f the stability o f 31 -  33, the 1 : 1 reactions o f [K(tmeda)][l] with a
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series o f NHC complexes o f group 11 metal(I) halides, [(NHC)MCl] (M = Cu, Ag or 

Au; NHC = IMes or IPr), were carried out. In each case, the salt metathesis product, 

[(NHC)M{Ga{[N(Ar)C(H)]2}}] (34 -  39), was obtained in moderate to high yield 

(NHC = IPr), or low to moderate yield (NHC = IMes) (Scheme 11). During the course 

o f all reactions, deposition o f some elemental group 11 metal was observed upon 

warming the mixtures from -78 °C to 25 °C. More metal deposition was observed in 

reactions involving [(IMes)MCl], which suggests that the greater steric bulk o f IPr over 

IMes contributes to the greater yields of 37 -  39 compared to 34 -  36. However, the 

yields o f 34 -  39 were much greater than in the preparation of the homologous boryl 

complexes, 27 -  29.22 This is perhaps evidence that the gallium centre in [K(tmeda)][l] 

is not as reducing as the boron centre in 30. The importance o f the steric bulk o f the 

NHC in these syntheses was further tested in the reaction o f [K(tmeda)][l] with 

[(ICyMe)CuCl] (ICyMe = [:C{[N(C6Hn)C(Me)]2 }]), which incorporates a less bulky 

NHC. Despite this, a moderate yield o f 40 resulted (Scheme 11). In addition, the 

complex has a thermal stability in the solid state similar to that o f 34. The higher than 

expected yield and stability o f 40 can perhaps be explained by the greater donor strength 

o f ICyMe over IMes,29 which gives the smaller ligand a similar ability to stabilise copper 

gallyl fragments as the larger NHC.

/
R

M = Cu, R = Mes, R' = H 34 
M = Ag, R = Mes, R' = H 35 
M = Au, R = Mes, R* = H 36 
M = Cu, R = Ar, R' = H 37  
M = Ag, R = Ar, R’ = H 38  
M = Au, R = Ar, R' = H 39

(NHC)MCI 
[K(tmeda)][1] -----------------

Ar = C6H3Prj2-2 ,6 ' KCI
R’

Ga
/
\
/

N

N

\ M=Cu ,  R = C6H11,R ’ = Me 4 0
R Ar

Scheme 11 -  The synthesis of 34 -  40

The !H and ^C ^H } NMR spectroscopic data for 34 -  40 reflect their proposed 

monomeric structures. Unfortunately, the carbene resonances in the 13C{!H} NMR
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spectra o f the silver gallyl complexes were not observed and no signals were seen in the 

^ A g ^ H }  NMR spectra o f 35 and 38. This is most likely due to the quadrupolar 

gallium centres broadening the signal and the spin-active ,07Ag and ,09Ag centres 

splitting the signal until it becomes indistinguishable from the baseline noise. This 

means that a comparison o f the ^Agc coupling constants o f 28 (81 and 88 Hz) with 

those o f 35 and 38 was not possible. The carbene resonances of 34 (<$ 181.2 ppm) and 

36 (<5 205.2 ppm) are shifted downfield from those of the starting materials, 

[(IMes)CuCl] (d' 178.7 ppm),30 and [(IMes)AuCl] (<!> 173.4 ppm),31 but not as far shifted 

as that o f 27 (<$ 185.3 ppm) or 29 (<5 217.0 ppm).22 These values suggest that 1 has a 

stronger fraras-influence than chloride, but is weaker than the boryl anion of 30. Signals 

due to molecular ions exhibiting the expected isotopic distribution patterns are present 

in the El mass spectra o f all complexes.

The X-ray crystal structures o f 34 -  38 were obtained, and all display similar 

distorted linear group 11 metal geometries, the Ga—M—C angle deviating the most 

from linearity in 35 (165.85°) (Figures 5 -  9). It is noteworthy that the copper(I) centre 

in the boryl complex 27 is much closer to linearity (179.43°) than the gallyl complex 

34 (170.72°). The geometries o f the heterocyclic ligands in the complexes are similar to 

each other and to the majority o f previously reported complexes incorporating them.2' 

6,i 1,13,15,16,32 jn no compjex do the gallyl and NHC heterocycles approach co-planarity as 

the angles between their least squares planes vary from 25.3° to 44.9° in the series. The 

Ga—Cu bonds in 34 and 37 are similar to the only other reported Ga—Cu bond in 24 

(2.3054(9) A).15 There have been no previously reported examples o f structurally 

characterised Ga— Ag bonds in molecular compounds, so comparisons cannot be made 

with the Ga—Ag distances in 35 and 38. The Ga—Au distance in 36 (2.3782(6) A) is,
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however, at the low end of the known range (2.377 - 2.620 A) for the four previously 

reported complexes exhibiting a Ga—Au bond.26

The Ga—M bonds in 34 -  36 were compared. Not surprisingly, the Ga—Cu

interaction in 34 is the shortest, but interestingly, the Ga—Ag distance in 35 is

significantly larger (by ca. 0.04 A) than the Ga—Au separation in 36. In addition, the

Ag— C bond in 35 is longer than the Au— C bond in 36 by ca. 0.08 A. In this respect.

the relative sizes o f gold and silver have been the subject of a study by Schmidbaur et

al. using a pair o f  isomorphic complexes, [M(PMes3)2][BF4] (M = Ag, Au; Mes =

mesityl).33 In contrast to the values usually quoted for the ionic or covalent radii of

Ag(I) and Au(I), where silver is smaller or equal in size to gold,14 the data from the

structures o f this pair indicated that the M—P distance is smaller for M = Au by 0.09 A.

The M— C bond lengths observed in 27 -  29 (M = Cu 1.918, M = Ag 2.1207, M = Au

2.078 A) are very similar to those observed in 34 -  36 (M = Cu 1.924, M = Ag 2.125, M

= Au 2.053 A). In addition, the Ag— C distance in [(IMes)AgCl] (2.056 A)34 is shorter

than those observed in 28 and 35 and the Au—C distance in [(IMes)AuCl] (1.998 A)31

is shorter than those observed in 29 and 36. These observations concur with the

12 1interpretation o f the carbene resonances in the C{ H} NMR spectra of these 

complexes, so we propose that 1 has a stronger /raws-influence than chloride. However, 

the similarity o f the M— C bond lengths for 27 -  29 and 34 -  36 are not consistent with 

the large chemical shift differences observed between the carbene resonances in the 

13C {,H} NMR spectra o f the gallium and boron complexes, for reasons unknown.
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N4C2
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C27
C1

C28N3

Figure 5 -  Thermal ellipsoid plot (25%  probability surface) o f the molecular structure of 

[(IM es)C u {G a{[N (A r)C (H )]2 }} ]  34; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): G a(l)—N (2) 1.897(2), G a(l)—N ( l )  1.904(2), 

G a(l)—C u(l) 2 .3 0 6 6 (6 ), C u(l)— C (27) 1 .924(3), N (l)—C (l)  1.390(3), C ( l)— C (2) 

1 .347(4), N (2 )— C (2) 1 .392(4), N ( 3 ) ~ C ( 2 7 )  1.363(4), N (3 )— C (28) 1 .385(4),

N (4 )— C (27) 1 .359(4), N (4 )— C (29) 1.389(4), C (28)— C (29) 1 .336(5),

N(2)—Ga( 1)— N ( 1) 85 .3 6 (9 ), C (27)— C u(l)—Ga(l) 170.72(8), C ( l ) — N ( l ) — G a(l) 

110 .79(17), C (2)— C( 1)— N ( 1) 116 .7(2), C(2)—N(2)—G a(l) 111 .40(17), C ( l)— C (2) 

— N(2) 115.8(2), C (27)— N (3 )— C (28) 111.2(3), C (27)— N (4 )— C (29) 111.5(3), 

N (4 )— C (27)— N (3 ) 103 .6(2), C (29)— C (28)— N (3) 107.2(3), C (28)— C (29)— N (4)  

106.5(3).
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Figure 6 -  Thermal ellipsoid plot (25% probability surface) o f the molecular structure of 

[(IMes)Ag{Ga{[N(Ar)C(H)]2 }}] 35; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): A g(l)— C(27) 2.125(2), A g(l)—G a(l) 2.4161(5), 

G a(l)—N(2) 1.8897(17), G a(l)—N (l) 1.8916(18), N (l)—C (l) 1.396(3), C (l)—C(2) 

1.345(3), N(2)— C(2) 1.391(3), N(3)—C(27) 1.359(3), N (3)~C(28) 1.387(3), 

N(4)— C(27) 1.351(3) N(4)—C(29) 1.391(3), C(28)—C(29) 1.337(3), C(27)—A g(l) 

— G a(l) 165.85(6), N(2)— G a(l)—N (l) 85.41(7), C (l)—N (l)—G a(l) 111.34(14), 

C(2)— C( 1)—N( 1) 115.7(2), C(2)—N(2)— Ga( 1) 111.31(13), C (l)—C(2)—N(2)

116.22( 19), C(27)—N(3)— C(28) 111.07( 18), C(27)—N(4)—C(29) 111.41 (18),

N(4)—C(27)—N(3) 104.07( 17), C(29)—C(28)—N(3) 106.94( 19), C(28)—C(29)

—N(4) 106.50(19).
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Figure 7 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure of 

[(IMes)Au{Ga{[N(Ar)C(H)]2 }}] 36; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): A u(l)—C(27) 2.053(4), A u(l)—G a(l) 2.3782(6), 

G a(l)—N (l) 1.881(3), G a(l)—N(2) 1.887(3), N (l)—C (l) 1.390(5), N(2)—C(2) 

1.389(5), N(3)— C(27) 1.360(5), N(3)— C(28) 1.388(5), N(4)—C(27) 1.341(5), 

N(4)— C(29) 1.384(5), C (1)~C (2) 1.345(6), C(28)—C(29) 1.338(6), C(27)—A u(l) 

—G a(l) 174.06(11), N( 1)— Ga( 1)—N(2) 86.27(14), C (l)—N (l)—G a(l) 110.8(3), 

C(2)—N(2)— Ga( 1) 110.3(3), C(27)—N(3)—C(28) 110.7(3), C(27)—N(4)—C(29) 

110.9(3), C(2)—C( 1)—N( 1) 116.0(4), C (l)—C(2)—N(2) 116.7(4), N(4)—C(27) 

—N(3) 104.8(3), C(29)—C(28)—N(3) 106.3(4), C(28)—C(29)—N(4) 107.3(4).
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Figure 8 -  Thermal ellipsoid plot (25% probability surface) o f the molecular structure of 

[(IPr)Cu{Ga{[N(Ar)C(H)]2 }}] 37; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): G a(l)—N(2) 1.891(2), G a(l)—N (l) 1.891(2), 

Ga( 1)— Cu( 1) 2.2807(5), C u(l)— C(27) 1.911(2), N (l)—C(l) 1.389(3), C (l)—C(2) 

1.342(4), N(2)— C(2) 1.398(3), N(3)— C(27) 1.354(3), N(3)—C(28) 1.381(3), 

N(4)— C(27) 1.358(3), N(4)— C(29) 1.380(3), C(28)—C(29) 1.345(4), N(2)—G a(l) 

—N (l) 85.59(9), C(27)—Cu( 1)— Ga( 1) 177.14(7), C (l)—N (l)—C(3) 119.6(2), 

C (l)—N (l)—G a(l) 110.97(16), C(2)—C (l)—N (l) 116.6(2), C(2)—N(2)—G a(l) 

111.13(16), C (l)—C(2)—N(2) 115.7(2), C(27)—N(3)—C(28) 111.4(2), C(27)—N(4) 

—C(29) 111.2(2), N(3)—C(27)—N(4) 104.1 (2), C(29)—C(28)—N(3) 106.5(2), 

C(28)— C(29)—N(4) 106.9(2).
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Figure 9 -  Thermal ellipsoid plot (25% probability surface) o f the molecular structure of 

[(!Pr)Ag{Ga{[N(Ar)C(H)]2 }}] 38; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): A g(l)—C(27) 2.120(4), A g (l)~ G a(l)  2.4108(7), 

G a(l)—N (l) 1.898(3), G a(l)—N(2) 1.900(3), N (l)—C (l) 1.392(5), C (l)—C(2) 

1.353(6), N(2)—C(2) 1.395(5), N(3)— C(27) 1.357(5), N(3)—C(28) 1.380(6), 

N(4)—C(27) 1.359(5), N(4)—C(29) 1.390(5), C(28)—C(29) 1.340(6), C(27)—A g(l) 

—G a(l) 178.73(11), N (l)—G a(l)—N(2) 85.89(15), C (l)—N (l)—G a(l) 110.8(3), 

C(2)— C( 1)—N( 1) 116.1(4), C(2)—N(2)—Ga( 1) 110.4(2), C (l)—C(2)—N(2) 116.5(3), 

C(27)—N(3)—C(28) 111.0(3), C(27)—N(4)—C(29) 111.5(3), N(3)—C(27)—N(4) 

103.9(3), C(29)—C(28)—N(3) 107.7(4), C(28)—C(29)—N(4) 105.8(3).
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The presence o f trace amounts o f moisture in the reaction mixture that gave 36 

led to the formation o f a small amount of the crystalline hydride, 

[0{HGa{[N(Ar)C(H)]2}}2][K2(0Et2)2], 41. The assignment o f the structure of 41 was 

based on a partial X-ray structure, which is not included as the diffraction data were 

weak. The and NMR spectra o f 41 are as expected, and the mass spectrum

displays a number o f characteristic fragmentation patterns. Most importantly, its IR 

spectrum confirms the presence o f a Ga—H bond, with a stretch occurring at 1855 cm '1, 

which compares well with that for the related complex, [(IMesfeH] 

[HO{HGa{[N(Ar)C(H)]2}}2] (1902 cm*‘).2d

Once formed, the products 34 -  40 were found to be stable in solution at 

ambient temperature under an inert atmosphere for days. On one occasion, prolonged 

storage (ca. 2 weeks) o f a hexane solution o f 39 led to deposition o f several yellow 

crystals o f the salt, [Au(IPr)2][Ga{[N(Ar)C(H)]2 }2] 42. This has presumably formed via 

the partial decomposition o f 39. No data on the compound was obtained due to its low 

yield, though details o f its crystal structure are included (Figure 10). Salts containing

I I  f

the cation, [Au(IPr>2] , have not been prepared previously, although the copper and 

silver36 homologues have. These previous studies have seen the copper homologue as 

an effective catalyst in the hydrosilylation o f carbonyl compounds35 and the silver 

homologue is an NHC transfer reagent.36 Other salts containing [(NHC)2Au]+ cations 

are known, such as [(ICy)2Au][PF6] (ICy = [:C{[N(C6Hh)C(H)]2 }]),3? although the 

cation in this complex does not deviate from linearity (C—Au—C = 180°), unlike the 

cation in 42 (C—Au—C = 178.70°). The mean Au—C bond length in 42 (2.024 A) is 

slightly greater than in [(ICy)2Au]+ (1.995 A), most likely a result o f the greater donor 

strength o f ICy over IMes.29 A complex containing the anion o f 42 was previously
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synthesised as a byproduct in the reaction of [K(tmeda)][l] with [AlH3(NMe3)], and as 

such will not be further discussed here.2b

Figure 10 -  Thermal ellipsoid plot (25% probability surface) o f the structure of 

[Au(IPr)2][Ga{[N(Ar)C(H)]2 }2] 42; hydrogen atoms are omitted for clarity. Selected 

bond lengths (A) and angles (°): A u(l)—C(80) 2.022(4), A u(l)—C(53) 2.025(4), 

G a(l)—N(3) 1.919(3), G a(l)—N(2) 1.929(3), G a(l)—N (l) 1.944(3), G a(l)—N(4) 

1.956(3), N (l)— C (l) 1.405(5), N(2)—C(2) 1.414(5), N(3)—C(27) 1.412(5),

N(4)— C(28) 1.403(5), C (l)—C(2) 1.322(5), C(27)—C(28) 1.329(5), C(54)—C(55) 

1.339(6), C(81)— C(82) 1.338(5), C(80)—A u(l)—C(53) 178.70(16), N(3)—G a(l) 

—N(2) 134.60(13), N(3)— G a(l)—N (l) 112.64(13), N(2)—G a(l)—N (l) 88.62(13), 

N(3)— G a(l)—N(4) 88.19(13), N(2)— G a(l)—N(4) 115.70(13), N (l)—G a(l)—N(4) 

120.66(13).

Exposing a solution o f 39 to air briefly, followed by overnight storage at -25 °C, 

afforded a small amount o f colourless crystals o f the amido complex, [(IP^AuJri1- 

N(Ar)COCH2NH(Ar)}] 43. Compound 43 was crystallographically characterised
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(Figure 11), and forms via oxidation o f the DAB backbone of 39, with one equivalent of 

OH formally adding to it.

Figure 11 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure 

o f [(lPr)Au{ril-N(Ar)COCH2NH(Ar)}] 43; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): A u(l)—C(27) 1.980(5), A u(l)—N (l) 

2.036(4), 0 (1 )— C (l) 1.251(6), N (l)— C (l) 1.345(7), C (l)—C(2) 1.525(8), N(2)—C(2) 

1.467(7), N(3)—C(27) 1.372(7), N(3)— C(28) 1.387(7), N(4)—C(27) 1.334(7), 

N(4)— C(29) 1.388(6), C(28)—C(29) 1.353(8), C (l)—N (l)—A u(l) 123.8(4),

0 (1 )— C (l)—N (l) 124.6(5), 0 (1 )—C (l)—C(2) 119.7(5), N (l)—C (l)—C(2) 115.7(5), 

N(2)— C(2)—C( 1) 110.9(5), C(27)—N(3)—C(28) 110.4(5), C(27)—N(4)—C(29) 

112.5(5), N(4)— C(27)—N(3) 104.3(4), C(29)—C(28)—N(3) 107.1(5), C(28)—C(29) 

—N(4) 105.7(5).
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The crystal structure o f 43 is included (Figure 11). A recently reported gold(I) 

complex, [(IPr)Au(NCMe)],38 displays a similar Au—N bond distance (2.022 A) to that 

observed in 43 (2.036 A). In contrast, a shorter Au—C bond length is observed in 

[(IPr)Au(NCMe)] (1.952 A) than that seen in 43 (1.980 A). A molecular ion observed 

in the mass spectrum o f 43 and its *H and ,3C{*H} NMR spectroscopic data correspond 

well with the molecular structure obtained. This result suggests that the unsaturated 

C=C DAB backbone o f transition metal complexes o f 1 is reactive, a result confirmed 

by later studies {vide infra).

33.4  The Reactivity of Group 11 Metal(I) Gallyls with Unsaturated Substrates

Considering the wide synthetic use of group 9 and 11 metal boryl complexes,19 

there is much potential in this area for gallyl complexes of these metals. Complexes of 

the type [(NHC)Cu{Ga{[N(Ar)C(H)]2}}] (NHC = IMes, IPr, ICyMe) are closely related 

to the copper boryl, [(IPr)Cu(B(pin)}] 26, that has been used to great effect as a 

borylating reagent by Sadighi’s group in recent years.20'21 The high yielding synthesis 

o f  37, the direct analogue o f 26, ensured that this reagent would be the most studied by 

us. The treatment o f 26 with a range o f alkenes affords copper(I) (3-boroalkyls via 

insertion o f the C=C bond into the Cu—B bond.213 The copper(I) (3-boroalkyls formed 

are unusually stable towards p-hydride elimination processes that are typical for this 

type o f compound.39 However, the treatment o f 34, 37, 38 and 40 with the alkene, 

styrene, and the internal alkyne, but-2-yne, led to no reaction. Similarly, when ethylene 

was bubbled through a toluene solution of 37, no reaction occurred. In contrast, the 

terminal alkyne, phenylacetylene, reacted with 37 to yield 44 as the only isolable 

product in poor yield (Scheme 12). Complex 44 has previously been synthesised in 

quantitative yield from [(IPr)Cu(Me)] and phenylacetylene by cleavage o f the weakly
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acidic alkynic C—H bond o f phenylacetylene.42 Only the resonances for the two 

acetylide carbons in the ,3C{IH} NMR spectrum o f 44 were given in this report, so it 

was decided to perform a full characterisation, including a single crystal X-ray 

crystallographic analysis here (Figure 12).

Ar
I

PhCCH
toluene

Ar 44

Scheme 12 -  The synthesis of 44

It is believed that the acidic acetylide proton o f phenylacetylene reacts with the 

gallium heterocycle o f 37, which decomposes to a mixture of products, one of which 

was identified as Ar-DAB ({N(Ar)C(H)}2, 'H  NMR spectrum). The 'H and ^Cf'H } 

NMR spectroscopic data for 44 agree with its proposed structure and a molecular ion 

was observed in the mass spectrum. The original report on the synthesis o f 44 states 

that one o f the acetylide carbons o f the compound resonates at a chemical shift o f S 

101.0 ppm in the 13C{ *H} NMR spectrum.40 No signal was observed at this field in our 

analysis o f 44. Instead, a signal at S 129.1 ppm was assigned to the terminal acetylide 

carbon. This value is very close to that observed in the 13C{!H} NMR spectrum o f the 

closely related compound, [(SlPr)Cu(V -O CPh)] (SIPr = [:C{[N(Ar)C(H)2]2}) (6 129.3 

ppm).41 Calculations were performed on the model complex, [PhC^CCu- 

C{[N(Me)C(H)2]2}],41 and the values obtained for its calculated ^ C l ’H} NMR 

spectrum agree with the experimental values, so the assignment of the terminal 

acetylide carbon signal for 44 is logical. The C=C stretch in the IR spectrum o f 44 

(2090 cm '1) is very similar to that o f [(S lP ^ C u ^ ’-C^CPh)] (2085 cm '1), but the carbene
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resonance in the NMR spectrum o f 44 at 3 183.7 ppm is, however, much more

shielded than that observed in [(SlPOCuCr^-C^CPh)] (d' 205.9 ppm).41

N2
C3

C30C1 Cu1 C28
C29C2

Figure 12 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure 

o f [(IP^CuOV-C^CPh)] 44; hydrogen atoms are omitted for clarity. Selected bond 

lengths (A) and angles (°): C u(l)—C(28) 1.861(4), Cu(l)—C (l) 1.890(4), N (l)—C (l) 

1.365(5), N (l)—C(2) 1.401(4), C (l)—N(2) 1.358(4), N(2)—C(3) 1.378(5), C(2)—C(3) 

1.345(5), C(28)—C(29) 1.209(5), C(29)—C(30) 1.455(6), C(28)— C u(l)—C (l) 

172.74(16), C (l)—N (l)—C(2) 111.2(3), N(2)—C (l)—N (l) 103.5(3), C (l)—N(2) 

—C(3) 112.2(3), C(3)—C(2)—N( 1) 106.2(3), C(2)—C(3)—N(2) 106.9(3), C(29) 

—C(28)—C u(l) 168.4(3), C(28)—C(29)—C(30) 177.4(4).
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The geometry around the copper®  centre in 44 is non-linear (C—Cu—C 

172.74(16)°) and the Cu—Ccarbene bond is 0.02 A shorter than that observed in 37 

(Figure 12). This suggests that phenylacetylide is a weaker donor than 1. The 

phenylacetylide ligand does not approach the copper® centre in a linear fashion, the 

C—C—Cu angle being 168.4(3)°. To the best of our knowledge, there are no 

structurally characterised examples of terminal, non-bridging acetylide copper® 

complexes for comparison with 44, but the C=C bond length is typical when compared 

with terminal acetylide complexes of gold®.26

The reaction o f mesitaldehyde with 26 yields the novel complex, 

[(IPr)Cu(Mes)(H)0{B(pin)}], via insertion of the aldehyde into the Cu—B bond.216 In 

the presence o f an excess o f B2(pin)2 and aldehyde, complexes of this type react to form 

1,2-diborated products o f the general formula, [RC{OB(pin)}{B(pin)}], in a catalytic 

manner. In contrast, no reaction occurred when benzaldehyde was added to 34, 37 or 

38. These complexes were subsequently treated with a wide range of other unsaturated 

organic substrates. No reaction occurred when 34, 37 or 38 were treated with 

azobenzene, ter/-butylisocyanate, ter/-butylisothiocyanate or ter/-butylphosphaalkyne. 

Reactions occurred when 34, 37 or 38 were treated with AyV'-diisopropylcarbodiimide, 

A^'-dicyclohexylcarbodiimide, 3-buten-2-one, dimethylacetylene dicarboxylate or 

xylylisonitrile but no products could be isolated or identified. In contrast, the treatment 

o f 37 with an excess o f ter/-butylisonitrile, Bu*NC, gave the three-coordinate copper® 

complex, 45 (Scheme 13). It is thought that the reaction proceeds almost quantitatively, 

but the isonitrile ligand is weakly coordinated and 45 is in equilibrium with 37 and free 

isonitrile in solution. As such, 45 co-crystallised with 37 directly from the reaction 

mixture, and could not be isolated in greater purity in the solid state, even when a large
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excess o f BulNC was used. These findings are in common with those by Goj et al. in 

the treatment o f [(IPr)CuNHPh] with BulNC.42

Bu‘

N

toluene

Ar Ar 45

Scheme 13 -  The synthesis of 45

The crystal structure o f 45 is included (Figure 13). 'H  and 13C{*H} NMR 

spectroscopic analyses o f 45 were possible by the subtraction of signals due to 37 and 

free BulNC from the spectra o f the reaction mixture. A signal at S 54.8 ppm in the 

13C{ 'FI} NMR spectrum o f 45 was assigned as the terminal carbon o f the isonitrile, and 

is suggestive o f a weaker Cu—C bond than in the three coordinate copper(I) isonitrile 

complex, [ {R3C(OM e)} Cu(Bu*NC)] [PF6] (R = C{N(Me)C(Ph)C(Ph)N}) (■3 66.2 

ppm).43 As would be expected, the carbene signal in the NMR spectrum (6

188.7 ppm) is considerably deshielded (6 ppm) compared to that o f 37, a result of the 

increased electron density at the copper centre in the three-coordinate complex. A 

molecular ion was observed in the mass spectrum. The C=N stretch in the IR spectrum 

o f 45 (2148 cm '1) suggests that the C^N bond is much weaker than that observed in the 

complex, [{R3C(OMe)}Cu(Bu!NC)][PF6] (2189 cm’1).43 This in turn suggests that there 

is a considerable amount o f 7t-backbonding from the electron-rich copper(I) centre of 45 

to the coordinated isonitrile ligand.
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Figure 13 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure 

o f [(lPr)(BulNC)Cu{Ga{[N(Ar)C(H)]2 }}] 45; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): G a(l)—N(3) 1.926(4), G a(l)—N(2) 1.940(4), 

G a(l)— C u(l) 2.3707(11), C u(l)—C (l) 1.935(6), Cu(l)—C(32) 1.968(5), N (l)—C (l) 

1.162(6), N (l)—C(2) 1.476(6), N(2)—C(6) 1.389(6), C(2)—C(3) 1.535(7), N(3)—C(7) 

1.379(6), N(4)— C(32) 1.363(6), N(4)—C(33) 1.384(6), N(5)—C(32) 1.364(6), 

N(5)— C(34) 1.387(6), C(6)— C(7) 1.346(6), C(33)—C(34) 1.331(7), N(3)—G a(l) 

—N(2) 84.74(16), C (l)—C u(l)—C(32) 115.9(2), C (l)—C u(l)—G a(l) 108.95(16), 

C(32)— Cu( 1)—Ga( 1) 135.15(13), C (l)—N (l)—C(2) 177.8(5), N (l)—C (l)—Cu(l) 

177.6(5), C(6)—N(2)— Ga( 1) 110.3(3), N (l)—C(2)—C(4) 108.0(4), N (l)—C(2)—C(3) 

106.3(4), C(7)—N(3)— G a(l) 110.8(3), C(32)—N(4)—C(33) 111.6(4), C(32)—N(5) 

— C(34) 111.7(4), C(7)— C(6)—N(2) 116.7(5), C(6)—C(7)—N(3) 117.4(4),

N(4)— C(32)—N(5) 103.0(4), N(4)—C(32)—Cu(l) 130.2(4), N(5)— C(32)—Cu(l) 

125.9(4), C(34)—C(33)—N(4) 107.0(5), C(33)—C(34)—N(5) 106.7(5).
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The copper(I) centre in 45 is trigonal planar (L E—Cu—C (E = Ga, C) angles 

360°), with the largest angle about copper being 135.15° between the two sterically 

demanding heterocycles (Figure 13). The Cu—CiSOnitriie bond length seen in 45 is over 

0.1 A  longer than that observed in [{R3C(OMe)}Cu(ButNC)][PF6],43 which is line with 

the facile dissociation of the BulNC ligand from this complex in solution. In addition, 

the C=N bond length of 45 is longer than that observed in 

[{R3C(OMe)}Cu(Bu‘NC)][PF6] (1.131 A),43 supporting the inferences made from the 

IR study. The Ga— Cu bond in 45 is 0.09 A longer than in 37 and there is a similar 

lengthening o f the Cu— C c^ne bond (0.056 A) upon isonitrile coordination. These 

observations can be explained by the increased electron density around the three

13 1coordinate copper(I) centre, supporting the conclusions drawn from the C{ H} NMR 

spectroscopic study. As with complex 31, the C=C backbones of the gallyl and IMes 

ligands in 45 are skewed with respect to each other (torsion angle 

C(6)C(7)—C(33)C(34) 62.8°).

The copper(I) boryl complex, 26, has proved effective in the abstraction of 

oxygen from CO2, forming [(IPr)Cu{OB(pin)}] and CO.20a This system has been 

exploited as an efficient homogeneous catalyst in the reduction of CO2. Theoretical 

studies suggest that the reaction proceeds via an initial insertion of CO2 into the Cu—B 

bond.20b When 37 was treated with CO2, a small amount of 46 was isolated from the 

reaction mixture (Scheme 14). A possible mechanism for the formation of 46 could 

involve an initial attack o f the activated DAB backbone of the gallyl ligand at the 

carbon o f CO2, followed by the formation of a Cu—O bond. The fate of the gallium 

atom is unknown. A proton has also added to the DAB fragment, either abstracted from 

the solvent or due to a trace of water in the reaction mixture. X-ray quality crystals 

were grown from hexane and the structure determined (Figure 14). The NMR
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spectrum o f the complex complements the proposed structure but analysis of the 

l3C {!H} NMR spectrum of the complex was inconclusive due to the weakness of the 

sample used. No reaction occurred when 37 was treated with CO, but the addition of a 

stoichiometric amount o f CS2 to 37 gave a deep red solution. A small amount o f a red 

complex was isolated, which was thought to be 47 from a partial X-ray structure 

determination (Scheme 14). This complex is poorly characterised and will not be 

discussed in detail here as its formulation is uncertain. However, it appears that a C—C 

bond has formed in a similar manner to the formation of 46, and that the CS2 prefers to 

adopt a chelating rather than terminal coordination mode to the copper centre. In an 

attempt to synthesise a more characterisable product, CS2 was reacted with 40, but only 

an intractable mixture o f products resulted.

Ar

/
NHAr

Ar = C6 H3Pr<2-2 ,6

Ar ArN 4 7

Scheme 14 -  The synthesis of 46 and 47

The crystal structure o f 46 (Figure 14) shows a non-linear geometry about the

copper(I) centre. An analysis o f the bond lengths and angles suggests that there is an

sp2-type hybridisation o f the orbitals on C(2), complimenting the formal assignment of

C=C double bonds and C—N single bonds in this complex. Although the CO2 fragment

is bound to the copper(I) centre in an rj1-fashion, the two C =0 bond lengths in 46 are

similar. This finding is in agreement with the Cu—O bond being relatively weak, in
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comparison with that observed for [(IPr)Cu(OAc)] (Ac = acetyl) (1.836 A).41 In 

addition, the Cu—C bond length in [(IPr)Cu(OAc)] ((1.864 A ))41 is similar to that 

observed for 46.

Figure 14 -  Thermal ellipsoid plot (25% probability surface) of the molecular structure 

o f [(IPr)Cu(r|,-C02C2N2Ar2)] 46; hydrogen atoms are omitted for clarity. Selected bond 

lengths (A ) and angles (°): C u(l)— C(28) 1.873(4), Cu(l)—0(1) 1.915(3), 0(1)—C (l) 

1.244(6), N (l)—C(2) 1.396(6), C (l)—0(2) 1.252(6), C (l)—C(2) 1.491(7), N(2)—C(3) 

1.372(7), C(2)—C(3) 1.376(7), N(3)—C(28) 1.360(5), N(3)—C(29) 1.377(5),

N(4)—C(28) 1.360(5), N(4)— C(30) 1.373(6), C(29)—C(30) 1.332(6), C(28)—Cu(l) 

— 0(1) 172.61(18), C (l)— 0(1 )—C u(l) 109.3(3), 0 (1)—C (l)— 0(2) 126.2(5),

0 (1 )—C (l)—C(2) 114.4(5), 0 (2 )—C (l)—C(2) 119.3(5), C(3)—C(2)—N (l) 120.5(4), 

C(3)—C(2)—C(1) 121.4(5), N( 1)—C(2)—C( 1) 118.0(4), C(28)—N(3)—C(29)

111.0(4), N(2)—C(3)— C(2) 126.9(5), C(28)—N(4)—C(30) 110.7(4), N(3)—C(28) 

—N(4) 103.9(4), N(3)—C(28)—Cu( 1) 128.5(3), N(4)—C(28)—Cu(l) 127.5(3), 

C(30)— C(29)—N(3) 106.7(4), C(29)—C(30)—N(4) 107.5(4).
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3.4 Conclusion

In summary, the ability of the gallyl anion, [:Ga{[N(Ar)C(H)]2}]~ 1, to 

participate in salt metathesis reactions with a range of NHC coordinated group 6, 9 and 

11 metal chloride complexes has been demonstrated. The NHC ligands appear to play a 

vital role in the stabilisation of the formed complexes and/or reaction intermediates 

towards reductive elimination processes. This has allowed access to a variety of group 

6, 9 and 11 metal gallyl complexes, examples of which exhibit the first structurally 

characterised Ga— Cu or Ga—Ag bonds in molecular complexes. Some of these 

complexes are direct homologues of recently reported group 11 metal(l) boryl 

complexes. Analogies have also been drawn between 1 and other cyclic boryl ligands, 

complexes o f which are widely used in organic transformations. The reactivity of the 

copper(I) gallyl complexes towards unsaturated substrates appears to be very different 

to related boryl systems that have been studied. Furthermore, a scale of trans- 

influences has been tentatively established for the series, B(OR)2 > 1 > C f. Most of the 

work discussed in this chapter has been summarised in a recent publication.44

3.5 Experim ental

General experimental procedures are compiled in Appendix 1 and 

crystallographic data are compiled in Appendix 3. A reproducible microanalysis o f 36 

was not obtained, but the lH NMR spectrum of the compound shows it to have protic 

impurities o f < 5 %. The compounds [KCtmeda)]!!],1 [Cp*CrCl],23 [(r)4- 

COD)lr(IMes)Cl]45, [(IMes)MCl] (M = Cu,30 Ag34 or Au31) and [(IPr)MCl] (M = Cu,46 

Ag47 or Au31) were synthesised by literature procedures. [(ICy)CuCl] was prepared by
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a variation o f a literature procedure.47 CS2 was freshly distilled prior to use. All other 

reagents were used as received.

Preparation of [(i|5-Cp)Cr(IMes){Ga{[N(Ar)C(H)l2 }}] 31: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.32 g, 0.53 mmol) in THF (10 cm3) was added to a suspension 

o f [(r|5-Cp)Cr(IMes)Cl] (0.24 g, 0.53 mmol) in THF (10 cm3) at -78 °C to give a deep 

purple solution. The reaction mixture was warmed to 20 °C and stirred overnight. All 

volatiles were then removed in vacuo, and the residue was washed with hexane (20 cm3) 

and extracted into diethyl ether (40 cm3) and filtered. The filtrate was concentrated to 

ca. 15 cm3 and stored at -30 °C to give deep purple blocks of 31. Further concentration 

o f the supernatant solution gave another crop of 31 (0.33 g, 94% ). Mp 110°C 

(decomp.); peff = 1.65 pe (Evan’s method); El acc. mass: on M+: calc, for: 305 

(C{N(Mes)C(H)}2H+, 100); IR vVcm-1 (Nujol): 1671 m, 1609 m, 1585 m, 1557 m, 1324 

m, 1258 s, 1110 m, 929 m, 895 m, 854 s, 803 s, 765 s.

Preparation of [(n4-COD)Ir(IMes){Ga{[N(Ar)C(H)]2 }}] 32: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.19 g, 0.31 mmol) in Et2 0  (20 cm3) was added to a solution of 

[(r|4-COD)Ir(IMes)Cl] (0.20 g, 0.31 mmol) in Et20 (10 cm3) at -78 °C to give a deep 

purple solution. The reaction mixture was warmed to 20 °C and stirred for 3 hours. 

Volatiles were then removed in vacuo and the residue was extracted into hexane (60 

cm3) and filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C 

overnight to give deep purple blocks o f 32 (0.19 g, 51 %). Mp 157-159 °C (decomp.); 

!H NMR (400 MHz, C6D6, 298 K): S  1.35-2.20 (m, 8 H, CH2\  1.43 (d, 3JHH = 6.9 Hz, 6 

H, (C //3)2CH), 1.45 (d, 3JHh = 6.9 Hz, 6 H, (C //3)2CH), 1.58 (d, 3J Hh = 6.9 Hz, 6 H, 

(C //3)2CH), 1.61 (d, Vhh = 6.9 Hz, 6 H, (C //3)2CH), 2.10 (s, 6 H,/?-C//3), 2.22 (br. s, 12 

H, o-C //3), 3.78 (br. m, 2 H, CH2CH), 4.08 (sept, V Hh = 6.9 Hz, 2 H, (CH3)2C//), 4.12,

131



(sept, 3J hh = 6.9 Hz, 2 H, (CH3)2C//), 4.72 (br. m, 2 H, CH2C//), 6.10 (br. s, 2 H, NC//), 

6.55 (br. s, 2 H, NC//), 6.71-7.39 (m, 10 H, Ar-//); ^ { 'H }  NMR (75.6 MHz, C6D6, 

298 K): S  17.8, 19.5 (o-CH3), 20.7 (p-CH3) 23.2, 23.4, 26.7, 26.8 ((CH3)2CH), 27.9,

28.4 ((CH3)2CH), 31.7, 32.9 (CH2), 67.8, 68.5 (CH2CH), 122.4, 124.5 (br, CN), 122.8, 

123.0, 124.0, 128.6, 129.7, 134.4, 134.7, 136.7, 138.5, 146.1, 146.2, 149.7 (Ar-C),

185.8 (br., CN2); MS (El 70eV), m/z (%): 602 ((COD)IrC{N(Mes)C(H)}2H+, 42), 496 

(IrC{N(Mes)C(H)}2H+, 72), 305 (C{N(Mes)C(H)}2H+, 55); IR vYcm'1 (Nujol): 1658 m, 

1608 m, 1588 m, 1316 m, 1254 m, 851 m; El acc. mass: on M+: calc, for C5sH72N4GaIr: 

1048.4613, found: 1048.4609; C5sH72N4GaIr requires C 62.85, H 6.90, N 5.33; found C 

62.71, H 7.05, N 5.22.

Preparation of [(lMes)Cu{Ga{[N(Ar)C(H)]2}}] 34: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.24 g, 0.40 mmol) in THF (10 cm3) was added to a suspension 

o f [(IMes)CuCl] (0.16 g, 0.40 mmol) in THF (10 cm3) at -78 °C to give a yellow 

solution. The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles 

were then removed in vacuo and the residue was extracted into hexane (40 cm3) and 

filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C overnight to 

give yellow blocks o f 34 (0.12 g, 37 %). Mp 149-152 °C (decomp.); *H NMR (400 

MHz, C6D6, 298 K): £1.26 (d, 3J Hh = 6.9 Hz, 12 H, (C //3)2CH), 1.47 (d, 3J Hh = 6.9 Hz, 

12 H, (C //3)2CH), 1.87 (s, 12 H, 0 -CH3) ,  2.20 (s, 6 H,/?-C//3), 3.90 (sept, 3J Hh = 6.9 Hz, 

4 H, (CH3)2C//), 5.94 (s, 2 H, NC//), 6.57 (s, 2 H, NC//), 6.76 (s, 4 H, Ar-//, lM es\ 

7.05-7.35 (m, 6 H, Ar-//); ^C f'H }  NMR (75.6 MHz, C6D6, 298 K): S  17.3 (o-CH3), 

20.9 (p-CH3) 24.6, 26.0 ((CH3)2CH), 27.7 ((CH3)2CH), 121.1, 123.7 (CN), 121.6, 122.4,

129.3, 134.2, 134.9, 138.8, 145.7, 147.8 (Ar-C), 181.2 (br., CN2); MS (El 70eV), m/z 

(%): 814 (M H \ 3), 378 ({N(Ar)C(H)}2H+, 100); IR v/cnT1 (Nujol): 1656 m, 1586 m, 

1549 m, 1321 m, 1259 m, 1113 m, 851 m, 806 m; El acc. mass: on M+: calc, for
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C47H6oN4CuGa: 812.3364, found 812.3372; C47H6oN4CuGa requires C 69.33, H 7.43, N 

6.88; found C 69.25, H 7.53, N 7.01.

Preparation of [(IMes)Ag{Ga{[N(Ar)C(H)]2}}] 35: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.27 g, 0.45 mmol) in THF (15 cm3) was added to a suspension 

o f [(IMes)AgCl] (0.20 g, 0.45 mmol) in THF (15 cm3) at -78 °C to give a deep yellow 

solution. The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles 

were then removed in vacuo and the residue was extracted into hexane (40 cm3) and 

filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C overnight to 

give yellow blocks o f 35 (0.05 g, 13 %). Mp 105-109 °C (decomp); *H NMR (400 

MHz, C6D6, 298 K): S  1.30 (d, 3J Hh  = 6.9 Hz, 12 H, (C //3)2CH), 1.48 (d, 3J hh  = 6.9 Hz, 

12 H, (C //3)2CH), 1.86 (s, 12 H, o-C //3), 2.27 (s, 6 H,/?-C//3), 3.95 (sept, 3J Hh = 6.9 Hz, 

4 H, (CH3)2C//), 6.07 (s, 2 H, N C //), 6.60 (s, 2 H, NC//), 6.76 (s, 4 H, Ar-//, IMes), 

7.17-7.37 (m, 6 H, Ar-//); 13C{'H} NMR (75.6 MHz, C6D6, 298 K): S \1 .2  (o-CH3),

20.8 (p-CH3) 24.5, 26.0 ((CH3)2CH), 27.7 ((CH3)2CH), 121.4, 123.8 (CN), 121.7,

122.4, 129.3, 134.3, 135.4, 138.8, 145.8, 147.5 (Ar-C), CN2 not observed; MS (El 

70eV), m/z (%): 858 (MH+, 1), 378 ({N(Ar)C(H)}2H+, 28); IR vycnf1 (Nujol): 1607 m, 

1587 m, 1578 m, 1546 m, 1264 m, 1115 m, 852 m; El acc. mass: on M+: calc, for 

C47H6oN4AgGa: 856.3119, found 856.3123; C47H6oN4AgGa requires C 65.75, H 7.04, N 

6.52; found C 65.75, H 7.43, N 6.29.

Preparation of |(IMes)Au{Ga{|N(Ar)C(H)]2}}] 36: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.21 g, 0.35 mmol) in THF (10 cm3) was added to a suspension 

o f [(IMes)AuCl] (0.19 g, 0.35 mmol) in THF (10 cm3) at -78 °C to give a yellow 

solution. The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles 

were then removed in vacuo and the residue was extracted into hexane (30 cm ) and
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filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C for 48 hrs to 

give yellow blocks o f 36 (0.04 g, 12%). Mp 104-108 °C (decomp.); 'H  NMR (400 

MHz, C6D6, 298 K): £1.46 (d, VHH = 6.9 Hz, 12 H, (C //3)2CH), 1.63 (d, V„n = 6.9 Hz, 

12 H, (C //3)2CH), 2.04 (s, 12 H, o-CH}), 2.46 (s, 6 H, p-CH}), 4.05 (sept, V Hh = 6.9 Hz, 

4 H, (CHihCH), 6.15 (s, 2 H, NC//), 6.73 (s, 2 H, NC//), 6.91 (s, 4 H, Ar-//, IMes), 

7.39-7.51 (m, 6 H, Ar-//); '^ { 'H }  NMR (75.6 MHz, C6D6, 298 K): S  17.2 (o-CH3),

20.9 (p-CH3) 24.4, 26.0 ((CH3)2CH), 27.7 ((CH3)2CH), 121.2, 124.1 (CN), 121.3, 122.5, 

129.2, 134.3, 134.7, 138.9, 145.9, 146.9 (Ar-C), 205.2 (CN2); MS (El 70eV), m/z (%): 

946 (M H \ 10), 378 ({N(Ar)C(H)}2H+, 43); IR t/cm"' (Nujol); 1661 m, 1610 m, 1260 

m, 1098 m, 1020 m, 800 m; El acc. mass: on M+: calc, for C47H6oN4AuGa: 946.3734, 

found 946.3740.

Preparation of [(IPr)Cu{Ga{[N(Ar)C(H)]2}}J 37: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.22 g, 0.37 mmol) in THF (10 cm3) was added to a suspension 

o f [(IPr)CuCl] (0.18 g, 0.37 mmol) in THF (10 cm3) at -78 °C to give a yellow solution. 

The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles were then 

removed in vacuo and the residue was extracted into diethyl ether (50 cm3) and filtered. 

The filtrate was concentrated to ca. 10 cm3 and stored at -30 °C overnight to give 

yellow blocks o f 37 (0.24 g, 73 %). Mp 160-164 °C (decomp.); lH NMR (400 MHz, 

C6D6, 298 K): 8 1.13 (d, 3JHH = 6.9 Hz, 12 H, (C //3)2CH), 1.16 (d, V Hh = 6.9 Hz, 12 H, 

(C //3)2CH), 1.21 (d, Vhh = 6.9 Hz, 12 H, (C //3)2CH), 1.50 (d, 3JHH = 6.9 Hz, 12 H, 

(C //3)2CH), 2.46 (sept, 3JHH = 6.9 Hz, 4 H, (CH3)2C//), 3.82 (sept, 3JHH = 6.9 Hz, 4 H, 

(CH3)2C//), 6.16 (s, 2 H, NC//), 6.58 (s, 2 H, NC//), 7.10-7.32 (m, 12 H, Ar-//); 

l3C{'H} NMR (75.6 MHz, C6D6, 298 K): £23 .1 , 24.4, 25.0, 26.3 ((CH3)2CH), 27.7,

28.6 ((CH3)2CH), 121.3, 123.8 (CN), 121.9, 122.1, 123.9, 130.4, 134.1, 145.4, 145.9,

147.7 (Ar-C), 182.7 (br., CN2); MS (El 70eV), m/z (%): 898 (MH+, 36), 451
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(Ga{N(Ar)C(H)}2H+, 50), 390 (C{N(Ar)C(H)}2H+, 100), 378 ({N(Ar)C(H)}2H+, 27); 

IR v /cnf1 (Nujol): 1662 m, 1574 m, 1405 m, 1322 m, 1262 m, 1060 m, 934 m, 802 m; 

El acc. mass: on M+: calc, for C53H72N4CuGa: 896.4303, found 896.4323; 

C53H72N4CuGa requires C 70.85, H 8.08, N 6.23; found C 70.46, H 8.20, N 6.16.

Preparation of [(IPr)Ag{Ga{[N(Ar)C(H)]2 }}] 38: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.25 g, 0.41 mmol) in THF (10 cm3) was added to a suspension 

o f [(IPr)AgCl] (0.22 g, 0.41 mmol) in THF (10 cm3) at -78 °C to give a yellow solution. 

The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles were then 

removed in vacuo and the residue was extracted into hexane (60 cm ) and filtered. The 

filtrate was concentrated to ca. 20 cm and stored at -30 °C overnight to give yellow 

blocks o f 38 (0.27 g, 69 %). Mp 83-86 °C (decomp.); 'H  NMR (400 MHz, C6D6, 298 

K): S  1.24 (d, 3J H h  = 6.9 Hz, 12 H, (C //3)2CH), 1.28 (d, VHH = 6.9 Hz, 12 H, 

(C //3)2CH), 1.37 (d, 3J H h  = 6.9 Hz, 12 H, (C //3)2CH), 1.58 (d, V h h  = 6.9 Hz, 12 H, 

(C //3)2CH), 2.52 (sept, VHn = 6.9 Hz, 4 H, (CH3)2C//), 3.96 (sept, 3J H h  = 6.9 Hz, 4 H, 

(CH3)2C//), 6.37 (s, 2 H, NC//), 6.70 (s, 2 H, NC//), 7.18-7.47 (m, 12 H, Ar-//); 

13C{'H} NMR (75.6 MHz, C6D6, 298 K): <5 23.4, 24.4, 24.7, 26.4 ((CH3)2CH), 27.6, 

28.5 ((CH3)2CH), 121.5, 123.8 (CN), 122.2, 123.5, 123.9, 130.4, 134.4, 145.4, 145.8,

147.3 (Ar-C), CN2 not observed; MS (El 70eV), m/z (%): 941 (MH+, 3), 390

(C{N(Ar)C(H)}2H \  73); IR ifcnC1 (Nujol): 1662 m, 1590 m, 1551 m, 1407 m, 1257 m, 

1113 m, 801 m; El acc. mass: on M+: calc, for C53H72N4AgGa: 940.4058, found 

940.4061; C53H72N4AgGa requires C 67.52, H 7.70, N 5.94; found C 67.32, H 7.68, N 

5.90.

Preparation of [(IPr)Au{Ga{[N(Ar)C(H))2}}J 39: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.22 g, 0.37 mmol) in THF (10 cm3) was added to a suspension
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o f [(IPr)AuCl] (0.23 g, 0.37 mmol) in THF (10 cm3) at -78 °C to give a yellow solution. 

The reaction mixture was warmed to 20 °C and stirred overnight. Volatiles were then 

removed in vacuo and the residue was extracted into hexane (35 cm3) and filtered. The 

filtrate was concentrated to ca. 10 cm3 and stored at -30 °C overnight to give yellow 

blocks o f 39 (0.22 g, 58 %). Mp 80-83 °C (decomp.); 'H NMR (400 MHz, C6D6, 298 

K): S  0.98 (d, V HH = 6.9 Hz, 12 H, (C //3)2CH), 1.09 (d, V Hh = 6.9 Hz, 12 H, 

(C //3)2CH), 1.12 (d, V hh = 6.9 Hz, 12 H, (C //3)2CH), 1.33 (d, 3JHh = 6.9 Hz, 12 H, 

(C //3)2CH), 2.32 (sept, V Hh = 6.9 Hz, 4 H, (CH3)2C//), 3.66 (sept, V Hh = 6.9 Hz, 4 H, 

(CH3)2C//), 6.09 (s, 2 H, NC//), 6.42 (s, 2 H, NC//), 6.95-7.18 (m, 12 H, Ar-//); 

13C{‘H} NMR (75.6 MHz, C6D6, 298 K): £23.4, 24.2 24.5, 26.3 ((CH3)2CH), 27.7, 28.6 

((CH3)2CH), 120.8, 123.8 (CN), 122.2, 123.8, 124.1, 130.4, 133.9, 145.4, 146.0, 146.7 

(Ar-C), 206.4 (CN2); MS (El 70eV), m/z (%): 1030 (MH+, 8), 390 (C{N(Ar)C(H)}2H+, 

78); IR v/cm-1 (Nujol): 1670 m, 1589 m, 1572 m, 1413 m, 1261 m, 865 m; El acc. 

mass: on M+: calc, for Cs3H72N4AuGa: 1030.4673, found 1030.4677; Cs3H72N4AuGa 

requires C 61.69, H 7.03, N 5.43; found C 61.37, H 7.05, N 5.49.

Preparation of [(ICyMe)Cu{Ga{[N(Ar)C(H)]2}}] 40: A solution of [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.25 g, 0.41 mmol) in THF (10 cm3) was added to a suspension 

o f [(ICyMe)CuCl] (0.15 g, 0.41 mmol) in THF (10 cm3) at -78 °C to give a yellow 

solution. The reaction mixture was warmed to 20 °C and stirred for 3 hours. Volatiles 

were then removed in vacuo and the residue was extracted into hexane (40 cm3) and 

filtered. The filtrate was concentrated to ca. 15 cm3 and stored at -30 °C overnight to 

give yellow blocks o f 40 (0.13 g, 44% ). Mp 155-160 °C (decomp.); *H NMR (400 

MHz, C6D6, 298 K): S  1.11-2.36 (m, 20 H, C //2), 1.48 (s, 6 H, Me), 1.56 (d, 3J Mh =

6.9 Hz, 12 H, (C //3)2CH), 1.62 (d, V hh = 6.9 Hz, 12 H, (C //3)2CH), 3.39 (m, 2 H, 

CH2C//), 4.08 (sept, V Hh = 6.9 Hz, 4 H, (CH3)2C//), 6.71 (s, 2 H, NC//), 7.36 (t, 3J Hh =
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7.2 Hz, 2 H ,p-Ar-H), 7.42 (d, VHH = 7.2 Hz, 4 H, m-Ar-H); l3C{‘H} NMR (75.6 MHz, 

C6D6, 298 K): S  8.1 (Me), 24.6, 28.0 ((CH3)2CH), 26.2, 28.6, 36.7 (CH2), 57.0

((CH2CH), 121.8, 124.1 (CN;, 122.2 (m-Ar-C), 122.6 (p-Ar-C), 146.0 (o-Ar-C), 148.3 

(ipso-Ar-C), 173.7 (br., CN2); MS (El 70eV), m/z (%): 768 (MH+, 65), 445 

(Ga{N(Ar)C(H)}2H+, 24), 378 ({N(Ar)C(H))2H+, 100); IR v/cm '1 (Nujol): 1643 m, 

1585 m, 1548 m, 1260 m, 1098 m, 1057 m; El acc. mass: on M+: calc, for 

C43HMN4CuGa: 768.3677, found 768.3682; C43H64N4CuGa requires C 67.05, H 8.37, N 

7.27 %; found C 67.21, H 8.65, N 7.48.

Preparation of [0{HGa{[N(Ar)C(H)|2}}2l2 [K2(0E t2)2]J+ 41: A solution of

[K(tmeda)][:Ga{[N(Ar)C(H)]2}] (0.21 g, 0.30 mmol) in THF (10 cm3) was added to a 

suspension o f [(IMes)AuCl] (0.19 g, 0.35 mmol) at -78 °C. The reaction mixture was 

warmed to 20 °C and stirred for 3 hours. Volatiles were then removed in vacuo, and the 

residue was extracted into hexane (30 cm3) and diethyl ether (20 cm ) and filtered. The 

diethyl ether filtrate was concentrated to ca. 5 cm and stored at -30 °C overnight to 

give colourless blocks of 41 (0.02 g, 6  %). Mp 71 °C (decomp.); 'H NMR (400 MHz, 

C6D6, 298 K): <51.05 (d, 3J„„  =  6.9 Hz, 1 2  H, (C //3)2CH), 1.12, (t, V Hh = 7.0 Hz, 1 2  H, 

C //3CH2), 1 .2 1  (d, 3Ji,h  = 6.9 Hz, 1 2  H, (C //3)2CH), 1.47 (d, V Hh = 6.9 Hz, 1 2  H, 

(C //3)2CH), 1.53 (d, 3Jhh =  6.9 Hz, 12 H, (C //3)2CH), 2.20 (s, 2 H, Ga//). 2.80 (sept, 

V h h  =  6.9 Hz, 4 H, (CH3)2C//), 3.25 (q, 3J Hh =  7.0 Hz, 8  H, C //2), 3.86 (sept, Vlm =

6.9 Hz, 4 H, (CH3)2CW), 5.45 (s, 4 H, N C //), 7.09 (d, 3J Hh = 7.5 Hz, 8  H, m-At-H), 7.20 

(t, Vhh = 7.5 Hz, 4 H, p-Ar-H); 13C{'H} NMR (75.6 MHz, C6D6, 298 K): S  15.3 

(CH3CH2), 22.3, 23.9, 24.2, 24.6, 26.0 ((CH3)2CH), 27.6, 28.0, 28.7 ((CH3)2CH), 65.6 

(CH2), 122.2 (CN), 123.6 (m-Ar-C), 123.7 (p-Ar-C), 124.3 (o-Ar-C), 149.2 (ipso-Ar- 

O ; MS (El 70eV), m/z (%): 378 ({N(Ar)C(H)}2H+, 13), 333 ({N(Ar)C(H)}2H+ -Pr1.

137



100); IR v/cm' 1 (Nujol): 1855 m (GaH), 1608 s, 1586 s, 1323 s, 1259 s, 1206 m, 1102 s, 

931 m, 851 s, 802 s.

P reparation  of |A u(IP r)2] [Ga{|N(Ar)C(H)l2}2| 42: A solution of [(IPr)Au- 

{Ga{[N(Ar)C(H)]2 }}] (0.05 g, 0.06 mmol) in hexane (5 cm3) was stored at room 

temperature for two weeks. Concentration to ca. 2 cm3 and overnight storage at -25 °C 

gave colourless blocks o f 42 (ca. 0.01 g). Following an X-ray crystallographic analysis, 

no other data could be obtained.

P reparation  of [(IPr)A u{V -N (A r)CO CH 2NH(Ar)}] 43: A solution of

[(IPr)Au{Ga{[N(Ar)C(H)]2}}] (0.18 g, 0.17 mmol) in toluene (10 cm3) was exposed to 

air briefly. The solution was concentrated to ca. 2 cm3 and stored at -30 °C overnight to 

give colourless blocks o f 43 (0.01 g, 6  %). Mp 171 °C; 'H NMR (400 MHz, C6D6, 298 

K): <50.90 (d, V h h  = 6.9 Hz, 12 H, (C //3)2CH), 1.02 (d, 3J H h  = 6.9 Hz, 6  H, (C //3)2CH),

1.06 (d, V h h  = 6.9 Hz, 12 H, (C tf3)2CH), 1.13 (d, 3J H h  = 6.9 Hz, 6  H, (C //3)2CH), 1.19 

(d, Vhh = 6.9 Hz, 6  H, (C //3)2CH), 1 .43 (d, 3J Hh = 6.9 Hz, 6  H, (C7/3)2CH), 2.05 (s, 2 H, 

CH2), 2.38 (sept, 3J Hh  = 6.9 Hz, 2 H, (CH3)2C/7), 2.53 (sept, 3J H h  = 6.9 Hz, 2 H, 

(CH3)2C7/), 2.55 (sept, 3J H h  = 6.9 Hz, 4 H, (CH3)2C//), 6.15 (s, 2 H, NCH), 6.83-7.21 

(m, 12 H, Ar-//), 8.11 (s, 1 H, NH)\ MS (El 70eV), m/z (%): 978 (MH+, 4), 585 

(AuC(N(Ar)C(H)}2H+, 49), 390 (C{N(Ar)C(H)}2H+, 26); IR vlcrn' (Nujol): 3067 m 

(NH), 1605 s (C=0), 1580 m, 1551 m, 1256 m, 1117 m, 801 m; El acc. mass: on M+: 

calc, for C53H73N4OAU: 978.5444, found 978.5446.

P reparation  of [(IP^C ufii'-C ^C Ph)] 44: Phenylacetylene (13 pi, 0.12 mmol) was 

added to a solution o f [(IPr)Cu{Ga{[N(Ar)C(H)]2 }}] (0.10 g, 0.11 mmol) in toluene (10 

cm3) via a microsyringe at -78 °C to give a yellow solution. The reaction mixture was
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wanned to 20 °C and stined overnight. All volatiles were then removed in vacuo, and 

the residue was washed with hexane ( 2 0  cm3) and extracted into toluene ( 2 0  cm3) and 

filtered. The filtrate was concentrated to ca. 5 cm3 and stored at -30 °C overnight to 

give colourless blocks o f 44 (0.01 g, 17%). Mp 181-182 °C; 'H NMR (400 MHz, 

C6D6, 298 K): £0.95 (d, 3J Hii = 6.9 Hz, 12 H, (C //3)2CH), 1.29 (d, VHh = 6.9 Hz, 1 2  H, 

(C //3)2CH), 2.44 (sept, VHh = 6.9 Hz, 4 H, (CH3)2C//), 6.07 (s, 2 H, NC //), 6.69-7.32 

(m, 11H, Ar-//); '^ { 'H }  NMR (75.6 MHz, C6D6, 298 K): £23.4, 25.0 ((CH3)2CH),

28.7 ((CH3)2CH), 104.8 (O C P h ) 122.3 (CN), 124.0, 124.6, 125.0, 128.1 (Ar-C), 129.1 

(O C P h ), 130.4, 132.0, 134.6, 145.4 (Ar-C), 183.7 (CN2); MS (El 70eV), m/z (%): 552 

(MH+, 6 ), 390 (C{N(Ar)C(H)}2H+, 100); IR v/crrf1 (Nujol): 2090 s (C=C), 1650 m, 

1595 m, 1329 m, 1260 m, 1102 m, 1026 m, 804 m; El acc. mass: on M+: calc, for 

C35H4 iN2Cu: 552.2560, found 552.2550.

P reparation  of |(IPr)(Bu'NC)Cu{Ga{IN(Ar)C(H)]2}}| 45: ter/-buty!isocyanide (100 

pi, 0.88 mmol) was added to a solution o f  [(lPr)Cu{Ga{[N(Ar)C(H)]2}}] (0.15 g, 0.17 

mmol) in hexane (20 cm3) via a microsyringe at -78 °C to give an orange solution. The 

reaction mixture was warmed to 20 °C, stined for 3 hours and filtered. The filtrate was 

then concentrated to ca. 15 cm and stored at -30 °C overnight to give orange blocks of 

45 (0.02 g, 13 %). Mp 45 °C (decomp.); 'H  NMR (400 MHz, C6D6, 298 K): £0.76 (s, 9 

H, (C //3)3C), 1.04 (d, 3J,ih = 6.9 Hz, 12 H, (C //3)2CH), 1.18 (d, V Hh = 6.9 Hz, 1 2  H, 

(C //3)2CH), 1.40 (d, 3Jhh = 6.9 Hz, 12 H, (C //3)2CH), 1.46 (d, 3£Hh = 6.9 Hz, 12 H, 

(C //3)2CH), 2.83 (sept, V Hh = 6.9 Hz, 4 H, (CH3)2C//), 4.15 (sept, 3J„„ = 6.9 Hz, 4 H, 

(CH3)2C//), 6.48 (s, 2 H, NC//), 6.52 (s, 2 H, NC//), 6.90-7.18 (m, 10 H, Ar-//); 

,3C {‘H} NMR (75.6 MHz, C6D6, 298 K): £  14.0 ((CH3)3C), 24.0, 24.5, 24.7, 26.5 

((CH3)2CH), 27.9, 28.5 ((CH3)2CH), 31.7 ((CH3)3C), 54.8 (CNBu'), 121.3 (CN), 122.3,

122.6 (Ar-C), 123.4 (CN), 124.2, 134.0, 138.7, 145.5, 145.8, 150.2 (Ar-C), 188.7 (CN2);
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MS (El 70eV), m/z (%): 981 (MH+, 3), 450 (Ga{N(Ar)C(H)}2H+, 4), 390 

(C{N(Ar)C(H)}2H+, 100), 378 ({N(Ar)C(H)}2H+, 6 ), 333 ({N(Ar)C(H)}2H+ -Pr1, 23); 

IR vlctn ' (Nujol): 2148 s (O N ), 1661 m, 1587 m, 1560 m, 1257 m, 935 m, 872 m, 802 

m.

P reparation  of [(IPr)Cu(n!-C 0 2 C 2N2A r2)] 46: A solution of [(IPr)Cu-

{Ga{[N(Ar)C(H)]2 }}] (0.13 g, 0.15 mmol) in toluene ( 1 0  cm3) was bubbled with CO2 

(g) for 5 minutes and the flask sealed and stirred overnight. All volatiles were removed 

in vacuo, and the residue was extracted into hexane (20 cm3) and filtered. The filtrate 

was concentrated to ca. 10 cm3 and stored at -30 °C overnight to give colourless blocks 

o f 46 (0.02 g, 16 %). Mp 187 °C (decomp.); *H NMR (400 MHz, C6D6, 298 K): £0.80- 

1.25 (overlapping d, 48 H, (C //3)2CH), 2.33 (sept, V Hh = 6.9 Hz, 4 H, (CH3)2C//), 3.34 

(sept, 3J Hh = 6.9 Hz, 2 H, (CH3)2C//), 3.52 (sept, 3J Hh = 6.9 Hz, 2 H, (CH3)2C//), 6.10 

(s, 2 H, NC//), 6.35 (s, 1 H, NC//), 6.81-7.12 (m, 12 H, Ar-//), 9.10 (br., 2H, NH); MS 

(El 70eV), m/z (%): 874 (MH+, 7), 378 ({N(Ar)C(H)}2H+, 6 8 ), 333 ({N(Ar)C(H)}2H+- 

Pr1, 77); IR v /cnf1 (Nujol): NH, CO not observed, 1260 m, 1093 m, 1019 m, 801 m.

P reparation  of |(IP r)C u(t|2-CS2C 2N2A r2)J 47: Carbon disulphide (111 pi, 0.18 mmol, 

1 .6 6  M in toluene) was added to a solution o f [(IPr)Cu{Ga{[N(Ar)C(H)]2}}] (0.15 g,

0.17 mmol) in toluene (10 cm3) at -78 °C via a microsyringe to give a deep red reaction 

mixture. The reaction mixture was warmed to 20 °C and allowed to stir for 3 hours. 

All volatiles were then removed in vacuo, and the residue was extracted into hexane (20 

cm ) and filtered. The filtrate was concentrated to ca. 5 cm and stored at -30 °C 

overnight to give red blocks o f 47 (0.01 g, 7 %). Mp 101 °C (decomp.); 'H NMR (400 

MHz, C6D6, 298 K): £  1.12 (d, 3Jm  = 6.7 Hz, 24 H, (C//3)2CH), 1.23 (d, 3J Hh = 6.9 Hz, 

12 H, (C //3)2CH), 1.62 (d, Vhh = 6.9 Hz, 12 H, (C //3)2CH), 2.89 (sept, 3J Hh = 6.9 Hz, 4

140



H, (CH3)2C//), 3.33 (sept, 3J HH = 6.7 Hz, 2  H, (CH3)2C//), 3.38 (sept, VHH = 6.7 Hz, 2

H, (C H ^ C //) , 6.38 (s, 1 H, NC//), 6.35 (s, 2 H, NC//), 7.03-7.46 (m, 12 H, Ar-//); MS 

(El 70eV), m/z (%): 421 ({N(Ar)C(H)}2CSH+, 32), 390 (C{N(Ar)C(H)}2H \  85), 378 

({N(Ar)C(H)}2H \  6 8 ); IR i/crrT1 (Nujol); 1607 m (CS), 1413 m, 1261 m, 1099 s, 1020 

s, 801 s.
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Chapter 4

The Preparation of Novel Group 10 Metal Gallyl Complexes

4.1 Introduction

Investigations into the s-, /?-, d- and /-block chemistry of the anionic gallium(I) 

^-heterocyclic carbene (NHC) analogue, [:Ga{[N(Ar)C(H)]2 }]_ 1 (Ar = C6H3Pr'2-2 ,6 ),
a

have been frequent since the synthesis o f this heterocycle was first reported. It is 

thought that transition metal complexes of 1 could exhibit similar properties to the 

extensively studied transition metal complexes of cyclic boryls.3 Investigations into 

these complexes has been driven by their use as catalysts for a number o f synthetic 

transformations. Transition metal complexes of cyclic boryls have been utilised for, or 

suggested as intermediates in, the catalytic borylation or hydroboration of unsaturated 

compounds, and the C—H activation o f alkanes, arenes and heteroarenes. O f relevance 

to this study, the platinum complexes, c/s-[(PPli3)2Pt{B(cat)}2] (cat = C6H4 0 2 - 1 ,2 ) 2 a4 

and czs-[(PPh3)2Pt{B(pin)}2] (pin = Me4C2 0 2 ) 2b5 (Figure 1), have proved to be 

effective in the catalytic diboration o f alkynes and 1,3-diynes.

A catalytic cycle was proposed for the diboration o f alkynes in an attempt to 

explain the effectiveness o f 2a-b in mediating these reactions (Scheme 1).4b The initial 

step o f the cycle involves the dissociation o f phosphine, hence 2 a-b are effective 

catalyst systems as they contain relatively weak o-donating, monodentate phosphines. 

The vacant coordination site may then be occupied by the alkyne substrate, followed by 

insertion o f the alkyne into the Pt— B bond. This is made possible by the strong trans- 

influence and czs-configuration o f the boryl ligands. However, this system does not 

mediate the diboration o f alkenes. The diboration of alkenes is realised by the
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replacement o f phosphines with diolefin ligands, such as in the complex [(r|4- 

COD)Pt{B(cat)}2] 3 (COD = 1,5-cyclooctadiene) , 6 removing the requirement for 

phosphine dissociation in the catalytic cycle.

(cat)Bv .B(cat)

Ph3P////,, ,^ \BR
^ P t ^

Ph3P BR

R = cat, C6H402-1,2 2a 
R = pin, Me4C202 2b

Figure 1 -  The platinum diboryl complexes, 2a-b and 3

Ph3P

Ph3P

\
Pt

[ Ph3P  Pt ]

B2R4
Ph3Pv BR 

\  /
PhaP

R -  cat, CeH402-1,2 2a 
R = pin, Me4C202 2b

BR

-P

BR

BR

R'

R’

BR

BR
RB BR

Scheme 1 -  A proposed catalytic cycle for the diboration of alkynes mediated by 2a-b
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4.2 Research Proposal

The transition metal chemistry o f the anionic gallium(I) heterocycle, 1, is not as 

well developed as the main group chemistry of this heterocycle. Previous studies have 

suggested that neutral transition metal gallyl complexes, [LnM{Ga{[N(Ar)C(H)]2} }m], 

may have parallels with the wide variety of known catalytically active transition metal- 

cyclic boryl complexes. 7 These studies revealed that coordination o f an NHC to metal 

halides allowed salt metathesis reactions with [K(tmeda)][l] to proceed without 

undesired redox processes. It was decided that other potentially stabilising ligands 

should be investigated for their ability to prevent redox activity between the metal 

centre and 1, such as phosphines and chelating ligands. The preparation of complexes 

o f 1 analogous to the catalytic cyclic boryl platinum complexes, 2a-b and 3, were 

deemed desirable synthetic targets. A study was proposed to prepare a series of group 

1 0  metal complexes o f 1 , incorporating phosphine and olefin ligands, and to investigate 

the reactivity o f these complexes towards unsaturated organic substrates. This work is a 

continuation of the initial studies described in Chapter 3.

4.3 Results and Discussion

4.3.1 The Preparation of Metal Gallyl Complexes with Monodentate Phosphines

The 2 : 1 reaction o f [K(tmeda)][l] with c/s-[(PPh3)2Pt(r|2-C2H4)] and the 1 : 1 

reaction o f [K(tmeda)][l] with [Pd(PPh3>4] gave only intractable mixtures of products. 

Following the success o f salt metathesis methods in the synthesis of NHC-coordinated 

transition metal complexes o f l , 7 the 2  : 1 reactions of [K(tmeda)][l] with cis- 

[(PPh3)2MCl2] (M = Pd, Pt) were alternatively performed. Only one signal was
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observed in the 31 P{fH} NMR spectra o f each reaction mixture after 1 hour. These 

signals correspond to the homoleptic metal(O) phosphine complexes, [M(PPh3)3] (M =
O Q

Pd, P t ) (Scheme 2). Subsequent work-up afforded the known paramagnetic 

gallium(II) dimer, [ClGa{[N(Ar)C(H)]2’}]2  4.10 It is evident that triphenylphosphine 

(PPh3> is not a strong enough o-donor to stabilise the group 1 0  metal centre and 

circumvent the undesired reduction o f the metal centre by the gallium(I) heterocycle. 

The strongly reducing ligand, 1, most likely inserts into the M—Cl bond and subsequent 

reductive elimination occurs to yield 4.

Ar

c/s-[(P P h 3)2M C y  2  [K (tm ed a)I1]^  ^  ^

Ar = C6H3Prl2-2,6 _ Kq i /  /  \

1 *  '
\ /  •

G a-

/  / \i r ; i

\ /

PPh,

M.

N
P h 3P PPh3

M = Pd, Pt

Scheme 2 -  The 2 : 1 reactions o f [K(tmeda)][l] with c/s-[(PPh3)2MCl2]

To test this theory, the 2 : 1 reactions o f [K(tmeda)][l] with /,ram'-[(PEt3)2MCl2] 

(M = Ni, Pd) and cis-[(PEt3>2PtCl2] were carried out, employing the more strongly a- 

donating ligand, triethylphosphine (PEt3) (Scheme 3). The reactions were followed by 

3 IP{!H} NMR spectroscopy and at completion the resulting square planar bis-gallyl 

complexes, 5 -  7 (M = Ni, Pd, Pt), were isolated, by the elimination o f two equivalents 

o f KC1. Work-up o f the reaction mixture o f 7 afforded a few crystals o f 8 , which 

exhibits a c/s-configuration o f ligands. The 1 : 1 reactions of [K(tmeda)][l] with tram- 

[(PEt3)2MCh] (M = Ni, Pd) and c/5 -[(PEt3)2PtCb] were then performed, yielding the 

monosubstituted products, 9 (M = Ni), and 10 (M = Pd) (Scheme 3). Only a few

31 Icrystals o f 10 could be isolated, which is not surprising as the reaction mixture P{ H} 

NMR spectra showed that the 2 : 1 product, 6 , predominates in it. The corresponding 

platinum analogue could not be isolated. Complex 7 can also be synthesised in poor
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yield (29 %) by refluxing the gallium(II) dimer, [Ga{[N(Ar)C(H)]2 } ]2  11, formed from 

the oxidative coupling o f l , 1’11 with [(PEt3)2Pt(ri2-C2H4)] (Scheme 4). This reaction is 

proposed to proceed by the initial dissociation o f ethylene and the oxidative insertion of 

Pt(0) into the Ga—Ga bond. The preparation of 7 by this method is similar to the 

synthesis o f the bis-boryl complex, 2a, which was prepared by the formal oxidative 

addition o f [B2(cat>2] to the olefin platinum(O) complex, czs-[(PPh3)2Pt(r|2-C2H4)], with 

the loss o f ethylene .4 In contrast, 2b was synthesised by the reaction o f a large excess 

o f [B2(pin)2] with [Pt(PPh3)4] at elevated temperature.5

Ar

{ (P E t^ jM C y  [K (tm eda)I1] 

Ar = C6 H3P ri2-2 ,6  - KCI

C l///,, vV\\P E t3 I

E t3P G a
[K(tm eda)I1]

-KCI

Ar

M = Ni 9 , P d  10

or

N

Ar 

/
\ f

I
Et3P ^  G a \- ) J

Ar

M = Ni 5, Pd 6 , P t 7

Ar Ar

I Et3P //,, vX\\P E t3 I 

/  G a

V J
Ga 

\
\ .  A r^

■ \
L J

Ar

Ar Ar

/ \
•N N

Scheme 3 -  The synthesis of 5 -  10

\  /
Ga— Ga

/  \
N

\ /
Ar Ar n

/
Ar

c/s-[(PEt3)2Pl(C2H4)], reflux

Et3P

Ar

Pt.

Ar

N.
Ga
\

Ar = C sH aP r'^ .S  

Scheme 4 -  An alternative synthesis of 7

\

L/
Ar

Complexes 5 - 7  and 9 were fully characterised and all were found to be 

thermally robust. It was not possible to obtain more than a trace amount of the cis-
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(bis)gallyl complex, 8 , and the monosubstituted complex, 1 0 , so these products were not 

fully characterised. The and 13C{*H} NMR spectra o f 5 -  7 and 9 matched the 

proposed structures and will not be further commented on here, except to point out that 

their NMR spectra were complicated by coupling to 31P and ,95Pt nuclei, which

made their full assignment difficult. No signals were observed in the ,95Pt{,H} NMR 

spectra o f 7 and 8 , probably due to the quadrupolar gallium nuclei broadening the 

signals until they are indistinguishable from the baseline noise. All mass spectra 

displayed characteristic fragmentation patterns, but a molecular ion was only observed 

in the mass spectrum o f 7. The preference for trans-isomerism in 5 -  7 is likely a result 

o f the bulky gallium heterocycle causing steric strain in the c/s-isomers.

A 31P{1H} NMR spectroscopic analysis of the reaction mixture that gave 7 

shows that after 1 hour at room temperature, all of the starting material, cis- 

[(PEt3)2PtCl2], had been consumed. In this 3 ,P{,H} NMR spectrum, the signal 

corresponding to the c/s-isomer, 8 , is much weaker than that corresponding to the trans- 

isomer, 7. The reaction mixture was allowed to stir overnight, and no changes were 

observed in the 3 ,P{1H} NMR spectrum. This suggests that the isomerism of the 

platinum complex is not dictated after, but during the substitution reaction. The Vptp 

coupling constant is larger for the c/s-isomer, 8  (2549 Hz), than the trans-isomer, 7 

(2250 Hz). A more strongly a-donating ligand weakens the Pt—P bond trans- to it to a 

greater extent, in turn reducing the './ptp coupling constant observed. This suggests that 

the gallyl ligand, 1 , does not have as strong a /ra/?s-influence as PEt3, but is probably 

comparable to other phosphines, PR3, that are poorer o-donors than PEt3. However, the 

'i/ptp coupling constant o f 8  is much smaller than that for the starting material, cis- 

[(PEt3)2PtCl2] (3520 Hz) . 12 These observations confirm earlier studies that the trans- 

influence o f the gallyl ligand 1 is greater than chloride. 7 The related compound, c/5 -
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[(PEt3)2Pt{B(cat)}2], has been characterised by 3 ,P{1H} NMR spectroscopy and has a
i |
Jptp coupling constant o f 1564 Hz. Hence the tentative assignment o f the boryl 

ligand, B(cat), being a stronger o-donor than 1 has now been established. In addition, 

the 'jptp coupling constant for 8  is greater than that observed for c/s-[(PEt3)2Pt(H)2] 

(1984 Hz) , 14 suggesting that 1 does not have as strong a trans-influence as the hydride 

ligand. A more definitive /nms-directing series: B(OR)2 > H~ > PR3 ~ 1 > CP can now 

be constructed with some certainty.

As PEt3 is a stronger a-donor than PPI13,15 1 may have a similar /raws-influence 

to the latter. This may explain the stability o f the metal centre in c/s-[(PEt3)2PtCl2] 

towards reduction in comparison to czs-[(PPh3)PtCl2], and why complex 7 is a viable 

synthetic target. The intermediate in the formation of the PPI13 derivative has more 

labile phosphine ligands, which upon dissociation facilitates the reduction of the metal 

centre by 1 and reductive elimination o f species such as 4 and 11. The PEt3 ligand, 

being a stronger a-donor o f electron density than 1 , does not dissociate to such an 

extent. The 'J w  coupling constant for 7 compares well with fra«s-[(PEt3)2PtCl2] (S -

12.3 ppm, 2400 Hz) . 12 As well as this, the signal observed in the 3 ,P{!H} NMR 

spectrum o f 7 (<5 14.6 ppm) is more deshielded than that observed in the 3 ,P{'H} NMR 

spectrum of 8  (J 9.2 ppm). The chemical shift in the 31P{*H} NMR spectrum of 8  is, as 

expected from conclusions drawn from the study o f ’jptp coupling constants, between 

that o f c/s-[(PEt3)2PtCl2] -9.3 ppm ) 12 and c/s-[(PEt3)2Pt{B(cat)}2] (d' 18.0 ppm ) . 13 

The nickel, 5, and palladium, 6, complexes display one signal in their 31P{!H} NMR 

spectra at around the same chemical shift as 7. The signal observed in the 31P{!H} 

NMR spectrum o f the reaction mixture o f 10 (<5 21.5) is upfield from that of 6 (S 23.1) 

and the chemical shift o f the monosubstituted complex, 9, is upfield to a similar extent 

(by 3.8 ppm) from that o f 5, as would be predicted.
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Figure 2 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f /ra«5-[(PEt3)2Ni{Ga{[N(Ar)C(H)]2}}2] 5; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.909(2), G a(l)—N(2) 1.912(2), 

G a(l)—N i(l) 2.3614(7), N i(l)— P (l) 2.1908(8), N (l)—C (l) 1.398(4), N(2)—C(2) 

1.399(3), C (l)—C(2) 1.337(4), N (l)— G a(l)—N(2) 86.47(9), P (l')—N i(l)—P(l) 

180.0, P ( l’)—N i(l)—G a(l) 89.41(3), P (l)—N i(l)—Ga(l) 90.59(3), C (l)—N (l) 

— G a(l) 109.56(16), C(2)—N(2)— G a(l) 109.50(16), C(2)—C (l)—N (l) 117.3(2), 

C( 1)— C(2)—N(2) 117.1 (3), symmetry operation -x  + 1, -y  + 1, -z  + 1.



Figure 3 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f /ra«s-[(PEt3>2Pd{Ga{[N(Ar)C(H)]2 }}2] 6; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): Pd(l)—P(l) 2.3038(12), Pd(l)—Ga(l) 

2.4514(8), G a(l)—N (l) 1.903(3), G a(l)—N(2) 1.905(3), N (l)—C (l) 1.406(5), 

N(2)—C(2) 1.401(5), C (l)— C(2) 1.332(6), P( 1 ’)—Pd( 1)—P( 1) 180.000(1),

P ( l’)— Pd(l)— G a(l) 89.17(4), P (l)— Pd(l)—Ga(l) 90.83(4), N (l)—G a(l)—N(2) 

86.57(14), C (l)—N (l)—G a(l) 109.6(3), C(2)—N(2)—Ga(l) 109.7(3), C(2)—C(l) 

—N (l) 117.0(4), C (l)— C(2)—N(2) 117.1(4), symmetry operation -x  + 19-y +  1, -z  

+ 1.
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Figure 4 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f /raw5-[(PEt3)2Pt{Ga{[N(Ar)C(H)]2}}2] 7; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): P t(l)—P(l) 2.295(2), P t(l)—Ga(l) 

2.4477(10), G a(l)—N(2) 1.895(6), G a(l)—N (l) 1.899(5), N (l)—C (l) 1.400(9), 

N(2)— C(2) 1.398(9), C (l)—C(2) 1.346(10), P( 1)—Pt( 1)—P( 1f) 180.000(1),

P (l)— P t(l)—G a(l') 90.61(6), P (l)—P t(l)—G a(l) 89.39(6), N(2)—G a(l)—N (l) 

86.8(2), C (l)—N (l)— G a(l) 109.4(5), C(2)—N(2)—G a(l) 110.3(5), C(2)—C (l)—N (l) 

117.4(6), C (l)— C(2)—N(2) 116.1(7), symmetry operation ':-x+  1, -y  + 1, - z  + 1.
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Ga1
Ga1

C1 N2
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Figure 5 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

of c/s-[(PEt3)2Pt {G a{[N(Ar)C(H)]2}} 2] 8; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): P t(l)—P(l) 2.3173(15), 

P t(l)—G a(l) 2.4313(7), G a(l)—N(2) 1.903(4), G a(l)—N (l) 1.906(4), N (l)—C(l) 

1.402(7), N(2)—C(2) 1.406(7), C (l)— C(2) 1.333(8), P (l)—Pt(l)—P(l') 102.71(8), 

P (l)— Pt( 1)—G a(l) 166.10(4), P (l')— P t(l)—G a(l) 91.04(4), G a(l)—Pt(l)—Ga(l') 

75.31(3), N(2)—Ga( 1)—N( 1) 88.03(19), C (l)—N (l)—G a(l) 108.6(4), C(2)—N(2) 

—G a(l) 107.6(3), C(2)—C (l)—N (l) 116.9(5), C (l)—C(2)—N(2) 118.8(5), symmetry 

operation -jc + 1, y, - z  + 3/2.

The crystal structures o f 5 -  8 were obtained (Figures 2 -  5). Compounds 5 - 7  

are structurally analagous and all display a nearly undistorted square planar geometry of
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ligands around the metal centre and a crystallographic centre o f inversion. The C=C 

backbones o f the DAB fragments form angles o f 57.5° (Ni) and 55.5° (Pd, Pt) with the 

square plane. The Ni— P bond lengths seen in 5 are slightly shorter than those observed 

in /r<ms-[(PEt3)2NiCl2] (2.2329 A  mean),16 whilst the Pt—P bond lengths in 7 are 

almost identical to those found in /rans-[(PEt3)2PtCl2] (2.298 A mean).17 The structure 

o f 8, however, displays much longer Pt— P bond lengths than those in c/s-[(PEt3)2PtCl2] 

(2.263 A mean),18 in agreement with the 31P{!H} NMR spectroscopic study. The C=C 

backbones o f the DAB ligand in 8 form an angle to the square plane of 72.7°, which 

was obtuse to those in 5 -  7. The unusually obtuse P—Pt—P and acute Ga—Pt—Ga 

angles in 8 bring the two gallium centres in the formally anionic heterocycles quite

close to each other (Ga Ga 2.971 A). This distance is much longer than typical

Ga—Ga single bonds, such as in [(tm p^Ga— Ga(tmp)2] (tmp = tetramethylpiperidine)

(2.541 A ),19 but is similar to the Ga Ga interaction observed in dimeric [K(tmeda)][l]

(2.8746 A ).2

It is worthy o f note that acute B—Pt—B angles and relatively close B B

interactions were observed in the related platinum(II) complexes, 2a-b, although these 

were originally largely ignored4 or attributed to steric constraints.5 A subsequent 

theoretical study on the model complexes, cw-[(PH3)2Pt{B(OH)2 }2], reproduced the 

same geometries, suggesting that the acute B—Pt—B angles are not a consequence of 

sterics.20 Recent reviews have commented on the possibility o f cht-pn back-bonding 

between the platinum and boron centres to explain the observed strong Pt—B bonds, 

acute B— Pt— B angles and the nearly perpendicular angles o f the boryl ligands to the 

square plane.3 The interplanar angles between the boron trigonal plane and the mean 

square plane around the platinum centres in several derivatives o f 2a range from 71.3° 

to 88.8°.4b The interplanar angle between the C=C backbones o f the DAB ligand and
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the square plane around the platinum centre o f 8 is 72.7°. It is therefore conceivable 

that chi-pn back-donation between the platinum and gallium centres of 8 could be 

occurring, although a theoretical study would be required to confirm this.

The crystal structures o f 9 and 10 display nearly undistorted square planar 

geometries about the metal centre (Figures 6 and 7). The Ni—Cl bond length in 9 is, as 

would be expected, elongated with respect to /raws-[(PEt3)2NiCl2] (2.1628 A).16 The 

Pd— Cl bond length in 10 is shorter than those observed in the two crystallographically 

independent molecules o f /r<ms-[(PMe3)2PdCl{B{[N(Me)C(H)2]2}h] (2.484 A mean),21 

which is in agreement with previous conclusions drawn upon the /ra«s-influence of 1. 

The Ga—Ni and Ga— Pd bond lengths o f 9 and 10 are much shorter than those 

observed in 5 and 6, by ca. 0.07 and 0.10 A respectively. These observations are easily 

explained by the chloride ligand in 9 and 10 not donating o-electron density to the metal 

centre to as great an extent as 1. The increased steric demands of the heterocycle, 1, 

should not have a great effect on the M—Cl bond lengths in 9 and 10, as these 

interactions are trans- to the Ga— M bond. The Ga—Ni bond lengths observed in 5 and 

9 are within the known range for such interactions (2.1700 -  2.4556 A),22 and are best 

compared with the only other example o f a square planar nickel(II) gallyl complex, 

[Ni {C {[N(Me)C(Me)]2}}2 {G a{[N(Ar)C(H)]2}}2] (Ga—Ni = 2.3242 A mean).23 The 

Ga— Pd bond observed in 10 is among the shortest recorded (2.336 -  2.657 A),22 the 

only shorter interaction being observed in [Pd2(GaCp*ph)2(p2-GaCp*Ph)3] (GaCp*Ph = 

CsMe4Ph).24 To the best o f our knowledge, compounds 6 and 10 represent the first 

structurally characterised examples o f square planar palladium(II) gallyl complexes. 

The Ga— Pt bond lengths in 7 and 8 are within the known ranges (2.3040 -  2.5207 A).22 

The comparable square planar bis-gallyl platinum(II) complexes, trans-
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[(H)2Pt{Ga[N(Ar)C(Me)]2CH}2] and c/s-[(H)(SiEt3)Pt{Ga[N(Ar)C(Me)]2CH}2],25 both 

display shorter Ga— Pt bond lengths than those observed in 7 and 8.

^  Ga1

C1
CI1Nil

C2
N2

Figure 6 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f /raw5-[(PEt3)2Ni{Ga{[N(Ar)C(H)]2}}Cl] 9; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.8999(17), G a(l)—N(2) 

1.9029(17), G a(l)—N i(l) 2.2878(5), N i(l)— P (l) 2.2115(8), N i(l)—P(2) 2.2118(8), 

N i(l)— C l(l) 2.2138(7), N (l)— C (l) 1.396(3), C (l)—C(2) 1.336(3), N(2)—C(2) 

1.400(3), N( 1)—Ga( 1)—N(2) 87.58(8), P (l)—N i(l)—P(2) 175.74(2), P (l)—N i(l) 

—C l(l) 87.99(3), P(2)—Ni( 1)—Cl( 1) 92.64(3), P (l)—N i(l)—G a(l) 91.37(3), 

P(2)—Ni( 1)—Ga( 1) 88.23(3), C l(l)—N i(l)— G a(l) 176.71(2), C (l)—N (l)—Ga(l) 

108.65(14), C(2)— C( 1)—N( 1) 117.8(2), C(2)—N(2)—G a(l) 108.57(13), C (l)—C(2) 

—N(2) 117.4(2).
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N2
C2

CI1Ga1

RI1

C1

Figure 7 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f /ra«5-[(PEt3)2Pd{Ga{[N(Ar)C(H)]2}}Cl] 10; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): Pd(l)—P(l) 2.3160(11), Pd(l)—P(2) 

2.3171(11), P d(l)— G a(l) 2.3551(6), P d(l)—C l(l) 2.3996(11), G a(l)—N (l) 1.892(3), 

G a(l)—N(2) 1.898(3), N (l)— C (l) 1.391(4), N(2)—C(2) 1.400(5), C (l)—C(2) 

1.328(5), P (l)— P d(l)— P(2) 176.35(4), P (l)— Pd(l)—G a(l) 88.19(3), P(2)—Pd(l) 

— G a(l) 92.01(3), P( 1)—Pd( 1)— Cl( 1) 92.35(4), P(2)—Pd(l)—Cl(l) 87.61(4), 

Ga( 1)— Pd( 1)— Cl( 1) 177.52(4), N (l)— G a(l)—N(2) 88.28(13), C (l)—N (l)—Ga(l) 

108.4(3), C(2)— N(2)— Ga( 1) 107.2(2) C(2)—C (l)—N (l) 117.4(4), C (l)—C(2)—N(2) 

118.7(4).

The reactivity o f 5 towards unsaturated substrates was investigated. Treatment 

o f a THF solution o f 5 with xylylisonitrile, trimethylsilylazide and tert- 

butylphosphaalkyne (BulCP) gave no reaction, as determined by the 31P{,H} NMR
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spectra o f the reaction mixtures. For comparison, the palladium analogue, 6, was 

treated with BulCP and no reaction was observed by 31P{1H} NMR spectroscopy. The 

inertness o f 5 compared with the reactive boryl complexes, 2a-b, can be explained by 

the /raws-arrangement o f ligands in 5, compared with the c/s-arrangement of the boryl 

complexes, 2a-b. The strong /raws-influence o f boryl ligands, leading to facile 

phosphine dissociation in 2a-b, is known to be a vital factor in the reactivity o f these 

complexes.4 5 In addition, the increased donor strength of triethylphosphine over 

triphenylphosphine gives rise to stronger phosphine coordination in 5 -  7.

43.2 The Preparation of Metal Gallyl Complexes with Chelating Ligands

It was decided to investigate if  chelated group 10 metal gallyl complexes could 

be synthesised by salt metathesis reactions. The employment o f sufficiently stabilising 

ligands is known to prevent the formation o f the gallium(II) dimers, 4 and 11, in such 

reactions. This reasoning was verified by the 1 : 1 reaction of [K(tmeda)][l] with 

[(dcpe)PtCl2] (dcpe = Cy2PCH2CH2PCy2) and [(dppe)PtCl2] (dppe = Ph2PCH2- 

CH2PPh2), yielding the monosubstituted complexes, 12 and 13, in poor yield (Scheme 

5). Addition o f a further equivalent o f  [K(tmeda)][l] to 12 did not result in a reaction, 

but [K(tmeda)][l] reacted with 13 to yield the disubstituted complex, 14. In contrast, 

the 2 : 1 reaction o f [K(tmeda)][l] with [(dppe)Pt(T]2-C2H4)] gave an intractable mixture 

o f  products. The difference in reactivity between 12 and 13 can probably be attributed 

to the increased steric congestion around the platinum centre in 12 compared to 13, by a 

comparison o f the cone angles o f the chelating phosphines (dcpe 0 = 142°, dppe 0 = 

125°).15 Complex 14 could not be synthesised by refluxing the gallium(II) dimer, 11, 

with [(dppe)Pt(r|2-C2H4)].

fc
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Scheme 5 -  The synthesis of 12 -  15

The 2 : 1 reaction o f [K(tmeda)][l] with [(dppe)PdCl2] resulted in the loss of 

dppe (31P{1H} NMR spectroscopy) and substantial palladium metal deposition, yielding 

a trace amount o f the tmeda-coordinated complex, 15 (Scheme 5), the tmeda ligand 

originating from the potassium cation o f 1. This complex was later synthesised 

intentionally in low yield from the 2  : 1 reaction o f [K(tmeda)][l] with [(tmeda)PdCl2] 

(Scheme 6 ). No product was isolable from the reaction o f [(dppe)NiCl2] with two 

equivalents o f [K(tmeda)][l]. A stoichiometric amount of Na[BArF4] (ArF = 

C6H3(CF3)2-3 ,5 ) was added to a solution o f 13 in an attempt to synthesise a highly 

reactive three-coordinate platinum complex with a weakly coordinating anion by a salt 

metathesis reaction. However, no reaction occurred.

Ar = C6H3Prj2-216

Me2N///; yV\\NMe2 
X  ^ 'P d '

Ga Ga

- 2  KCI

Ar

Scheme 6  -  An alternative synthesis of 15
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It was thought that the employment o f the less sterically demanding diphosphine 

ligand dppm (dppm = Ph2PCH2PPh2, 0  = 1 2 1 ° ) , 15 could circumvent the phosphine 

dissociation and palladium deposition seen in the 2 : 1 reaction of [K(tmeda)][l] with 

[(dppe)PtCl2]. This proved to be the case, with the 2  : 1 reactions of [K(tmeda)][l] with 

[(dppm)MCl2] (M = Pd, Pt) affording the bis-gallyl complexes, 16 and 17, in low yield 

(Scheme 7). Similarly, the reaction o f two equivalents of [K(tmeda)][l] with [(r|4- 

COD)PtCl2] afforded the desired bis-gallyl complex, 18. The 1 : 1 reactions of 

[K(tmeda)][l] with [(tmeda)PdCl2] and [(ri4-COD)PtCl2] gave intractable mixtures of 

products, as did the 2  : 1 reaction o f [K(tmeda)][l] with [(r|4-COD)PdCl2].

Ar

rGa2 [K(tmeda)I1][(L-DMCId 
Ar = C6H3PH2-2,6 

M = Pd, Pt

Ga

- 2  KCI

Ar Ar 
L-L = dppm, M = Pd 16
L-L = dppm, M = Pt 17 
L-L = COD, M = Pt 18

Scheme 7 -  The synthesis of 16 -  18

Complexes 1 2 - 1 8  were fully characterised. The lH NMR spectra of 12 -  18 

match their proposed structures. All compounds were thermally robust, with 12 and 14 

being the most stable. Complexes 15 and 18 display non-typical !H NMR spectra, with 

the backbone protons on the DAB ligand being chemically inequivalent and coupling 

with each other in an AB pattern. This is most likely due to steric crowding around the 

metal centre restricting the rotation o f the gallium(I) heterocycles. This phenomenon 

has been observed in the related complex, [(tmeda)Ni{Ga{[N(Ar)C(H)]2 }}2 ] .26 The *H 

NMR spectrum o f 18 warrants further comment, as V rh  couplings were observable to 

the signals due to the diene protons. These couplings are much smaller than those
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observed in [(r|4-COD)PtCl2] (2«7ptH ~ 65 Hz) 27 and are comparable with those observed 

in [(r|4-COD)PtMe2] (2«/ptti = 40 Hz) , 28 as expected.

The ^C ^ H }  NMR spectra o f 12 -  17 were too complicated to assign due to 

many overlapping signals and the low solubility o f the complexes. The ^C f'H } NMR 

spectrum o f 18, however, was well resolved and 'jp c  couplings were observable to the 

signals due to the unsaturated COD carbons. These couplings (Vhc = 41.5 Hz mean) 

are lower than in both [(Ti4-COD)PtCl2] ( 'J r c  = 154 Hz) 28 and [(ti4-COD)PtMe2] ( 'J r c  =
-)g

54 Hz),‘ suggesting that 1 has a comparable trans-influence to Me-, although this is a 

tentative assignment. The 31 P{ *H} NM R spectra o f 12 -  14 and 17 display smaller 1 J rp  

couplings in the signals originating from phosphorus centres tram- to the gallyl ligands 

('^pip = 2088 Hz 12, 2023 Hz 13, 2316 Hz 14, 1933 Hz 17) than in the dihalide starting 

materials (e.g. [(dppe)PtCl2] 3 ,P { ,H} NMR: S 45.3 ppm, xJ w  = 3618 Hz; [(dppm)PtCl2] 

31 P{ !H} NMR: S  *64.3 ppm, xJp& = 3078 Hz) 29 as expected from the study o f 7 and 8. It 

is noteworthy that complex 14 displays a much larger 'c/ptp coupling constant than the 

analogous bis-boryl complex, [(dppe)Pt{B(cat)}2] (Vptp = 1454 Hz).4b The high field 

chemical shift observed in the 3 IP{'H} NMR spectrum o f 17 (S -23.8 ppm) is 

unremarkable when comparisons are made with that o f  [(dppm)PtCl2] (S - 64.3 ppm ) . 29

The crystal structures o f  12 -  18 were obtained (Figures 8  -  14). Complex 15 is 

structurally analagous to the nickel homologue, [(tmeda)Ni{Ga{[N(Ar)C(H)]2 }}2 ]-26

The Ga Ga separations o f 14 -  18 vary greatly (2.990 -  3.536 A), as do the

Ga— M— Ga angles (79.02 -  94.05°). These separations may, in some cases, constitute 

minor interactions between the gallium nuclei. Complementary to the 'jptp coupling 

constants in the 3 ,P{'H} NMR spectra o f  12 and 13, the Pt— P separation o f the 

phosphorus centres in the complexes trans- to the gallyl ligands, are much greater than
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those tram- to the chloride ligands. The M— P bond lengths in 12 -  18 are, in all cases, 

elongated with respect to the dihalide starting materials, [(dcpe)PtCl2],30 

[(dppe)PtCl2],31 [(tmeda)PdCl2],32 [(dppm)PdCl2],33 [(dppm)PtCl2]34 and [(q4- 

COD)PtCl2].35 It is noteworthy that the C=C bond lengths in the olefin ligand o f 18 are 

not considerably elongated with respect to [(q4-COD)PtCl2], in contrast to an earlier 

study on the related complexes, [(q4<:OD)M(IMes){Ga{[N(Ar)C(H)]2}}] (M = Rh, 

Ir),7 where differences were observed with the halide precursors. Other structural data 

for 14 are best compared to those o f the bis-boryl complex, [(dppe)Pt{B(cat)}2],4b and 

similar conclusions can be drawn, as from the study on the monodentate phosphine 

complexes (vide supra).

Compounds 1 2 - 1 8  display a distorted square planar array o f ligands about their 

metal centres, with the backbone o f  the gallyl ligands nearly orthogonal to the plane. 

This distortion is greatest in the sterically crowded complex, 14. The P— Pt— P angle is 

less than 90° for all chelated phosphine complexes, and the P— M— P bite angles o f 16 

(71.91(5)°) and 17 (71.85(5)°) are far more acute than in their dppe counterparts, as 

would be expected. The Ga— Pd bond lengths in 15 and 16 are within the known 

ranges (2.336 -  2.657 A), as are the Ga— Pt bond lengths in 12 -  14 and 17 -  18 

(2.3040 -  2.5207 A).22 The Ga— Pt bond lengths in complexes 12 and 13 can be 

compared to those observed in the square planar compounds, [(dcpe)Pt(R)(GaR2)] (R = 

pentyl (Ga— Pt = 2.438 A),36a CH2SiMe3 (Ga— Pt = 2.376 A),3<>b whilst those in 14 

and 17 -  18 are best compared with those seen in [(dppe)Pt{Ga{[N(Ar)]2CNCy2 } }i] 

(Ga— Pt = 2.357 A mean).37
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Figure 8 -  Thermal ellipsoid plot (25 %  probability surface) o f the molecular structure 

o f [(dcpe)Pt{Ga{[N(Ar)C(H)]2 } }C1] 12; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): P t(l)— P(l) 2.2031(10), P t(l)— P(2) 

2.3112(10), Pt( 1)— C l(l)  2.3723(10), Pt( 1)—G a(l) 2.4151(7), G a(l)— N (l) 1.897(3), 

G a(l)— N(2) 1.898(3). N (l)— C (l)  1.408(4), N(2)—C(2) 1.393(4), C (l)— C(2) 

1.340(5), P (l)— Pt( 1)— P(2) 88.17(4), P( 1)— Pt( 1)—Cl( 1) 177.36(3), P(2)— Pt(l) 

— Cl( 1) 93.92(4), P ( l)— P t(l)— G a(l) 95.62(3), P(2)— Pt( 1)—Ga( 1) 176.13(2),

Cl( 1)— Pt( 1)— Ga( 1) 82.27(3), N( 1)— Ga( 1)— N(2) 88.09(12), C( 1)—N( 1)— Ga( 1) 

108.0(2), C(2)— N(2)— Ga( 1) 107.9(2), C(2)— C( 1)—N( 1) 117.1(3), C(1)—C(2)—N(2) 

118.2(3).
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Figure 9 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [(dppe)Pt{Ga{[N(Ar)C(H)]2 }}Cl] 13; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): P t(l)—P(2) 2.2067(13), P t(l)— P(l) 

2.3239(14), P t(l)— C l(l)  2.3629(14), P t(l)— G a(l) 2.3929(7), G a(l)— N (l) 1.877(4), 

Ga( 1)— N(2) 1.885(4), P ( l)— C(27) 1.837(5), N (l)—C (l) 1.410(7), C (l)— C(2) 

1.349(7), P(2)— C(28) 1.849(5), N(2)— C(2) 1.389(7), C(27)— C(28) 1.515(7), 

P(2)— Pt( 1)— P( 1) 87.34(5), P(2)— Pt( 1)— Cl( 1) 173.81 (6), P( 1)— Pt( 1)— Cl( 1)

96.91(5), P(2)— Pt( 1)— Ga( 1) 93.32(4), P (l)— Pt(l)—G a(l) 165.19(4), C l(l)— Pt(l) 

— G a(l) 83.72(4), N( 1)— Ga( 1)— N(2) 88.31(18), C( 1)— N( 1)— Ga( 1) 108.6(3), 

C(2)— C( 1)— N( 1) 116.9(5), C(2)— N(2)— Ga( 1) 109.0(3), C (l)—C(2)— N(2) 117.2(5), 

C(28)— C(27)— P( 1) 109.6(4), C(27)— C(28)— P(2) 110.1(4).
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Figure 10 -  Thermal ellipsoid plot (25 % probability surface) o f  the molecular structure 

o f  [(dppe)Pt{Ga{[N(Ar)C(H)]2 } h ] 14; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): P t(l)— P(2) 2.3016(10), 

Pt( I )— P( 1) 2.3138(11). P t( l)— Ga( 1) 2.4157(6), P t(l)—Ga(2) 2.4167(7), Ga( 1)—N( 1) 

1.902(3), G a(l)— N(2) 1.911(3), Ga(2)— N(3) 1.911(3), Ga(2)— N(4) 1.913(3), 

P (l)— C(53) 1.843(4), P(2)— C(54) 1.829(4), N (l)— C (l) 1.397(5), N(2)— C(2) 

1.409(5). N(3)— C(27) 1.384(5), N(4)— C(28) 1.402(5), C (l)— C(2) 1.339(5).

C(27)— C(28) 1.335(5). P(2)— Pt( 1)— P( 1) 85.18(4), P(2)— Pt(l)— G a(l) 162.49(3). 

P( 1)— Pt( 1)— Ga( 1) 93.30(3), P(2)— Pt(I)— Ga(2) 93.01(3), P (l)— Pt( 1)—Ga(2) 

160.61(3). Ga( I )— Pt( 1)— Ga(2) 94.05(3), N( 1)— Ga( 1)— N(2) 87.91(13),

N(3)— Ga(2)— N(4) 88.17(13), C( 1)—N( 1)— Ga( 1) 108.9(2). C(2)— N(2)— G a(l) 

107.5(2), C(27)— N (3)— Ga(2) 108.1(2), C(28)— N(4)—Ga(2) 106.7(2), C(2)— C (l) 

— N (l)  117.0(4). C( 1)— C(2)— N(2) 118.5(3), C(28)—C(27)— N(3) 117.8(4),

C(27)— C(28)— N(4) 119.1(4).
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Figure 11 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [(tmeda)Pd{Ga{[N(Ar)C(H)]2 ) h ]  15; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): Pd(l)— N (l) 2.231(4), 

Pd( 1)— Ga( 1) 2.3503(8), G a(l)— N(3) 1.893(4), G a(l)—N(2) 1.907(4), N(3)— C (l) 

1.420(6), N(2)— C(2) 1.381(6), C (l)— C(2) 1.343(7), N (l)— Pd(l)— N (l') 82.1(2), 

Ga( 1)— Pd( 1) — G a(l')  79.02(4), N(3)— G a(l)—N(2) 87.81(17), C (l)—N(3)— G a(l) 

108.1(3), C(2)— N(2)— Ga( 1) 109.0(3), C(2)— C (l)—N(3) 117.3(5), C (l)— C(2)— N(2) 

117.6(5), symmetry operation -x +  1, y, - z  + 1/2.
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Figure 12 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [(dppm)Pd{Ga{[N(Ar)C(H)]2 } h ] 16; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): P d(l)— P (l) 2.3871(16), 

Pd( 1)— P(2) 2.3934(15). P d(l)— G a(l) 2.3959(9), Pd( 1)—Ga(2) 2.4032(8), G a(l) 

— N(2) 1.888(4), G a(l)— N (l) 1.905(4), P (l)— C(53) 1.843(5), N (l)— C (l) 1.394(6), 

C (l)— C(2) 1.335(7), Ga(2)— N(3) 1.901(4), Ga(2)— N(4) 1.911(4), P(2)— C(53) 

1.835(5). N(2)— C(2) 1.394(6), N(3)—C(27) 1.408(6), N(4)— C(28) 1.398(7).

C(27)— C(28) 1.335(8), P( 1)— P d(l)— P(2) 71.91(5), P( 1)— P d(l)— G a(l) 103.12(4), 

P(2)— Pd( 1)—Ga( 1) 170.80(4), P( 1)— Pd(l)—Ga(2) 174.79(4). P(2)— Pd( 1)—Ga(2) 

105.96(4). Ga( 1)— Pd( 1)— Ga(2) 79.63(3), N(2)— Ga( 1)— N( 1) 87.72(17), C (l)— N (l) 

—G a(l) 108.6(3). C(2)— C( 1)— N( 1) 117.0(5). N(3)—Ga(2)— N(4) 87.79(19),

C(2)— N(2)— Ga( 1) 108.4(3), C( 1)— C(2)— N(2) 118.2(4), C(27)— N(3)— Ga(2)

108.1(4), C(28)— N(4)— Ga(2) 108.5(4), C(28)—C(27)— N(3) 118.2(5), C(27)— C(28) 

— N(4) 117.4(5), P(2)— C(53)— P( 1) 99.5(3).
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Figure 13 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [(dppm)Pt{Ga{[N(Ar)C(H)]2 } h ]  17; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): P t(l)— P(2) 2.3291(13), 

Pt( 1)— P( 1) 2.3356(13), P t(l)— Ga(2) 2.4170(8), P t(l)— G a(l) 2.4218(7), G a(l)—N(2) 

1.899(4), G a(l)— N (l)  1.905(4), P (l)— C(53) 1.846(5), N (l)— C (l) 1.397(6), 

C (l)— C(2) 1.349(7), Ga(2)— N(3) 1.896(4), Ga(2)— N(4) 1.906(4), P(2)—C(53) 

1.845(5), N(2)— C(2) 1.395(6), N(3)— C(27) 1.395(6), N(4)— C(28) 1.407(6),

C(27)— C(28) 1.329(7), P(2)— P t(l)— P (l) 71.85(5), P(2)— Pt( 1)— Ga(2) 100.34(4), 

P( 1)— Pt( 1)— Ga(2) 168.93(4), P(2)— Pt( 1)—Ga( 1) 172.80(3), P( 1)— Pt( 1)—Ga( 1) 

102.96(4), Ga(2)— Pt( 1)— Ga( 1) 85.46(2), N(2)— Ga( 1)—N( 1) 87.15(17), C (l)—N (l) 

— G a(l) 109.7(3), C(2)— C (l)— N (l) 116.1(4), N (3)~G a(2)—N(4) 88.01(16),

C(2)— N(2)— Ga( 1) 108.9(3), C (l)— C(2)—N(2) 118.2(4), C(27)— N(3)— Ga(2)

108.7(3), C(28)— N(4)— Ga(2) 107.4(3), C(28)— C(27)—N(3) 117.3(4), C(27)—C(28) 

— N(4) 118.5(4), P(2)— C(53)— P( 1) 95.7(2).
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Figure 14 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

° f  f(rl4“COD)Pt{Ga{[N(Ar)C(H)]2 }} 2] 18; hydrogen atoms and isopropyl groups are 

omitted for clarity. Selected bond lengths (A) and angles (°): P t(l)— C(27) 2.268(6), 

P t(l)— C(30) 2.273(6), Pt( 1)— G a(l) 2.3838(7), G a(l)—N (l) 1.871(5), G a(l)— N(2) 

1.885(5), N (l)— C (l)  1.383(7), N(2)— C(2) 1.398(7), C (l)— C(2) 1.336(8),

C(27)— C(30') 1.336(10), Ga( 1')— Pt( 1)— Ga( 1) 83.84(3), N (l)— G a(l)—N(2) 87.7(2), 

C (l)— N (l)— G a(l) 109.5(4), C(2)—N(2)— G a(l) 108.6(4), C(2)— C (l)— N (l)

117.2(5), C(1)— C(2)— N(2) 117.0(5), symmetry operation x, - y  + 1/2, - z  + 3/2.

4 3 3  The Reactivity of Chelated Metal Gallyl Complexes with Unsaturated 

Substrates

Compound 18 is analogous to the bis-boryl complex, 3, and as such its reactivity

towards unsaturated substrates was investigated. However, no reaction occurred when

hex-3-yne or styrene were added separately to a toluene solution o f 18. Compound 14
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is analogous to [(dppe)Pt{B(cat))}2], which displays poor catalytic activity due to the 

presence o f a chelating phosphine ligand. However, it was decided to investigate the 

reactivity o f  14 towards a variety o f unsaturated substrates, as this compound could be 

synthesised in good yield. No reaction occurred when 14 was treated with but-2-yne, 

ethylene, carbon monoxide, benzonitrile or acetonitrile, and only intractable mixtures of 

products resulted when 14 was treated with 3-buten-2-one, carbon dioxide and carbon 

disulphide. The reaction o f 14 with xylylisonitrile led to the displacement o f dppe and 

the eventual formation o f [Pt(dppe>2],38 as followed by 3,P{,H} NMR spectroscopy, 

with no other isolable products. Presumably, reductive elimination o f the digallane(4), 

[Ga{[N(Ar)C(H)]2 }]2, occurs. However, the reaction o f 14 with /er/-butylisonitrile 

(Bu'NC) led to the loss o f  dppe and the formation o f compound 19, with no [Pt(dppe>2] 

formed in the reaction mixture (Scheme 8). The strong a-donor Bu*NC prevents dppe 

from coordinating to 19 in the reaction mixture. The isomer /er/-butylnitrile (Bu!CN) 

was found to not react with 14.

Ar * CeH3PrV2.6

Scheme 8 -  The synthesis o f 19 and 20

When compound 14 was treated with the heavier homologue, BulCP, an unusual 

insertion product, 20, formed quickly and quantitatively, as determined by 31P{IH} 

NMR spectroscopy, under any stoichiometry (Scheme 8). This insertion complex 

contains the first example o f an anionic mixed /VV-heterocyclic gallyl ligand and 

contains a stereogenic centre. In contrast, the reaction o f BulCP with 17 gave an 

intractable mixture o f  products, and no reaction occurred when BulCP was added to
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[K(tm eda)][l], suggesting that the gallium heterocycle in 14 has been “activated.” For 

comparison, Bu!CP was added to a solution o f 13 to observe if the same type of 

insertion product formed in the absence o f a second bulky gallyl ligand. However, in 

this case the known zerovalent platinum complex, [(dppe)Pt(Ti2-PCBut)] 2 1,39 formed 

(observed by 3,P{!H} NMR spectroscopy), presumably via loss o f the paramagnetic 

gallium(II) dimer, [ClGa{[N(Ar)C(H)]2*}]2 4 (Scheme 9). Treatment o f  complex 20 

with BulNC afforded complex 19. In contrast, the reaction o f 20 with xylylisonitrile 

gave [Pt(dppe>2 ], with the clean loss o f Bu‘CP and dppe, as determined by 31P {1H } 

NMR spectroscopy, suggesting that the insertion o f BulCP is reversible. Compound 20 

did not react with Bu‘CN, and gave an intractable mixture o f products when treated with 

CS2.

jB u
ph2 /

13  Bu'CP I P//',

Ar -  C g H jP H j^  ,6 - [CIGa<[N(Ar)C(H)]2}]2 ^ “ P ^  ^ P
Ph2 21

Scheme 9 -  The synthesis o f 21

As square planar platinum(II) complexes typically undergo substitution through 

an associative mechanism with square based pyramidal intermediates,40 it is a 

reasonable assumption that the initial step in the mechanism o f formation o f 20 is the 

transient coordination o f BulCP at a vacant “apical” site o f 14. The coordinated 

phosphaalkyne could then accept nucleophilic attack at its alkynic carbon, followed by 

rearrangement to give 20 (Figure 15). Theoretical studies into the polarity o f the P=C 

triple bond o f uncoordinated phosphaalkynes have suggested that their alkynic carbons 

are slightly negative, with the exception o f those containing 7c-donor substituents, such 

as in Pr^NCP.41 Experimental observations are consistent, with nucleophilic attack 

normally taking place at the P-terminus o f BulCP.42 Phosphaalkynes may coordinate to
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a metal in an q 1-fashion, by o-donation o f  a lone pair o f electrons at the P-terminus, or 

q2-fashion, by donation o f the HOMO 7i-type orbital. Though the former coordination 

mode is very rare, it can occur at restricted coordination sites, such as in the octahedral 

molecule, [(d p p e^W ^ '-P C B u '^ ], and can not be discounted here.43 However, it is far 

more probable that the phosphaalkyne donates in an q2- fashion in the formation o f 20. 

When Bu'CP is r|2-coordinated to a transition metal centre, there is an increased basicity 

o f  the phosphorus lone pair electrons and therefore the alkynic carbon may be open to 

nucleophilic attack.42M4

teu

Ar

Ph

Ph

Ar

Figure 15 -  A proposed intermediate in the formation o f 20

Further investigations into the formation of 20 showed that addition o f two 

equivalents o f  PEt3 to the reaction mixture before addition o f BulCP slowed the rate of 

formation o f the insertion complex considerably, from 10 minutes to about 3 hours. 

The rate is not reduced when the weaker o-donor, PPh3, is added instead o f PEt3, It is 

assumed that, although there is no change in the 3IP{'H} NMR spectrum o f 14 

following addition o f  PEt3, the phosphine donates to the platinum centre at the “apical” 

position in transient square based pyramidal intermediates. This competition for the 

“apical” site fortifies the argument that pre-coordination o f phosphaalkyne at platinum 

is required for the reaction to take place. It is proposed that, in the concerted
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mechanism, the coordinated phosphaalkyne undergoes formal nucleophilic attack by the 

imine-type carbon backbone o f the gallium heterocycle. Donation o f the phosphorus 

lone pair o f  electrons to the gallium centre and simultaneous rearrangement leads to the 

dissociation o f an N-donor and formation o f a C=N double bond. Hence the original 

gallium heterocycle has been opened and the novel heterocyclic ring closed.

Following on from the discovery that the addition of two equivalents o f  PEt3 to 

the reaction mixture slows the rate o f reaction markedly, it was decided to study the 

kinetics o f  the reaction by 31 P{ *H} NMR spectroscopy. As no PEt3 is consumed during 

the course o f  the reaction, the integration o f its signal can be employed as the standard 

as the reaction proceeds. To perform the experiments, a nearly saturated THF solution 

o f  14 (0.02 g in 0.6 cm 3) was made up in a Young’s NMR tube with either two or ten 

equivalents o f  PEt3 and a D2O insert, and the spectrum obtained. BulCP was added, a 

3,P{’H} NMR spectrum taken twelve minutes later and then in eight minute intervals 

for the three hour duration o f  the experiment. Integration o f the spectra allowed the rate 

o f  reaction to be measured. As the starting concentration o f 14 and the ratio o f the 

integration o f  the signal at S 47.4 ppm to the integration o f the PEt3 signal in the 

31 P{ !H} NMR spectrum is known, all ratios obtained could then be converted to units of 

moldm '3. It was latterly found to be easier to follow the rate o f formation o f the 

product, 20, as one o f its resonances at S 301.0 ppm does not overlap with signals due to 

the starting material.

It was found that increasing the number o f equivalents o f PEt3 from two to ten 

did not slow down the reaction more than when two equivalents were used. This 

suggests that although competition for the vacant apical site at platinum is the likely 

cause o f  slowing down the rate o f  reaction, the transient binding o f PEt3 to 14 is not
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dependent on concentration. This observation is indicative o f the weak interactions 

postulated. In addition, increasing the number o f  equivalents o f BulCP from two to ten 

also does not lead to a change in the rate o f reaction. The reaction is therefore zero 

order with respect to the phosphaalkyne under these conditions. Hence it seems 

intuitive that the rate determining step is the formation o f the proposed square based 

pyramidal intermediate, which in the presence o f PEt3 is formed at a rate dependent 

only on the concentration o f 14. Unfortunately, the concentration o f 14 could not be 

increased to test this hypothesis due to the low solubility in THF. The concentration 

could also not be decreased as the reaction was already being followed on a very small 

scale, and halving the concentration would have led to the attempted measurement of 

very weak signals and would yield inaccurate results. Attempted adjustment o f the 

solvent system to more polar solvents such as DCM to increase the concentration o f 14 

led only to decomposition o f the starting material. The reaction was assumed to be first 

order under these conditions, the rate equation being: Rate = £[14]. As such a graph 

was constructed o f ln[14] against time (Graph 1). Straight lines were obtained to give 

the rate constant o f  the reaction, k = 3.6 x Kf4 s '1, with either two or ten equivalents of 

Bu!CP. The high R2 values o f 0.7488 and 0.7991 suggest that there is a good correlation 

o f  both data series to the straight lines and that the reaction under these conditions is 

pseudo-first order with respect to the concentration of 14.
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Complexes 19 and 20 were fully characterised. The !H and ^C f'H } NMR

spectra for 19 match the proposed structure and do not warrant any further comment.

The generation o f  a stereogenic centre in 20 was confirmed by a complicated *H NMR

spectrum, and the ^ C j'H }  NMR spectrum was too complicated to assign. The 3,P{,H}

NM R spectrum for 20 is depicted here (Figure 16). The high field signals in the

3,P{ 'FI} NMR spectrum (S 55.0 ppm, 'J w  = 2579 Hz; S 62.1 ppm, ‘J rp  = 2094 Hz, Vpp

= 23.9 Hz) correspond to the phosphorus centres in the dppe ligand cis- and trans- to the

 ̂1 1novel heterocycle respectively. The chemical shifts in the P{ H} NMR spectrum of 

20 are not far shifted from those o f  14, but the changed 'Jpip coupling constants reveal 

the new heterocyclic ligand to have a stronger /rans-influence than 1. The phosphorus 

centre trans- to the novel heterocycle also couples with the phosphorus that has inserted 

into the heterocyclic ring to give a typical 3Jpp coupling constant.45 The low field signal 

in the 3,P{'H} NM R spectrum (<5 301.0 ppm, Vptp = 287.2 Hz, 3J PP = 23.9 Hz) occurs at 

a chemical shift that is characteristic o f  phosphaalkenes, with a characteristic 2Jpjp 

coupling.45

The crystal structures o f 19 and 20 were obtained (Figures 17 and 18). The R 1 

value for 19 is high (0.14), and as such is not suitable for publication. Although 

geometrical parameters for 19 cannot be commented on with certainty, the molecular 

connectivity cannot be doubted, and the structure obtained complements the 'H, 

l3C {1H } and 3IP{!H} NMR spectroscopic data for this compound. Crystallographic 

differences between 14 and 20 are noteworthy. Upon incorporation o f BulCP into one

heterocycle o f 14, the Ga— M— Ga angle decreases by 16° and the Ga Ga separation

reduces by 0.5 A. The relatively close Ga Ga distance in the crystal structure o f 20

(3.039 A) may constitute an interaction, although the close approach of the gallium
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nuclei could be attributed to reduced steric crowding around the platinum centre of 20 

compared with that o f 14.

ast r : 9£
S3 33  g3
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in 1U
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Figure 1 6 - T h e 3lP{‘H} NMR spectrum o f 20
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Figure 17 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  /ro/i5-[(Bu!NC>2Pt{Ga{[N(Ar)C(H)]2}}2] 19; hydrogen atoms are omitted for clarity. 

Selected bond lengths (A) and angles (°): P t(l)—C(53) 1.38(3), Pt( 1)—C(58) 

2.013(19), P t(l)— G a(l) 2.435(2), P t(l)— Ga(2) 2.441(3), G a(l)—N (l) 1.876(16), 

G a(l)— N(2) 1.894(18), N (l)— C (l)  1.40(2), C (l)— C(2) 1.30(3), Ga(2)— N(4) 1.88(2), 

Ga(2)— N(3) 1.888(17), N(2)— C(2) 1.40(3), N(3)—C(27) 1.40(3), N(4)— C(28) 

1.37(3), N(5)— C(53) 1.61(4), N(6>—C(58) 1.09(2), C(27)— C(28) 1.33(3), C(53) 

— P t(l)— C(58) 178.6(13), C(53)— Pt( 1)—Ga( 1) 89.9(12), C(58)— Pt( 1)— G a(l) 

91.4(5), C(53)— Pt( 1)— Ga(2) 95.5(12), C(58)— P t(l)— Ga(2) 83.4(5), G a(l)— Pt(l) 

— Ga(2) 172.17(9), N ( l ) ~  G a(l)— N(2) 87.4(7), N (l)—G a(l)— P t(l) 133.5(5),

N(2)— Ga( 1)— Pt( 1) 138.1(5), C (l)— N (l)— G a(l) 109.7(13), C(2)— C (l)— N (l) 

116.2(18), N(4)— Ga(2)— N(3) 87.7(8), C(2)— N(2)— Ga( 1) 107.5(14), C (l)— C(2) 

— N(2) 119.3(19), C(27)— N(3)— Ga(2) 108.9(15), C(28)—N(4)— Ga(2) 108.1(16).
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Figure 18 -  Thermal ellipsoid plot (25 % probability surface) o f  the molecular structure 

o f  [(dppe)Pt{Ga{ [N(Ar)C(H)]2 }} {Ga{[PC(Bu')C(H)(NAr)C(H)N(Ar)]}} ] 20; hydrogen 

atoms and isopropyl groups are omitted for clarity. Selected bond lengths (A) and 

angles (°): P t(l)— P(2) 2.2806(17), P t(l)— P(3) 2.3169(17), P t(l)— G a(l) 2.4064(10), 

P t(l)— Ga(2) 2.4258(10), G a(l)— N (l)  1.873(4), G a(l)— P (l) 2.319(2), P (l)— C (l) 

1.701(6), N (l)— C(8) 1.426(7), N (l)— C(6) 1.481(7), N(2)— C(7) 1.261(6), C (l)— C(6) 

1.525(8), C (l)—C(2) 1.544(8), C(6)— C(7) 1.516(7), P(2)— P t(l)— P(3) 86.76(6), 

P(2)— Pt( 1)— Ga( 1) 96.19(5), P(3)— Pt(l)— G a(l) 171.30(5) P(2)— P t(l)— Ga(2) 

167.83(5), P(3)— Pt( 1)— Ga(2) 97.58(5), G a(l)— P t(l)— Ga(2) 77.95(3), N (l)— G a(l) 

— P (l)  93.65(15), N( 1)— Ga( 1)— Pt( 1) 134.76(15), P( 1)— Ga( 1)— Pt( 1) 130.47(5), 

C (l)—  P (l)— G a(l) 92.3(2), 0(6)— N (l)— G a(l) 115.4(3), 0(6)— C( 1)—0(2) 116.9(5), 

0 (6 )— 0 (1 )— P (l)  123.6(5), 0 (2)— 0(1)— P (l) 119.0(4), N (l)— 0(6)— 0(7) 105.6(4), 

N (l)— 0 (6 )— 0(1) 113.4(4), 0(7)— 0(6)— 0(1) 114.5(4), N(2)— 0(7)— 0(6) 120.2(5).
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Some interesting bonding can be observed in the altered heterocycle o f 20. As 

previously mentioned, the novel heterocycle has a shorter Ga— Pt bond length than the 

other heterocycle, in agreement with the ‘jptp coupling constant observed in the 3IP{'H} 

NM R spectrum. In addition, the P—Ga—N bond angle is more obtuse than the 

N— Ga— N angle o f  the other heterocycle, possibly suggesting stronger o-donor 

properties. The Ga— N bond length has not changed considerably, and the Ga— P bond 

length o f  2.319 A  and P=C bond length o f  1.701 A are typical.22 The C— C backbone, 

originally a double bond in 14, has undoubtedly become a single bond in the novel 

heterocycle o f  20, a stereogenic centre.

4.4 Conclusion

To conclude, the synthesis and structural characterisation o f square planar 

nickel, palladium and platinum complexes o f a gallium(I) A-heterocyclic carbene 

analogue have been reported. These complexes have had their reactivity studied and 

compared with c/s-(bis)boryl complexes o f platinum. The trans-gallyl complexes 

synthesised were shown to be relatively unreactive, whilst the czs-(bis)gallyl complexes 

were shown to be unreactive towards non-polar, but reactive towards polar unsaturated 

organic substrates. Most noteworthy, the addition o f Bu*CP to one c/s-(bis)gallyl 

complex led to insertion into the gallium(I) heterocycle to form a compound that 

contains a novel mixed P>̂ -heterocyclic gallium(I) ligand. The insertion o f BulCP has 

been the subject o f  a kinetic study, and a mechanism for this process has been proposed. 

In addition, a trans-directing series has been established during the course o f these 

studies, based on xJ wp coupling constants in the 3IP{!H} NMR spectra and bond length 

observations in crystal structures o f the complexes: B(OR>2 > H~ > PR3 ~

[:Ga{[N(Ar)C(H)]2}]~ >C1"
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4.S Experimental

General experimental procedures are compiled in Appendix 1 and 

crystallographic data are compiled in Appendix 3. Reproducible microanalyses could 

not be obtained for most compounds due to their highly air sensitive nature, but the 

NM R spectra suggested protic impurities o f  < 5 %. [K(tmeda)][l] , 2 c/s-[(PEt3)2PtCl2] ,46 

c/s-K PEtafcPuV -CiR , ) ] , 47 [(dcpe)PtCl2] , 38 [(dppe)PtCl2] ,29 [(tmeda)PdCl2] ,48 

[(dppm)PdCI2],42 ((dppm)PtCl2] , 29 and [(r)4-COD)PtCl2] 27 were synthesised by literature 

procedures. All other reagents were used as received.

Preparation of lra#is-|(PEt3 )2 Ni{Ga{[N(Ar)C(H)j2 }}2 ] 5: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.35 g, 0.58 mmol) in THF (10 cm3) was added to a suspension 

o f  /rcrrts-[(PEt3)2NiCl2] (0.09 g, 0.29 mmol) in THF (10 cm3) at -78 °C to give a deep 

red solution. The reaction mixture was warmed to 20 °C and stirred overnight. All 

volatiles were then removed in vacuo, the residue washed with hexane ( 2 0  cm3) and 

extracted into toluene (60 cm3) and filtered. The filtrate was concentrated to ca. 15 cm3 

and stored at -30 °C to give deep red blocks o f 5. Further concentration o f the 

supernatant solution gave another crop o f  5 (0.16 g, 47 %). Mp 143-144 °C; NMR 

(400 MHz, C6D6, 298 K): 6  0.76 (t, V Hh = 7.7 Hz, 18 H, C //3CH2), 1.36 (d, V Hh =

6.5 Hz, 24 H, (C //3)2CH), 1.42 (d, 3J Hh = 6.5 Hz, 24 H, (C //3)2CH), 1.67 (m, 3Jmi =

7 . 7  Hz, 12 H, C //2), 3.78 (sept, V Hh = 6.5 Hz, 8  H, (CH3)2C//), 6.53 (s, 4 H. NCH ), 7.22 

(m, 4 H, p-Ar-H) 7.28 (m, 8  H, m-Ar-//); '^ { 'H }  NMR (75.6 MHz, C6D6, 298 K): S

9.6 (CH 3CH 2), 23.7 (CH2), 26.1, 28.0 ((CH3)2CH), 29.0 ((CH3)2CH), 122.4 (CN), 123.7 

(m -A r-O , 124.2 (p-A r-Q , 144.2 (o-A r-Q  149.1 (ipso-A r-Q ; 3 ,P{'H} NMR (121.7 

MHz, C6D6, 298 K): S  17.7; MS (El 70eV), m/z (%): 1067 (MH+ -PEt3, 6 ), 892 

([Ga{N(Ar)C(H)}2]2H+, 3), 445 (Ga{N(Ar)C(H)}2H+, 41), 378 ({N(Ar)C(H)}2H \  23),
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333 ({N(Ar)C(H)}2H* -P r\ 100); IR v/cnT1 (Nujol): 1591 s, 1363 m, 1259 m, 1101 m, 

1052 m, 1030 m, 892 m; C64H|o2N4P2NiGa2 requires C 64.73, H 8.66, N 4.72; found C 

66.37, H 8.80, N 4.55.

Preparation of lra/t5-[(PEt3>2Pd{Ga{[N(Ar)C(H)]2}}2] 6: A solution o f  [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.30 g, 0.50 mmol) in THF (10 cm3) was added to a suspension 

o f  /raru;-[(PEt3)2PdCl2 ] (0.10 g, 0.25 mmol) in THF (10 cm3) at -78 °C to give a deep 

red solution. The reaction mixture was warmed to 20 °C and stirred overnight. All 

volatiles were then removed in vacuo, the residue washed with hexane (20 cm3) and 

extracted into toluene (60 cm3) and filtered. The filtrate was concentrated to ca. 15 cm3 

and stored at -30 °C to give deep red blocks o f 6. Further concentration o f  the 

supernatant solution gave another crop o f  6 (0.20 g, 66 %). Mp 230 °C (decomp.); H 

NM R (400 MHz, C6D6, 298 K): <50.52 (t, 3J Hh = 8.4 Hz, 18 H, C //3CH2), 1.14 (d, 3Jhh 

= 6.7 Hz, 24 H, (C //3)2CH), 1.22 (d, V hh = 6.7 Hz, 24 H, (C //3)2CH), 1.46 (m, V Hh =

8.4 Hz, 12 H, C //2), 3.64 (sept, VHH = 6.7 Hz, 8 H, (CH3)2 CH), 6.38 (s, 4 H, N Ctf) 6.95 

(t, Vhh = 7.5 Hz, 4 H, p-Ar-H) 7.06 (d, Vhh = 7.5 Hz, 8 H, m-Ar-//); l3C{'H} NMR 

(75.6 MHz, CsDs, 298 K): <5 9.2 (CH3CH2), 21.1 (CH2), 23.5, 26.0 ((CH3)2CH), 29.0 

((CH3)2C’H), 121.9 (CN). 123.6, 124.0, 125.4 (m-Ar-C), 129.0 (p-Ar-C), 144.1 (o-Ar-C) 

148.8 (ipso-A r-O ; 3IP{'H} NMR (121.7 MHz, C6D6, 298 K): S  22.7; MS (El 70eV), 

m/z (%): 892 ([Ga{N(Ar)C(H)}2]2H+, 8), 445 (Ga{N(Ar)C(H)}2H+, 100), 378 

({N(Ar)C(H)>2H+. 4). 333 ({N(Ar)C(H)}2H*-Pr', 56); IR vfcm"1 (Nujol): 1591 s, 1363 

m, 1319 m, 1258 m, 1101 m, 1055 m, 894 m; CMH |02N4P2PdGa2 requires C 62.22, H 

8.32, N 4.54; found C 63.46, H 8.24, N 4.34.
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Preparation of /ra#ts-I(PEtj)2 Pcl{Ga{[N(Ar)C(H)|2 }}Cl) 10 : This compound appeared 

in the reaction mixture o f  6 as a minor product. A small amount o f 10 was isolated and 

the crystal structure obtained. 3,P{1H} NMR (121.7 MHz, D20 , 298 K): <521.5.

Preparation of /mit5-((PEt3>2Pt{Ga{(N(Ar)C(H)]2}}2) 7: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.31 g, 0.51 mmol) in THF (10 cm3) was added to a suspension 

o f  c/s-[(PEt3)2PtCl2] (0.13 g, 0.26 mmol) in THF (10 cm3) at -78 °C to give a deep red 

solution. The reaction mixture was warmed to 20 °C and stirred overnight. All 

volatiles were then removed in vacuo, the residue washed with hexane (20 cm3) and 

extracted into toluene (60 cm3) and filtered. The filtrate was concentrated to ca. 15 cm3 

and stored at -30 °C to give deep red blocks o f 7. Further concentration o f the 

supernatant solution gave another crop o f 7 (0.15 g, 44 %). Mp 275 °C (decomp.); 'H 

NM R (400 MHz, C6D6, 298 K): <50.69 (t, V Hh = 8.4 Hz, 18 H, C //3CH2), 1.39 (d, V hh 

= 6.7 Hz, 24 H, (C //3)2CH), 1.43 (d, V Hh = 6.7 Hz, 24 H, (C //3)2CH), 1.81 (m, Vhh =

8.4 Hz, 12 H, C //2), 3.74 (sept, V Hh = 6.7 Hz, 8 H, (CH3)2 C//), 6.62 (s, 4 H, NCH) 7.20 

(t, Vhh = 6.2 Hz, 4 H, p-Ar-H) 7.27 (d, V Hh = 6.2 Hz, 8 H, m-Ar-H); '^ { 'H }  NMR 

(75.6 MHz, C6D6, 298 K): <5 9.3 (CH3CH2), 23.5 (CH2), 25.9, 26.0 ((CH3)2CH), 28.9 

((CH3)2CH), 121.8 (CN), 123.6 (m-Ar-C), 124.3 (p-Ar-C), 144.1 (o-A r-Q  148.8 (ipso- 

A r-O ; 3,P{'H} NM R (121.7 MHz, C ^ ,  298 K): <5 14.2 (Vp,P = 2256 Hz); MS (El 

70eV), m/z (%):1324 (M H+, 1), 333 ({N(Ar)C(H)}2H+ -Pr\ 100); IR vfcm ' (Nujol): 

1592 s, 1318 m, 1250 m, 1101 m, 1055 m, 1032 m, 894 m; C7 iH,,oN4P2PtGa2 (1 

toluene in lattice) requires C 58.06, H 7.76, N 4.23; found C 59.42, H 7.72, N 4.21.

Preparation of c&-|(PEt3 )2 Pt{Ga{|N(Ar)C(H)l2 }h] 8 : This compound appeared in 

the reaction mixture o f 7 as a minor product. A small amount o f 8 was isolated and the
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crystal structure obtained. 3iP{'H} NM R (121.7 MHz, D20 ,  298 K): S 9.3 (Vp,P = 2549 

Hz).

Preparation o f /raMs-|(PEt3)2Ni{Ga{(N(Ar)C(H)|2 }}CI| 9: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 )] (0.30 g, 0.50 mmol) in THF (10 cm3) was added to a suspension 

of /ranj-[(PEt3 )jNiCl2 ] (0.15 g, 0.50 mmol) in THF (10 cm3) at -78 °C to give a deep 

red solution. The reaction mixture was wanned to 20 °C and stirred overnight. All 

voiatiles were then removed in  va cu o , the residue washed with hexane (20 cm3) and 

extracted into toluene (60 cm ) and filtered. The filtrate was concentrated to ca. 15 cm3 

and stored at -30 °C to give deep red blocks o f 9. Further concentration o f the 

supernatant solution gave another crop o f 9 (0.17 g, 44 %). Mp 105-106 °C (decomp.); 

'H NMR (400 MHz, C6D6, 298 K): S  1.03 (t, V Hh = 7.8 Hz, 18 H, C //3CH2), 1.42 (d, 

Vhh = 6.7 Hz, 12 H, (C //3)2CH), 1.48 (d, VHH = 6.7 Hz, 12 H, (CW3)2CH), 1.68 (m, 

V hh = 7.8 Hz, 12 H, C H 2), 4.06 (sept, V hh = 6.7 Hz, 4 H, (CH3 ) 2  C H ), 6.59 (s, 2 H, 

NCH ), 1 2 1  (t, V hh = 7.5 Hz, 2 H, p -A r -H )  7.33 (d, V hh = 7.5 Hz, 4 H, m -A r-H ):  

,3C{'H} NMR (75.6 MHz, C6D6, 298 K): <5 8.8 (CH3CH2), 17.8 (CH2), 23.5, 26.1 

((CH3)2CH), 29.0 ((CH3)2CH), 121.3 (CN), 123.8 (m -A r-C ), 128.1 (p -A r -C ) , 143.5 (o- 

Ar-Q 147.6 ( ip so -Ar-Q; 3iP{'H} NMR (121.7 MHz, C6D6, 298 K): S  13.9 ; MS (El 

70eV), m /z  (%): 892 ([Ga{N(Ar)C(H)}2 ]2 H+, 1), 445 (Ga{N(Ar)C(H)}2H+, 3), 378 

({N(Ar)C(H)}2H \ 37), 333 ({N(Ar)C(H)}2H+ -Pr', 100); IR vicm x (Nujol): 1594 s, 

1363 m, 1318 m, 1258 m, 1202 m, 1112 m, 1057 m, 1032 m, 931 m, 896 m; 

C3»H«,N2P2ClNiGa2 requires C 58.76, H 8.56, N 3.60; found C 58.39, H 8.71, N 3.70.

Preparation o f |(dcpe)Pt{Ga{[N(Ar)C(H)|2}}CIJ 12: A solution o f [K(tmeda)] 

[:G a{[N(Ar)C(H)]2} ] (0.13 g, 0.22 mmol) in THF (10 cm3) was added to a suspension 

o f  [(dcpe)PtCl2] (0.15 g, 0.22 mmol) in THF (10 cm3) at -78 °C to give a deep yellow
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reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight, 

becoming orange in colour. All volatiles were then removed in vacuo, the residue 

washed with hexane (30 cm3) and extracted into diethyl ether (70 cm3) and filtered. The 

filtrate was concentrated to ca. 15 cm3 and stored at -30 °C to give yellow blocks o f 12. 

Further concentration o f  the supernatant solution gave another crop o f 12 (0.09 g, 38 

%). Mp 278-280 °C (decomp.); 'H NMR (400 MHz, C6D6, 298 K): <5 0.77-2.08 (m, 

48H, Cy- / /  and P C //2), 1.37 (d, *JHH = 6.6 Hz, 12 H, (C //3)2CH), 1.40 (d, V Hn = 6.6 Hz, 

12 H, (C /Z ^C H ), 4.08 (br. m, 4 H, (C H ^ C //) , 6.37 (s, 2 H, N C //), 7.08 (t, V„„ =

7.6 Hz, 2 H, p-A r-H ) 7.17 (d, V Hh = 7.6 Hz, 4 H, ro-Ar-H); ,3C{'H} NMR (75.6 MHz, 

C6D6, 298 K): too complicated to assign due to overlapping signals and couplings; 

3iP{‘H> NM R (121.7 MHz, C6D6, 298 K) <569.4 ('jp ,P = 3620 Hz, Irons-Cl), 72.2 ( % P 

= 2088 Hz, /ram -gallyl); MS (El 70eV), m/z (%): 1098 (MH+, 100), 1063 (MH+ -Cl, 

11), 616 ((dcpe)PtH*, 30), 333 ({N(Ar)C(H)}2H+ -Pr', 19); IR W cm 1 (Nujol): 1590 m, 

1352 m, 1326 m, 1259 m, 1111 m, 798 m; El acc. mass on M+: calc, for 

C 52H*4N2P2ClPtGa: 1097.4646, found 1097.4697; C52H84N2P2ClPtGa requires C 56.81, 

H 7.70, N 2.55; found C 55.97, H 8.05, N 2.58.

Preparation of [(dppe)Pt{Ga{[N(Ar)C(H))2 }}CIJ 13: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.20 g, 0.33 mmol) in THF (10 cm3) was added to a suspension 

o f  [(dppe)PtCb] (0.22 g, 0.33 mmol) in THF (10 cm3) at -78 °C to give an orange 

reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight, 

becoming red in colour. All volatiles were then removed in vacuo, the residue washed 

with hexane (20 cm3) and extracted into diethyl ether (40 cm3) and filtered. The filtrate 

was concentrated to ca. 15 cm3 and stored at -30 °C to give red blocks o f 13. Further 

concentration o f  the supernatant solution gave another crop o f 13 (0.07 g, 20 %). Mp 

153-154 °C; *H NM R (400 MHz, C6D6, 298 K): <5 0.99 (d, 3J Hh = 6.9 Hz, 12 H,

188



(CH})2CH), 1.20 (d, VHH = 6.9 Hz, 12 H, (C tf3)2CH), 1.53 (m, 4 H, C //2P), 3.73 (br. m, 

4 H, (CHahCW), 6.12 (s, 2 H, NCH), 6.60-7.46 (m, 26 H, Ar-//); b C{'H} NMR (75.6 

MHz, C6D6, 298 K): too complicated to assign due to overlapping signals and 

couplings; 31P{'H> NM R (121.7 MHz, C JJs, 298 K) <544.0 ( ' J w  = 3788 Hz, tram-Cl),

51.4 ( % P = 2023 Hz, frans-gallyl); MS (El 70eV), mlz (%): 1074 (M H \ 2). 333 

({N(Ar)C(H)}2H+ -Pr', 100); 1R w'cm'1 (Nujol): 1591 m, 1564 m, 1435 m, 1351 m, 1262 

m, 1106 m; El acc. mass on M+: calc, for C 52H6oN2P2ClPtGa: 1073.2818, found 

1073.2812.

Preparation of |(dppe)Pt{Ga{[N(Ar)C(H)]2 }}2 ] 14: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.61 g, 1 mmol) in THF (20 cm3) was added to a suspension of 

[(dppe)PtCl2] (0.34 g, 0.5 mmol) in THF (20 cm3) at -78 °C to give a deep yellow 

reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight,

becoming deep red in colour. All volatiles were then removed in vacuo, the residue

•>
washed with hexane (20 cm ) and extracted into diethyl ether (60 cm ) and filtered. The 

filtrate was concentrated to ca. 15 cm3 and stored at -30 °C to give dark red blocks o f 

14. Further concentration o f  the supernatant solution gave another crop o f  14 (0.48 g, 

62% ). Mp 263-264 °C (decomp.); 'H  NMR (400 MHz, C6D6, 298 K): S  1.23 

(overlapping d, 48 H, (C //3)2CH), 1.58 (m, 4 H, C //2P), 3.56 (br. m, 4 H, (CH3)2C//), 

3.67 (br. m, 4 H, (CH3)2C //), 6.38 (br. s, 4 H, NC//), 7.07-7.50 (m, 32 H, Ar-//); 

'^ { 'H }  NMR (75.6 MHz, C6D6, 298 K): too complicated to assign due to overlapping 

signals and couplings; 3,P{,H} NMR (121.7 MHz, C6D6, 298 K) £47 .4  ('jptp = 2316 

Hz); MS (El 70eV), m/z (%): 445 (Ga{N(Ar)C(H)}2H \  4), 378 ({N(Ar)C(H)}2H \  10), 

333 ({N (A r)C (H )hH + -P r\ 100); 1R v/cm"1 (Nujol): 1592 m, 1357 m, 1315 m, 1254 m, 

1202 m, 1108 m; C 7gH%Ga2N4P2Pt requires C 63.04, H 6.51, N 3.77; found C 60.68, H 

6.87, N 3.55.
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Preparation of |(tmeda)Pd{Ga{|N(Ar)C(H))2}}2 ] 15: A solution o f  [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2 }] (0.35 g, 0.58 mmol) in THF (10 cm3) was added to a suspension 

o f  [(tmeda)PdCl2] (0.09 g, 0.29 mmol) in THF (10 cm3) at -78 °C to give a deep orange 

reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight. All 

volatiles were then removed in vacuo and the residue washed with hexane (20 cm3). 

The product was extracted into toluene (40 cm3) and filtered. The filtrate was 

concentrated to ca. 15 cm 3 and stored at -30 °C to give red blocks o f 15. Further 

concentration o f  the supernatant solution gave another crop o f 15 (0.04 g, 13 %). Mp 

145-146 °C; 'H  NM R (400 MHz, C6D6, 298 K): S  1.08 (d, 3J Hh = 6.8 Hz, 6 H, 

(C //3)2CH), 1.27 (v. t, 3J Hh  = 6.8 Hz, 12 H, (C //3)2CH), 1.36 (d, 3J Hh = 6.8 Hz, 6 H, 

(C //3)2CH), 1.37 (m, 12 H, (C //3)2N), 1.38 (m, 4 H, CH2N), 1.51 (v. t, 3J Hh = 6.8 Hz, 12 

H, (C /Z ^C H ), 1.62 (v. t, 3Jhh = 6.8 Hz, 12 H, (C //3)2CH), 3.28 (2 overlapping sept, 

3Jhh = 6.8 Hz, 4 H, (CH3)2C/Z), 3.86 (sept, V Hh = 6.8 Hz, 2 H, (CH3)2C//), 4.24 (sept, 

Vhh = 6.8 Hz, 2 H, (CH3)2C //), 6.17 (d, 3J Hh = 3.7 Hz, 2 H, N C//), 6.44 (d, 3J Hh =

3.7 Hz, 2 H, N C //), 7.13-7.48 (m, 12 H, p-Ar-H ); MS (El 70eV), m/z (%): 445 

(Ga{N(Ar)C(H)}2H+, 62), 378 ({N(Ar)C(H)}2H \  8), 333 ({N(Ar)C(H)}2H+ -Prj, 100); 

IR i/cm -1 (Nujol): 1584 m, 1260 m, 1091 m, 1025 m, 872 m, 739 m, 691 m.

Preparation of |(dppm)Pd{Ga{[N(Ar)C(H)l2 }}2 l 16: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2J] (0.30 g, 0.50 mmol) in THF (10 cm3) was added to a suspension 

o f  [(dppm)PdCl2] (0.14 g, 0.25 mmol) in THF (10 cm3) at -78 °C to give a yellow 

reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight, 

becoming darker. All volatiles were then removed in vacuo, the residue washed with 

hexane (20 cm3) and extracted into diethyl ether (80 cm3) and filtered. The filtrate was 

concentrated to ca. 15 cm3 and stored at -30 °C to give red blocks o f 16. Further 

concentration o f  the supernatant solution gave another crop o f 16 (0.11 g, 32 %). Mp
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108 °C (decomp.); *H NM R (400 MHz, C6D6, 298 K): £  1.10 (overlapping d ’s, 48H, 

(C/fcfeCH), 3.14 (sept, VHH = 6.9 Hz, 4 H, (C H ^ C //) , 3.30 (sept, VHH = 6.9 Hz, 4 H, 

(CH3>2C //), 4.10 (br. m, 2H, P C //2), 6.10 (s, 4 H, N C//), 6.31-7.32 (m, 32 H, Ar-//); 

l3C {*H} NMR (75.6 MHz, C6D6, 298 K): too complicated to assign due to overlapping 

signals and couplings; ^ P f 'H }  NM R (121.7 MHz, C6D6, 298 K) £22.6; MS (El 70eV), 

m /z  (%): 445 (Ga{N(Ar)C(H)}2H+, 24), 378 ({N(Ar)C(H)}2H+, 11), 333

({N(Ar)C(H)}2H+-P r\ 100); 1R ^cm "1 (Nujol): 1659 m, 1625 m, 1592 m, 1314 m, 1254 

m, 1101 m, 1056 m.

Preparation of [(dppm)Pt{Ga{[N(Ar)C(H)]2 }h] 17- A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.60 g, 1.00 mmol) in THF (20 cm3) was added to a suspension 

o f  [(dppm)PtCl2] (0.32 g, 0.50 mmol) in THF (20 cm3) at -78 °C to give a yellow 

reaction mixture. The reaction mixture was warmed to 20 °C and stirred overnight, 

becoming deep red in colour. All volatiles were then removed in vacuo, the residue 

washed with hexane (20 cm3) and extracted into toluene (80 cm3) and filtered. The 

filtrate was concentrated to ca. 15 cm 3 and stored at -30 °C to give red blocks o f 17. 

Further concentration o f  the supernatant solution gave another crop o f  17 (0.20 g, 

28 %). Mp 105 °C (decomp.); *H NM R (400 MHz, C6D6, 298 K): £  1.04 (overlapping 

d ’s, 48H, (C //3)2CH), 3.00 (sept, V Hh = 6.9 Hz, 4 H, (C H ^ C //) , 3.29 (sept, V „H =

6.9 Hz, 4 H, (CH3)2C //), 3.99 (br. m, 2H, PC //2), 6.10 (s, 4 H, NC//), 6.55-7.22 (m, 32 

H, A r-//); ^ C f'H }  NM R (75.6 MHz, C6D6, 298 K): too complicated to assign due to 

overlapping signals and couplings; 3,P{,H} NMR (121.7 MHz, C6D6, 298 K) £-23 .8  

(Vp,p = 1933 Hz); MS (E l 70eV), m lz  (%): 378 ({N(Ar)C(H)}2H \  4), 333 

({N(Ar)C(H)}2H+-Pr‘, 100); IR v/cm ~ x (Nujol): 1619 m, 1588 m, 1314 m, 1249 m, 1202 

m , 1108 m.
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P rep a ra tio n  o f I(tl4-CO D)Pt{G a{(N(A r)C(H )l2}}2] 18: A solution o f [K(tmeda)] 

[:Ga{[N(Ar)C(H)]2}] (0.32 g, 0.54 mmol) in THF (10 cm3) was added to a suspension 

o f  [(Ti4-COD)PtCl2] (0.10 g, 0.27 mmol) in THF (10 cm3) at -78 °C to give a deep 

yellow reaction mixture. The reaction mixture was warmed to 20 °C and stirred 

overnight. All volatiles were then removed in  va cu o  and the residue extracted into 

hexane (40 cm ) and filtered. The filtrate was concentrated to ca . 15 cm3 and stored at - 

30 °C to give deep turquoise blocks o f  18. Further concentration o f  the supernatant 

solution gave another crop o f  18 (0.14 g, 44 %). Mp 108 °C (decomp.); 'H  NMR (400 

MHz, C6D6, 298 K): £ 0 .59  (d, V hh = 6.7 Hz, 6 H, (C //3)2CH), 1.24 (d, V hh = 6.7 Hz, 6 

H, (C //3)2CH), 1.34 (d, V hh = 6.7 H a  12 H, (C //3)2CH), 1.35 (m, 4 H, C //2), 1.46 (d, 

VHH = 6.7 H a  6 H, (C //3)2CH), 1.52 (d, V hh = 6.7 H a  6 H, (C //3)2CH), 1.60 (d, VHlt =

6.7 H a  6 H, (C //3)2CH), 1.66 (d, VHH = 6.7 Hz, 6 H, (C //3)2CH), 3.25 (sept, V hh =

6.7 H a  2 H, (CH3)2C //), 3.44 (sept, V hh = 6.7 H a  2 H, (C H jhC //), 3.68 (sept, V hh =

6.7 H a  2 H, (CH3)2C //), 4.43 (sept, V hh = 6.7 Hz, 2 H, (CH3)2C //), 4.96 (br. m, V r,h = 

53 H a  2 H, CH2C //), 5.68 (br. m, Vp,H = 43 H a  2 H, CH2C //), 6.37 (d, V hh = 3.5 Hz, 

2 H, NCH), 6.50 (d, VHH = 3.5 Hz, 2 H, N C //), 7.18 - 7.40 (m, 12 H, Ar-//); i3C{'H} 

NM R (75.6 M H a C6D6, 298 K): S  23.1, 24.6, 24.7, 24.8, 25.2, 26.1, 26.4, 27.2 

((CHsfcCH), 27.4, 27.5, 28.2, 28.3 ((CH3)2CH), 28.8, 30.5 (CH2), 100.2 ('Jp«: = 43 H a  

CH2CH), 103.3 (V pc = 40 Hz, CH2CH), 122.9, 123.0 (CN), 123.1, 123.3 (p -A r-C ), 

123.9, 124.0, 124.4, 125.7 (m-Ar-C), 144.6, 145.3, 145.8, 145.9 (o-A r-Q , 146.2, 146.4 

( ip s o -A r-O ; MS (El 70eV), m /z  (%): 1196 (MH+, 4), 378 ({N(Ar)C(H))2H+, 5). 333 

({N(Ar)C(H)}2H* -Pr', 100); IR v/cnT1 (Nujol): 1590 m, 1352 s, 1326 s, 1259 m, 1111 

m, 798 m; El acc. mass on M+: calc, for C6oH84N4PtGa2: 1193.4850, found 1193.4848; 

C4oHg4N4PtGa2 requires C 60.26, H 7.08, N 4.68; found C 58.05, H 6.90, N 4.68.
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Preparation o f /ra»s-I(Bu'NC)2 Pt{Ga{[N(Ar)C(H)]2}hl 19: CNBu' (70 pi, 0.62 

mmol) was added to a solution o f  [(dppe)Pt{Ga{[N(Ar)C(H)]2} }2] (0.10 g, 0.06 mmol) 

in THF (10 cm3) at -78 °C via a microsyringe. The purple reaction mixture was warmed 

to 20 °C and stirred for. All volatiles were removed in  va cu o  and the residue exracted 

into hexane (20 cm3) and filtered. The filtrate was concentrated to ca . 15 cm3 and 

stored at -30 °C to give purple needles o f 19 (0.04 g, 50 %). Mp 91-92 °C; 'H  NMR 

(400 MHz. C6D6, 298 K): <5 0.70 (s, 18 H, (C //3)3C), 1.14 (d, Vhh = 6.7 Hz, 24 H, 

(CZ/jbCH), 1.29 (d, V „h = 6.7 Hz, 24 H, (CZ/jfeCH), 3.73 (sept, VHH = 6.7 Hz, 8 H, 

(CHjfeCW), 6.34 (s, 4 H, N CH) 6.95-7.12 (m, 12H, Ar-//); l3C{'H} NMR (75.6 MHz, 

C<T>6, 298 K): S  24.9, 25.3 ((CH3)jCH), 28.1 ((CH3)2CH), 33.9 ((CH3)3C), 55.8 

((CH3)3C), 122.7 (CN), 123.7 (m-Ar-C), 124.7 (p-Ar-C), 144.9 (o-Ar-C) 147.0 (ipso- 

A r-Q , 149.2 (C=N); MS (El 70eV), m/z (%): 378 ({N(Ar)C(H)}2H \  36), 333 

({N(Ar)C(H)}2H* -P r\ 100); 1R w/cm_l (Nujol): 2150 s (C=N), 1588 m, 1260 m, 1204 

m , 1100 m.

Preparation of |(dppe)Pt{Ga{|N(Ar)C(H)|2l}{Ga{PC(Bu')C(H)(NAr)C(H)N(Ar)})|

20: PCBu' (100 pi, 0.63 mmol) was added to a solution o f

[(dppe)Pt(Ga{[N(Ar)C(H)]2} }2] (0.10 g, 0.07 mmol) in THF (10 cm3) at -78 °C to give 

a deep red reaction mixture. The reaction mixture was warmed to 20 °C and stirred 

overnight. All volatiles were removed in vacuo, and the residue extracted into hexane 

(20 cm 3) and filtered. The filtrate was concentrated to ca. 20 cm3 and stored at -30 °C 

to give deep red rods o f  20. Further concentration o f the supernatant solution gave 

another crop o f  20 (0.06 g, 54 %). Mp 225 °C (decomp.); 'H NMR (500 MHz, C&D6, 

298 K): S  1.34 (centred overlapping d ’s, 48H, (C /^hC H ), 1.72 (s, 9H, ( C / ^ C ) ,  3.63 

(overlapping m, 8H, (C H jhC //), 3.94 (m, 1 H, CH  chiral), 5.80 (s, 2 H, N C//), 6.67- 

7.49 (m, 32H, A r-//), 8.02 (m, 1H, NC//); i3C{'H} NMR (75.6 MHz, C6D6, 298 K): too
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complicated to assign due to overlapping signals and couplings; 3IP{'H} NMR (121.7 

MHz, C5D6. 298 K): S  55.0 ('./ptp = 2579 Hz, trans-gallyl), 62.1 ( './p,p = 2094 Hz, \/pp =

23.9 Hz, trrms-PNgallyl), 301.0 ( I W  = 287.2 Hz, 3JPP = 23.9 Hz, P=C); MS (El 70eV), 

m/z (%): 1040 [MH+-Ga{N(Ar)C(H)hBu'CP, 32], 445 (Ga{N(Ar)C(H)}2H+, 52), 378 

({N(Ar)C(H)}2H", 44); 1R v/cm ' (Nujol): 1592 m, 1561 m, 1261 m, 1102 m.
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Chapter 5

The Preparation of Novel Gallium(I), (II) and (III) Heterocycles

5.1 Introduction

5.1.1 The Reactivity of “G al”

The properties and formulation o f  “Gal” have been briefly summarised in 

Chapter 1. Since the facile synthesis o f  “Gal” was first reported , 1 this useful reagent 

has been studied extensively and its wide-ranging synthetic applications have been 

recently reviewed .2 Treatment o f  “Gal” with Lewis bases leads to disproportionation, 

with gallium metal deposition and the formation o f gallium(Il), (III) or mixed-valence 

species .2 The tendency o f  “G al” to disproportionate has been exploited in the synthesis 

o f  gallium cluster compounds by the salt metathesis reactions o f bulky alkyl, silyl or 

germyl anions with the Ga(I) source .2 “Gal” has been shown to react with some 

transition metal complexes by the oxidative insertion o f “Gal” into M— X and M—M 

bonds .2 There have been relatively few investigations into the use o f “Gal” as a 

reducing agent in organic synthesis . 2 Considering that the application o f Ini in Barbier 

allylations and Reformatsky reactions has been extensively investigated ,3 the paucity of 

research into the application o f  “Gal” in C— C bond forming reactions is quite unusual. 

A recent report has revealed that “G al” is effective in mediating aldol reactions and is a 

stronger reducing agent than Ini .4

“Gal” has mainly been utilised in the preparation o f organogallium compounds .2 

Oxidative insertion o f “G al” with alkyl iodides yields alkyl gallium diiodides, RGaI2, 

and salt metathesis reactions have been employed in high-yielding syntheses o f
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gallium(I) alkyls .2 O f most relevance to this discussion, “Gal” is a useful reagent in the 

synthesis o f  gallium(I), (II) and (III) heterocycles. For example, the paramagnetic 

gallium(III) heterocycle, [l2Ga{[N(Ar)C(H)]2*}] (Ar = C6H3Pr'2-2 ,6 ), is synthesised by 

the reaction o f  “G al” with Ar-DAB ({N(Ar)C(H)}2 ) .5,6 Reduction o f this heterocycle 

with potassium yields the anionic gallium(I) N-heterocyclic carbene (NHC) analogue, 

[:Ga{[N(Ar)C(H)]2 }]~ l ,6 as discussed in Chapter 1 . In previous work, the gallium(III) 

heterocycle, [l2Ga(Ar-BIAN)‘] 2 (Ar-BIAN = bis(2,6-diisopropylphenyl)acenapthene), 

was prepared from the reaction o f  “G al” with Ar-BIAN (Scheme l ) . 7 The attempted 

reduction o f  2 over a potassium mirror to form a gallium(I) NHC analogue gave an 

intractable mixture o f  products.

Ar

"Gal"

Ar = 0 6 1 ^ 2 - 2 ,6

\  /  
Ga

Ar-BIAN, toluene

- G a

Ar 2

Scheme 1 -  The synthesis o f 2

5.1.2 The Oxidation Chemistry of the Heterocycle, [:Ga{[N(Ar)C(H)]2 }]

Previous investigations into the reactivity o f 1 have emphasised the facile 

oxidation o f  this com pound , 8 and these reactions have been summarised in Chapters 2, 3 

and 4. Attempted salt metathesis reactions o f [K(tmeda)][l] with s-, p- and */-block 

halides, for example, often lead to the formation o f the paramagnetic gallium(II) dimers, 

[XGa{[N(Ar)C(H)]2*}]2 (X = Cl 3a, Br 3b, I 3c).7b These reactions are postulated to 

occur by the initial oxidative insertion o f 1 into the M—X bond, followed by the 

reductive elimination o f  3a-c.7 It is o f  note that the oxidative coupling o f 1, mediated

199



by one-electron oxidising agents such as [Co2(CO)8], [FeCp2][PF6] and T12S 0 4, affords 

the digallane(4), [Ga{[N(Ar)C(H)]2 } ]2  4.9 Compound 4 was previously synthesised by 

another m ethod . 10 O f relevance to this study, the oxidative insertion o f 1 into the C— H 

bond o f  [HC{[N(Mes)C(H)]2 }][Cl] (IMes.HCl, Mes = C6H2Me3-2,4,6) yields the 

gallium hydride complex, [(IMesXH)Ga{[N(Ar)C(H)]2}].n An understanding o f the 

oxidation chemistry o f  1 is integral to a study o f its coordination chemistry.

5.1 J  The Reactivity o f the Digallane(4), IGa{[N(Ar)C(H)]2}l2

The reactivity o f  4 towards ^/-block precursors has been summarised in Chapters 

3 and 4. It is noteworthy that the oxidative insertion o f metallocenes into the Ga—Ga 

bond o f  4 has allowed the synthesis o f  several novel metal gallyl complexes.7,12 The 

tendency for the digallane(4), 4, to undergo oxidative insertion reactions with electron 

deficient metal centres is comparable to the oxidative insertion o f “WCp2” into the 

B— B bond o f  the diborane, B2C af2 (Cat1 = 4-ButC6H30 2-l,2  or 3 ,5 -Bul2C6H20 2 - l ,2 ) . 13 

The Jones group is interested in the continued investigation o f the reactivity o f 4 

towards transition metal and main group precursors.

5.2 Research Proposal

A continued investigation o f the oxidative insertion chemistry o f “Gal” and its 

reactivity towards Lewis bases would further establish the reactivity o f the gallium(l) 

source. In an effort to synthesise novel organogallium complexes, the reactivity of 

“G al” towards a variety o f  main group precursors was proposed. The reactivity o f 1 

towards metal halides was proposed to be investigated, in an attempt to synthesise 

metal-gallyl complexes by salt metathesis. The reactivity o f the digallane(4), 4, has not
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been extensively studied, so it was decided to address this paucity. The treatment of 

“G al” with a variety o f  diazabutadienes was proposed, in an attempt to synthesise novel 

gallium(III) heterocycles, o f  the general formula [l2Ga{[N(R)C(R)]2'}]. Reduction of 

these gallium(UI) heterocycles could provide synthetic routes to novel compounds 

analogous to the gallium(I) NHC analogue, 1, and the digallane(4), 4.

5 3  Results and Discussion

53.1 The Reactivity of “G al”

A toluene suspension o f “Gal” was treated with the diindane(4), 

[In{CH(SiM e3>2 }2]2, but no reaction occurred. Amines and phosphines are known to 

react with “G al” via disproportionation to give dimeric gallium(II) complexes o f the 

type, [L—►Gal2]2.2 so the reactivity o f  “Gal” with several group 14 Lewis bases were 

investigated. Treatment o f  “G al” separately with the germanium(II) NHC analogue, 

[:Ge{[N(But)C(H)]2 }], and the plumbylene sources, [Pb(Arl)2]2 and [:Pb{C6H3(NMe2>2- 

2,6} 2], gave intractable mixtures o f  products, with lead deposition in the case o f the 

latter. In contrast, the reaction o f  [:Sn{CH(SiMe3>2 }2] with “Gal” yielded the known 

tin(IV) complex, [Snl2 {CH(SiMe3)2 h ]  5 (Scheme 2), whilst no reaction occurred with 

the trimeric species, [Sn(Ar ' ) 2 ]3 (Ar' = C6H2Pr'3-2,4,6). Complex 5 has been previously 

prepared by a different route.14 It was thought that the tin diphosphacyclobutadienyl 

complex, (:Sn(r|4-P2C 2But2)], might effect a similar outcome. Instead, its reaction with 

“G al” led to the deposition o f  tin metal and the formation o f the novel 

diphosphacyclobutenyl gallium complex, [Gal2 {C(But)P(H)C(Bu*)=P}]2, 6 , in low 

yield, presumably via disproportionation and solvent proton abstraction processes 

(Scheme 2).
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[:Sn<CH(SM43) ^  IrSrHPjCjBu^)]
—  “G al” ----------------------------

(M^SDjHC CH(SiMe3)2

5

- G a (S) -Sn<,)

Bu'

Bu'

HP-
G aBu1

Bu'

Scheme 2 -  The synthesis o f 5 and 6

Complex 6  was fully characterised. The 'H  NMR spectrum o f 6  exhibits a 

signal at S 6.54 ppm, corresponding to the protons at the P-centres. This signal displays 

two coupling constants ( ‘jpn = 170.0 Hz, 3J PH = 20.4 Hz) that are o f a typical 

magnitude . 15 Most signals in the 13C {!H} NMR spectrum o f 6  are complicated 

multiplets, due to extensive couplings to the 31P nuclei. No resonance was observed 

that corresponded to the carbon centre bonded to gallium, possibly a result o f the 

quadrupolar gallium centre broadening this signal and making it indistinguishable from 

the baseline noise. The low field signal in the ,3C {!H} NMR spectrum (S 266.5 ppm, 

apparent t, ]Jpc = lJpc = 22 Hz, C -P ) occurs at a chemical shift that is characteristic of 

phosphaalkenes, with characteristic xJpc couplings . 15 The low field signal observed in 

the 31P NM R spectrum o f  6  (<$ 366.6 ppm, dd, Vpp = 41.9 Hz, 3J Ph = 20.4 Hz, P=C) is 

also characteristic o f  phosphaalkenes . 15 The other signal observed in the 31P NMR 

spectrum is at high field (6  -11.0 ppm, d, 2Jpp = 41.9 Hz, '^ph = 170.0 Hz, PH), as would 

be expected for four-coordinate phosphorus . 15

The molecular structure o f 6  (Figure 1) shows it to contain the first examples of 

diphosphacyclobutenyl rings containing secondary P-centres (P (l) and P(3)). The 

hydrogens attached to these centres were located from difference maps and were refined 

isotropically without restraints. The secondary phosphine centres coordinate gallium 

centres intermolecularly giving rise to a dimeric unit containing a P2C2Ga2 ring. The
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P=C double bond distances within the heterocycles (P(2)— C(2) and P(4)— C(12)) are in 

the normal range for localised interactions.16

C12

>C2

H3

C1
C11Ga1

Ga2

Figure 1 -  Thermal ellipsoid plot (20 % probability surface) o f  the molecular structure 

o f  [Gal2{C(But)P(H)C(But)=P}]2 6; hydrogen atoms (except H (l) and H(3)) omitted for 

clarity. Selected bond lengths (A) and angles (°): P (l)—C(2) 1.801(7), P (l)—C (l) 

1.839(7), P(2)— C(2) 1.703(7), P(2)— C (l)  1.899(7), P(3)—C(12) 1.799(8),

P(3)— C (11) 1.849(8), P(4)— C( 12) 1.695(8), P(4)— C ( ll)  1.899(7), G a(l)—C (l) 

2.026(7), G a(l)— P(3) 2.440(2), Ga(2)— C ( l l )  2.012(7), Ga(2)— P(l) 2.443(2), 

G a(l)— 1(1) 2.5567(11), 1(2)— G a(l) 2.5461(11), 1(3)— Ga(2) 2.5607(16), 1(4)—Ga(2) 

2.5496(11); C( 1)— Ga( 1)— P(3) 111.9(2), P( 1)—Ga(2)— C( 11) 110.7(2), 1(1)—G a(l) 

— 1(2) 107.42(5), 1(3)— Ga(2)— 1(4) 105.76(4), C ( 2 ) - P ( l ) - C ( l )  87.1(3),

C( 1)— P(2)— C(2) 88.1(3), P ( l)— C (l)— P(2) 88.5(3), P ( l) -C (2 )— P(2) 96.2(4), 

C (11)— P(3)— C(12) 87.0(3), C (11)— P(4)— C(12) 88.5(3), P(3)—C(11)— P(4) 88.1(3), 

P(3)— C( 12)— P(4) 96.4(4).
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53 .2  Investigations into the Oxidation of the Heterocycle, [:Ga{[N(Ar)C(H))2 }l

Previous studies into the reactions o f the gallium(I) heterocycle, 1, with gases 

such as N 2 0 (g), have shown that the heterocycle may be oxidised under appropriate 

conditions.8 In contrast, treatment o f  a toluene solution o f [K(tmeda)][I] with acetylene 

(generated in situ from distilled, degassed water and calcium carbide, and passed 

through an NaOH drying column) afforded the diazabutadiene, Ar-DAB. It is not 

known if  the formation o f  Ar-DAB was caused by traces o f moisture in the reaction 

mixture, and the fate o f  the gallium in this reaction is unknown. Treatment o f a toluene 

solution o f  [K (tm eda)][l] with Ffyg) led to no reaction.

The gallium(I) heterocycle, 1, has previously been shown to oxidatively insert 

into C— H bonds.11 A study was undertaken to expand this mode o f reactivity. The 

treatment o f the bis(imidazolium) salt, [C6H4{HC[N(Bu‘)C(H)C(H)NCH2]}2-1,2]2+ 

[Br]_2, with two equivalents o f  [K(tm eda)][l] gave an intractable mixture o f products. 

Similarly, no products could be isolated from the 1 : 1 reactions o f [K(tmeda)][l] with 

quinuclidene.HCl, or the treatment o f  [K(tmeda)][I] with one equivalent o f ethanol. 

The reaction o f  [Ca(THF)4] [ l ]2 with two equivalents o f the phenol, C jP bB u^b-O F M , 

also gave an intractable mixture o f  products. Ar-DAB was the only isolable product 

when [K (tm eda)][l] was treated with the salt, [HNEt3][BPh4 ].

The oxidation o f  1 was observed in its treatment with several main group and 

transition metal halides, as has been previously reported.2 The calcium salt o f 1, 

[Ca(THF)4][ l]2, reduced [Cp'Fe(CO)2Br] (Cp’ = C5H5 or C5Me5) to give the dimer, 

[Cp'Fe(CO>2]2, and the paramagnetic gallium(II) dimer, 3b. In contrast, when 

[Ca(THF)4] [ l]2 was reacted with [FeCbfTHF)!M] in a 2 : 1 stoichiometry, the
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digallane(4), 4, formed. The reaction o f three equivalents o f [Ca(THF)4] [ l]2 with TiCh 

gave an intractable mixture o f  products, as did the 2 : 1 reaction o f [K(tmeda)][l] with 

Fe(BArF4)2  (ArF = C6H3(CF3>2-3,5). In an attempt to circumvent the oxidation o f 1, The 

2 : 1 reactions o f  [K(tm eda)][l] with MnCl2, [FeCl2(THF)i 44] and CoCl2 were 

performed at -78 °C and work-up was carried out at -20 °C. However, the only product 

obtained from these reactions was the known gallium(IIl) compound, 

[Ga{[N(Ar)C(H)]2} {[N(Ar)C(H)]2'}].7b The reactions o f [K(tmeda)][I] with H g ^ h  or 

TlBr, both in the presence o f  one equivalent o f  IMes, gave intractable mixtures of 

products, as did the reaction o f  [K(tm eda)][l] with RbCl. The reaction of one 

equivalent o f  PPluCl with [K(tm eda)][l] afforded PPI13. Here, the fate o f the gallium is 

unknown. Similarly, PCy3 was identified in the reaction mixture o f [Ca(THF)4] [ l ] 2 and 

[(PCy3>2Cl2Ru=C(H)Ph], as measured by 31P{lH} NMR spectroscopy. The 1 : 1 

reactions o f  [K (tm eda)][l] with [(Piso)FeBr] (Piso" = [{N(Ar)}2CBut]_, Ar = C6H3Pr‘2- 

2,6) and [(Priso)CoBr] (Priso- = [{N(Ar)}2CNPr'2]_) gave intractable mixtures of 

products.

The gallium(I) heterocycle, 1, was reacted with main group and transition metal 

precursors that do not contain halides. The main group reactions will be discussed first. 

The reaction o f  [K (tm eda)][l] with the digallane(4), 4, gave an intractable mixture of 

products. In contrast, [K(tmeda)][I] showed no reactivity towards the ylides, 

PPh3P=CH2 and PPh3P=Cp (monitored by 3 ,P{!H} NMR spectroscopy), even when the 

solution was irradiated with UV light.

No reaction occurred when the molybdenum(IV) complex, [Cp2MoH2], was 

treated with two equivalents o f  [K(tm eda)][l]. This result would appear to be unusual, 

given the high oxidation state o f  the molybdenum centre and the reducing nature o f the
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heterocycle, 1 . Similarly, no reaction was observed in the 1 : 1 reaction of 

[K (tm eda)][l] with [Cp’Mn(CO)(dppe)] (Cp’ = C s^ M e , dppe = Ph2PCH2CH2PPh2), 

due to the CO ligand in this complex being tightly bound to the metal centre. In 

contrast, the reaction o f the salt, [Cp'Mn(CO)(dppe)][BPh4], with [K(tmeda)][l] yielded 

[Cp’Mn(COXdppe)]. The fate o f  the gallium in this reaction is unknown. The treatment 

o f  [Fe(CO)x(CNxylyl)5.x] (xylyl = C6H 3Me2-2 ,6 , jc = 1 or 4) with [K(tmeda)][l] gave no 

reaction, whilst the treatment o f  the rhodium complexes, [Cp*RhMe2(pyridine)] or [(r|6- 

toluene)Rh(PPh3>2][BArF4 ], with [K(tmeda)][l] gave intractable mixtures of products. 

The treatment o f  [Hg(C=CPh)2] with one equivalent o f [K(tmeda)][l] led to mercury 

deposition and an intractable mixture o f  products.

The successful synthesis o f  the first /-block complex o f 1, [(L){N(SiMe3)2 }Nd- 

Ga{[N(Ar)C(H)]2}] (L = [ButNCH 2CH2 {:C{[NCSiMe3CHNBut]}]), was recently 

reported . 17 There have been several attempts to synthesise o th e r/b lo ck  complexes of 

1. No reaction was observed when [Sml2(THF)2], [Er{N(SiMe3)2 }3] or

[Er{CH(SiM e3>2 }3] were treated separately with [Ca(THF)4] [ l ] 2 or [K(tmeda)][l]. The 

2 : 1 reaction o f  [K (tm eda)][l] with [(Piso)SmI]2THF and the 1 : 1 reaction of 

[K (tm eda)][l] with [Yb(C=CPh)2] gave intractable mixtures o f products. In contrast, 

the 1 1 reaction o f  [K(tm eda)][l] with [(Fiso)2SmCl(THF)o 33] (Fiso~ =

[{N(Ar)}2CH]~) afforded the gallium(III) hydride, 7, in 21 % yield (Scheme 3). The 

same product appeared to form in the 1 : 1 reaction o f [K(tmeda)][l] with 

[(Fiso)2LaF(DM E)], DME = 1,2-dimethoxyethane (as determined by IR spectroscopy). 

The fate o f  the lanthanide metal in these reactions is unknown. The formamidine, 

FisoH, was also detected in the reaction mixture by 'H NMR spectroscopy, presumably 

generated by a proton abstraction process. It was thought that the heterocycle, 1, 

oxidatively inserts into the N — H bond o f  FisoH to form 7. To test this hypothesis, the
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direct reaction o f  [K(tm eda)][l] with FisoH was performed (Scheme 3). A similar yield 

o f  7 (26 %) was achieved employing this synthetic route. To the best o f our knowledge, 

this reaction is the first example o f  the oxidative insertion o f a group 13 heterocycle into 

an N— H bond, and there is also no precedent for this mode o f reactivity in diyl 

chemistry. In contrast, there have been several reports o f NHCs inserting into the N— H 

bond o f  secondary am ines . 18

[(Fiso)2SmCI(THF)0 33] [K(tmeda)][1]
Ar = CeH aP^.S THF

FisoH
[K(tmeda)][1]

THF

Ar

Scheme 3 -  The original and alternative synthesis o f 7

The *H NM R spectrum o f  7 is in agreement with its proposed structure, although 

no signal was observed that corresponded to the hydride ligand. This is not unusual in 

the !H NM R spectra o f  gallium hydrides, as the quadrupolar nature o f gallium can cause 

broadening o f  the hydride signal until it is indistinguishable from the baseline noise. 19 

The ,3C {!H} NMR spectrum was too weak to assign. A characteristic strong, broad 

Ga— H stretching absorption was observed in the IR spectrum o f 7 at 1878 cm '1. This 

value corresponds well with the value observed in the related compound, 

[(IMes)(H)Ga{[N(Ar)C(H)]2}] (1854 cnT,).n

The structure o f  7 was determined by X-ray crystallography (Figure 2). The 

gallium centre o f  7 has a distorted tetrahedral geometry, with the geometry o f the 

GaN2C2 ring suggesting the presence o f  a localised C=C double bond. The related
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gallium hydride complex, [(IMesXH)Ga{[N(Ar)C(H)]2 }], displays one Ar substituent of 

the heterocyclic ring being bent away from the least squares plane o f the heterocycle 

(34.8°), and a similar distortion is observed in 7 (32.8°). Similar distortions have 

previously been attributed to steric buttressing with other aryl groups, 11 and this 

explanation adequately explains the situation in 7.

C2

N2 H1

Ga1

N3
C27

N4

Figure 2 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [{N (A r)C(H )N (A r)K}(H )G a{[N(Ar)C(H)]2}] 7; hydrogen atoms (except H(l)) 

omitted for clarity. Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.904(3), 

G a(l)— N(2) 1.943(3), G a(l)— N(3) 1.966(3), G a(l)— H(1A) 1.48(2), N (\)— C (l) 

1.411(4), N(2)— C(2) 1.404(4), N(3)— C(27) 1.341(4), N (4 )-C (2 7 ) 1.296(4),

C (l)— C(2) 1.342(5), N (l)— G a(l)—N(2) 89.23(12), C ( l)~ N ( l)— G a(l) 106.5(2), 

C(2)— N(2)— Ga( 1) 106.3(2), C(27)— N (3 )-G a ( l)  117.6(2), C ( 2 ) - C ( l ) - N ( l )

119.4(3), C ( l)— C(2)— N(2) 118.2(3), N (4 )-C (2 7 )-N (3 )  126.1(3).
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5 3 3  The Reactivity of the Digallane(4), [Ga{[N(Ar)C(H))2}]2

In consideration o f  the reactivity o f  the neutral A1(I) and Ga(I) heterocycles, 

[:E{[N(Ar)C(M e)]2CH}], towards organic azides (reviewed in Chapter 1 ), the reactions 

o f  [K (tm eda)][l] with azides o f  varying steric bulk, N3-R, R = SiMe3, 9-triptycenyl, 

Mes* (Mes* = C6H2Bu‘3-2 ,4 ,6 ) or Ar* (Ar* = C6H3(C6H2P r y 2 ,4 ,6 )2-2 ,6 ), were 

investigated by Dr. R. J. Baker. In all cases intractable mixtures were obtained. We 

considered that reaction o f  these azides with the digallane(4), 4, could lead to the 

oxidative insertion o f  imide fragments into the Ga—Ga bond o f 4. In collaboration with 

Dr. R. J. Baker, the reaction o f  4 with two equivalents o f N 3-SiMe3 yielded the blue- 

green paramagnetic complex, 8 , in good yield (79 %) after stirring for 48 hours (Scheme 

4). Repeating the reaction with a large excess o f  N 3-SiMe3 led to the same complex and 

did not appreciably increase the rate o f  reaction. Although the formation o f 8  is 

relatively slow (as judged by the colour change o f the reaction mixture), no 

intermediates in its formation could be isolated. It is clear, however, that the 

mechanism involves single electron oxidations o f the gallium heterocycles o f 4. 

Compound 8  can be considered as a dimer o f  the gallium-terminal imide complex, 

[(SiM e3)N=Ga{[N(Ar)C(H)]2'}], and can be compared to the related dimeric, 

diamagnetic imidogallane, [{(r|l-Cp*)GaN(xylyl)}2], which arises from the reaction of 

N 3-xylyl and [:G a(r|5-Cp*)].2° There are also parallels between the formation o f 8  and 

the singlet biradicaloid germanium imide complex, [{Ar"GeN(SiMe3)}2] (Ar" = 

C6H3(C6H3Pr'2-2 ,6 )2-2 ,6 ), which results from the reaction o f the digermyne, 

Ar"GeGeAr", with N 3-SiM e3 .21 It is worthy o f note that the reactions o f 4 with either 

N3-(9 -triptycenyl), N 3-Mes or N 3-Ar* were carried out by Dr. R. J. Baker, but all led to 

intractable mixtures o f  products.
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Ar = C6HzPr*2-2,6
excess N3 -SiMe3

hexane
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Ar SiM©3 Ar 8 

Scheme 4 -  The synthesis o f 8
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Figure 3 -  X-band (9.360 GHz) EPR spectrum o f 8 recorded at 298 K in toluene: (a) 

first harmonic signal, (b) second harmonic signal, and (c) simulated spectrum. Inset 

figure shows the AMs = 2 transition due to the weakly interacting S = 1 triplet at half 

field.

As 8 is paramagnetic, no meaningful data could be obtained from its 'H and 

NM R spectra. However, X-band continuous wave EPR spectra for this 

compound were recorded at room temperature and 77 K by Dr. D. M. Murphy (Cardiff 

University). Only the spectra acquired at 298 K are shown (Figure 3), as the anisotropic
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frozen solution spectrum did not yield any additional information. Owing to the poor 

resolution o f  the first derivative spectrum (Figure 3a), the second derivative spectrum 

(Figure 3b) was recorded. The resulting isotropic spectrum was simulated (Figure 3c) 

based on the following spin Hamiltonian parameters; &<*> = 2.0035, an = 5.8 G, <?n = 6.0 

G, a69ca = 20.4 G and cmca = 26.0 G. Therefore, the strong EPR signal for 8 is centred 

close to that o f  free spin. In addition, the EPR spectrum of 8 is typical for paramagnetic 

diazabutadiene-gallium complexes previously reported by us,7’22 in that it is dominated 

by isotropic hyperfine couplings (HFC) to two equivalent *H nuclei, two equivalent l4N 

nuclei and a 69,71 Ga nucleus. The relatively large HFCs to the gallium nucleus originate 

from the large theoretical isotropic hyperfine couplings for gallium (69Ga; 1 = 3/2, a0 = 

4356 G, 60.1 % natural abundance; ?,Ga: I = 3/2, a0 = 5535 G, 39.9 % natural 

abundance). This means that even the small electron spin density (0.47 %) at the 

gallium nucleus o f  8 produces easily observable HFCs to both gallium isotopes.

Evidence for the diradical nature o f  8 can also be obtained from its EPR spectra. 

For two interacting unpaired electrons (S = 14), an S = 1 triplet ground state can be 

observed in the spectrum, provided the coupling between the two spin systems is 

sufficiently strong. In that case the zero field splitting term for the randomly oriented 

triplet should produce a characteristic pattern in the AMs = 1 region (centre field). 

Unfortunately, due to the intense nature o f  the signals arising from the individual S = Vi 

spins in 8, the zero field splitting parameter (D) could not be observed. However, the 

AMs = 2 transition at half field was seen at 1670 G (see inset in Figure 3). While this 

half field transition is extremely weak, indicating that the two S = '/2 spins are only 

weakly coupled, it nevertheless confirms the diradical nature o f 8. The weak interaction 

between the two S = ‘/2 spins is due to the fact that the unpaired electrons are primarily
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localised on the diazabutadiene backbone, and the tetrahedral bonding arrangement 

around the gallium centres prevents efficient spin-spin coupling.

The molecular structure o f 8 is depicted in Figure 4 and shows it to be dimeric 

with bridging imido ligands. Its gallium centres have heavily distorted tetrahedral 

geometries and are slightly displaced from the least squares planes defined by the 

chelating diazabutadiene ligands (0.375 A mean). In contrast, the Ga2N 2 heterocycle is 

effectively planar and its Ga— N bonds (1.885 A mean) are significantly shorter than 

those to the diazabutadiene ligand (2.014 A mean), but longer than those seen in [ {(r|1 - 

Cp*)GaN(xylyl)}2] (1.860 A mean),20 which possesses 3-coordinate gallium centres. 

The N-centres o f  the Ga2N 2 heterocycle in 8 have distorted trigonal planar geometries 

(£  angles = 358.3° mean). An examination o f the C—C and N—C bond lengths within 

the diazabutadiene ligands o f  8 suggests a significant degree o f delocalisation, as has 

previously been seen in related paramagnetic complexes employing this ligand, e.g.

[l2Ga{[N(Ar)C(H)]2'}].5 Although the Ga Ga separation in 8 (2.654(3) A) is well

within the sum o f  the van der Waals radii (3.8 A),23 there is no evidence for a Ga—Ga 

bond in the compound, as has been previously discussed for similar compounds, e.g. 

[{(r|l-Cp*)GaN(xylyl)}2] (Ga Ga separation = 2.6495 A).7
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Figure 4 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

of[{p-N (S iM e3)}Ga{[N(Ar)C(H)]2 } ]2  8; hydrogen atoms and isopropyl groups omitted 

for clarity. Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.871(3),

G a(l)— N(2) 1.900(2), G a(l)— N(3) 2.017(2), G a(l)—N(4) 2.012(3), Ga(2)—N (l)

1.895(2), Ga(2)— N(2) 1.876(3), Ga(2)— N(5) 2.005(3), Ga(2)—N(6) 2.030(3), 

C (l)— C(2) 1.392(4), C(27)— C(28) 1.407(5), S i(l)—N (l) 1.706(3), Si(2)—N(2) 

1.706(3), N( 1)— Ga( 1)— N(2) 90.50(11), N (l)—G a(l)—N(3) 126.11(11),

N( 1)— Ga( 1)— N(4) 123.45(11), N(2)— G a(l)— N(3) 113.58(10), N(2)—Ga( 1)—N(4) 

123.45(11), N(3)— Ga( 1)— N(4) 83.62(11), N (l)— Ga(2)—N(2) 90.50(11),

N( 1)— Ga(2)— N(5) 121.91(10), N( 1)— Ga(2)— N(6) 112.90(11), N(2)—Ga(2)—N(5) 

123.95(11), N(2)— Ga(2)— N(6) 127.50(11), N(5)—Ga(2)—N(6) 83.50(11),

Ga( 1)— N( 1)— Ga(2) 89.61 (11), Ga( 1)— N(2)— Ga(2) 89.30( 11).
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Other investigations into the reactivity o f the digallane(4), 4, met with limited 

success. The digallane(4), 4, did not react with Bu*CP, Bu'OOBu* or Bu*NC. In 

contrast, the addition o f MeCP to a diethyl ether solution o f 4 gave an intractable 

mixture o f  products. No products could be isolated from the reactions o f 4 with 

rubidium metal, propylene sulphide, N 2CH(SiMe3) or [Yb(C=CPh)2]. Addition o f 4 to 

hexane solutions o f  [C p C o O ^ -Q R ^ ], [Cp*Rh(r|2-C2H4)2] or [Pt(norbomene)3] did not 

result in reactions, and the treatment o f [Cp2MoH2] or [(r|6-toluene)Rh(PPh3)2][BArh4] 

with 4 gave intractable mixtures o f  products. Passing N20(g) through a hexane solution 

o f  4 for 30 minutes resulted in the formation o f the gallium(lll) diradical product, 9, in 

poor yield (Scheme 5). This outcome has parallels with the reaction o f the digermyne, 

Ar"GeGeAr”, with N20 (g), which yielded a peroxide-bridged product, [Ar"(OH)Ge(p2- 

0 X p 2'Tl2- 0 2)G e(0H )A rM] 10.21 Although the exact mechanism o f the formation o f the 

10 is unknown, the authors proposed that the reaction could go through a radical 

mechanism to form a [Ar"GeOOGeArM] intermediate, which reacts further with N20 (g), 

and subsequently abstracts a proton from the solvent to form the terminal hydroxy 

groups.21 It is feasible that a similar process occurred in the formation o f 9, although in 

this case the most likely intermediates would be [(p2-0 )nGa{[N(Ar)C(H)]2‘}]2 (n = 1 or 

2), following single electron oxidation o f  the heterocyclic ligands. These intermediates 

could react further with N20 (g) and abstract two protons from the solvent to form the 

terminal hydroxyl groups.

Ar Ar

4
Ar = C6H3Pri2-2,6

hexane

Ar Ar 9

Scheme 5 -  The synthesis o f 9
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Figure 5 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(p2-0){(H0)Ga{[N(Ar)C(H)]2*}}2] 9; hydrogen atoms and isopropyl groups (except 

H (l)  and H ( l’»  omitted for clarity. Selected bond lengths (A) and angles (°): 

Ga(l>— 0 (2 ) 1.706(16), G a(l)— 0 (1 ) 1.812(4), G a(l)—N(2) 1.964(3), G a(l)—N (l) 

1.965(3), N (l)— C (l)  1.325(5), N(2)— C(2) 1.327(5), C (l)— C(2) 1.395(6),

N(2)— Ga( 1)— N( 1) 83.51(13), G a(l)— 0 (2 )— G a(l’) 157.5(8), C (l)—N (l)—Ga(l) 

110.8(3), C(2)— N(2)— Ga( 1) 110.7(3), N (l)— C (l)—C(2) 117.4(4), N(2)—C(2)—C (l) 

117.5(4), symmetry operation - x  + 1, - y  + 2, - z  + 1.

Useful !H and ,3C{ ’H} NMR spectroscopic data could not be obtained for 9 due 

to the paramagnetic nature o f  this complex. An EPR spectrum o f 9 was not recorded. 

A broad resonance was observed at 3601 cm '1 in its IR spectrum, corresponding to an 

O— H stretching absorption. This absorption is similar to that observed in the IR 

spectrum o f the related complex, 10 (3621 cm '1).21 The crystal structure o f 9 was 

obtained (Figure 5). The gallium centres display a distorted tetrahedral geometry. The
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backbone C—C distance o f 9 (1.395 A mean) is elongated with respect to that observed 

in 4 (1.346 A),10 and is similar to that observed in 8 (1.400 A mean). This provides 

evidence for the one electron oxidation of the heterocycle. The Ga—O distances in 9 

(1.759 A mean) are short but are within the known ranges (1.571 -  2.885 A ),16 and are 

shorter than those observed in the related diamagnetic compounds, [(lMes)2H][(p2- 

OH){HGa{[N(Ar)C(H)]2 }h ] (1.942 A mean)11 and [K(tmeda)]2[{(p2-0 )Ga-

{[N(Ar)C(H)]2}}2] (1.860 A mean).24

5 3 .4  Investigations into the Preparation of Novel Gallium(I) Heterocyclic 

Compounds

Sterically bulky N-substituents are essential for the stabilisation o f anionic group 

13 metal(I) heterocycles such as 1. Extra steric bulk could be incorporated in these 

heterocycles by adding substituents to the backbone carbon atoms. It was, therefore, 

our intention to prepare backbone substituted gallium(I) heterocycles with the bulky N- 

substituent, Ar (C6H3Pr'2-2,6) or the terphenyl, Ar’" (Ar"' = C6H3(C6H4Bu‘-4)2-2,6). A 

similar synthetic route to that used in the preparation o f 1 was chosen. In collaboration 

with G. A. Pierce, the appropriate diazabutadiene (DAB) was reacted with “Gal,” which 

led to a one-electron reduction o f  the DAB ligand, which in concert with disproportion 

reactions, gave the paramagnetic gallium(III) complexes, 11 and 12, in moderate yields 

(Scheme 6). It is o f  note that the terphenyl substituted DAB ligand has previously been 

used to prepare chiral CVsymmetric transition metal complexes.25 The reduction o f 11 

with an excess o f  potassium metal in THF led to the new anionic gallium(l) heterocyclic 

complex, 13, in good yield (Scheme 6). Unfortunately, a similar reduction o f 12 led 

only to an intractable mixture o f  products for unknown reasons. It is worthy o f note that
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the reduction of 11 with calcium metal has previously been reported to give the first 

calcium-gallyl complex, [Ca(THF)4{Ga{[N(Ar)C(Me)]2}}2] 26

We have previously shown that 1 can be readily oxidatively coupled in its 

reaction with the ferrocenium cation to give the digallane(4), 4.9 Considering this, and 

the scarcity o f  related digallane(4) compounds, the oxidative coupling o f the anionic 

heterocycle o f  [K(tmeda)][13] by its treatment with T12S 0 4 was carried out and led to 

the new digallane(4), 14, in moderate yield (NB: Treatment of [K(tmeda)][13] with the 

ferrocenium ion also gives 14) (Scheme 6). This route is favourable to that employing 

the ferrocenium cation as both by-products, thallium metal and K2S 0 4, are insoluble in 

hexane and are easily filtered o ff from the reaction mixture.

A r

/
•N

\
/ ■>1
\
A r

-Ga

Ar

I
N

8
Ar

14

"Gal”, toluene

TI2S O 4. THF

Tl,W

' r \
N \  • N-

Ga

/
RsCeHaP^.eCAOH 

o r  C6 H 3(C 6 H4 B u U ) 2-2 .6  1 2

i) K. THF
ii) tm e d a

Ar

\
/ '
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©

(K(tmeda)] 1 3

Scheme 6 -  The synthesis o f 11 -  14

As 11 and 12 are paramagnetic, no meaningful *H and ^C f'H } NMR

spectroscopic data could be obtained for these complexes. They were, however,

examined by solution state EPR spectroscopy at 120 K and 300 K by Dr. D. M.
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Murphy, but all resultant spectra revealed broad, unresolved signals, as has been seen 

before for similar complexes.5,6 The g-values determined for both complexes (11 

2.0025, 12 2.0015) are close to free spin (g = 2.0023), which indicates the essentially 

organic nature o f  both radicals. As the 'H  and l3C{*H} NMR spectra o f [K(tmeda)][13] 

and 14 are consistent with their solid state structures and are similar to those o f the 

equivalent potassium salt o f  l 6 and the digallane(4), 4 ,10 respectively, no comment will 

be made here.

The X-ray crystal structures o f  11, 12 and 14 were obtained and are depicted in 

Figures 7 - 9  respectively. That for 11 is effectively structurally analagous with its 

backbone H-substituted counterpart, [l2Ga{[N(Ar)C(H)]2 }],5 and as in that compound 

the bond lengths within the N 2C2 fragment are suggestive o f significant delocalisation. 

The structure o f  12 shows it to have a similarly delocalised DAB ligand with Ga—I and 

Ga— N bond lengths close to those observed in 11. The complex is, however, chiral 

(existing as both enantiomers in the crystal) in that it has a C2 symmetric coordination 

geometry due to the repulsive interactions between the sterically demanding terphenyl 

substituents. A similar situation exists for the PdCh complex o f this DAB ligand. 

The structure o f  14 is very similar to that o f  4 ,10 and as in that compound the bond 

lengths within the DAB fragment are indicative o f localised C—C double and N—C 

single bonds, c f  the DAB delocalisation in 11. As the Ga—N bonds in 14 are covalent, 

they are significantly shorter than the formally dative Ga—N bonds in 11, despite the 

higher oxidation state metal centre in the latter. The Ga—Ga distance is in the normal 

range16 and close to that observed in 4 (2.3482 A ),10 whilst the two heterocycle least 

squares planes bisect each other with an angle o f  43.4°.
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Figure 7 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [l2Ga{[N(Ar)C(M e)]2 }] 11; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): 1(1)— G a(l) 2.5343(8), 1(2)—G a(l) 2.4949(8), G a(l)—N (l) 

1.929(3), N ( l)— C (l)  1.353(4), C (l)— C ( l’) 1.410(7), N ( l’)—G a(l)—N (l) 85.72(17), 

N (l)— G a(l)— 1(2) 117.05(9), N (l)— G a(l)— 1(1) 113.04(9), 1(2)—G a(l)— 1(1) 

109.37(2), symmetry operation x, - y  + 3/2, z.
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Figure 8 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [l2Ga{[N(Ar'")C(M e)]2 }] 12; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): 1(1)— G a(l) 2.5205(6), G a(l)—N (l) 1.939(3), N (l)—C (l)

1.341(5), N (l)— C(3) 1.437(4), C (l)— C ( l’) 1.422(7), N (l')—G a(l)—N (l) 84.79(18), 

N( 1 y -  Ga( 1)— 1( 1') 122.12(9), N( 1)— Ga( 1)— I( 1) 108.61 (9), I( 1')—Ga( 1)— 1( 1) 

109.66(3) symmetry operation -jc + 1 , y , - z  + 3/2.
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Figure 9 -  Thermal ellipsoid plot (25 %  probability surface) o f the molecular structure 

o f  [Ga{[N(Ar)C(M e)]2 } ]2  14; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): G a(l)— N (l)  1.847(4), G a(l)—N(2) 1.854(4), G a(l)—Ga(2) 

2.3634(9), Ga(2)— N(3) 1.842(5), Ga(2)— N(4) 1.847(5), N (l)—C (l) 1.404(7), 

N(2)— C(2) 1.408(7), N(3)— C(29) 1.420(8), N(4)—C(30) 1.403(8), N (l)

— G a(l)— N(2) 88.3(2), N (l)— G a(l)— Ga(2) 136.94(14), N(2)— G a(l)—Ga(2) 

134.70(14), N(3)— Ga(2)— N(4) 88.5(2).

The 1,2-phenylenediamide ligand, [C6H4{N(CH2But)}2-l,2]2", has been 

employed by Lappert and co-workers in the stabilisation o f the heavier group 14 NHC 

analogues, [:E{C6H4{N(CH2Bu,)}2-1,2}] (E = Si 15,27 Ge 16,28 Sn 17,29 or Pb28 18). 

The germ anium (ll) compound, 16, was synthesised by the salt metathesis reaction of



[GeCl2(dioxane)] with the dilithiated precursor, [C6H4{NLi(CH2Bu‘)}2-l,2].28 As the 

digallane(4), [Ga{[N(Bu‘)C(H)]2 }]2 , has been synthesised from a similar salt metathesis 

reaction o f  [Ga2Cl4(dioxane>2] with two equivalents o f [{LiN(Bu!)CH}2],3° it was 

envisaged that the treatment o f  [C6H4{NLi(CH2But)}2-l,2] with 0.5 equivalents of 

[Ga2CU(dioxane)2] could yield the digallane(4), [Ga{C6H4[N(CH2But)]2-l,2}]2, but the 

salt, 19, formed in poor yield (Scheme 7). The mechanism o f this reaction is unknown, 

but presumably it proceeds by salt metathesis and a disproportionation process at the 

gallium centre.

Ga2Cl4(dioxane)2
fC6H4{NLi<CH2Bu,)}2-1.2]

-LiCI

19

Scheme 7 -  The synthesis o f 19

In the first step o f  the preparation o f the gallium(I) NHC analogue, 

[Ga{[N(Bu‘)C(H)]2 }]“, Schmidbaur and co-workers reacted GaCl3 with

[{LiN(Bul)CH}2] to give a (chloro)galla-imidazole.31 In contrast, the reaction of GaCl3 

with [C6H4 {NLi(CH2Bu!)}2- l , 2 ] gave an intractable mixture of products. 

M onolithiation o f [C6H4{NH(CH2Bu,)}2-1,2] with BunLi, followed by treatment with 

two equivalents o f  GaCl3, yielded the novel gallium(III) complex, 20 (Scheme 8). A 

related product, [Cl2Ga{[N(But)CH2CH2NH(But)]}], 21, was previously obtained in the 

reaction o f  [NaN(But)CH2CH2NH(But)] with GaCl3.32 In an attempt to form the desired 

gallium(II) product, 20 was treated with DBU (l,8-diazabicyclo[5.4.0]undec-7-ene), but 

only an intractable mixture o f  products resulted.
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[C6H4{NU(CH2But)H .{N H (C H 2Bu,)}-2]
2 GaCI3

UCI

Scheme 8 -  The synthesis o f 20

CHzBu1

Ch^Bu* 20

The !H and ,3C {!H} NMR spectra o f 19 and 20 are consistent with their solid 

state structures and are comparable to those o f  the related group 14 complexes, 15 -  

18.27*29 As would be predicted, the *H and ,3C{‘H} NMR spectra for 20 are 

unsymmetrical. A characteristic broad and strong absorption at 3229 cm*1 was observed 

in the IR spectrum o f  20, corresponding to an N— H stretch.

The X-ray crystal structures o f 19 and 20 were obtained (Figures 10 and 11). 

Both complexes display a distorted tetrahedral geometry about their gallium centres. 

The structural parameters o f the anion o f  19 are comparable with the related complex, 

[K(DME)4][Ga{[N(Ar)C(H)]2 }2] 22.33 In the solid state structure of 19, the two 

heterocycle least squares planes bisect each other with an angle o f 66.1°, which is much 

less than the corresponding value observed in 22 (77.2°).33 This is most likely due to 

increased steric buttressing in the latter. The Ga—Cl distances in 20 (2.160 A mean) 

are similar to those observed in 21 (2.193 A mean).32 The protonated N-centre in 20 

displays a much greater Ga—N distance than the other N-centre in the heterocyclic ring, 

as would be expected (Ga—N = 1.875 and 2.000 A). Similar differences between the 

Ga— N distances were observed in the molecular structure o f 21 (Ga—N = 1.842 and 

2.020 A ).32 The backbone C— C distances in 19 (1.437 A mean) and 20 (1.410 A ) are 

much longer than the C=C distance observed in 22 (1.334 A mean),33 but are

27-29comparable with those in 15 — 18.
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NV

Ga1

Figure 10 -  Thermal ellipsoid plot (25 % probability surface) o f the structure of the 

anionic component o f  [Li(THF)4][Ga{C6H4[N(CH2Bu!)]2-l,2}2] 19; hydrogen atoms 

omitted for clarity. Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.898(3), 

G a(l)— N (l')  1.898(3), G a(l)—N (l") 1.898(3), G a(l)—N (l'") 1.898(3), N (l)—C (l) 

1.391(4), C ( l)— C(T") 1.437(7), N (l)— G a(l)—N (l’) 111.06(17), N (l)—G a(l)—N(l") 

133.22(15), N( 1 ’)— Ga( 1)— N( 1") 87.47( 16), N( 1)— Ga( 1)—N( 1'") 87.47( 16),

N( 1')— Ga( 1)— N( 1'") 133.22(15), N ( l ,,)-^G a(l)—N (lm) 111.06(17), C (l)—N (l) 

— G a(l) 111.0(2), N ( l)— C (l)— C(2) 126.6(3), symmetry operation -x  + 1/2, -y  + 

3/2, z, symmetry operation x, - y  + 3/2, - z  + 3/2, symmetry operation -x  + 1/2, y, -z  

+ 3/2.
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CI2
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Figure 11 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f  [Cl2Ga{C6H4[N(CH2But)]-l-[N H (CH 2But)]-2}] 20; hydrogen atoms (except H(2)) 

omitted for clarity. Selected bond lengths (A) and angles (°): G a(l)—N (l) 1.8748(16), 

G a(l)— N(2) 2.0002(16), G a(l)— Cl(2) 2.1570(9), G a(l)—C l(l) 2.1632(7), N (l)—C (l) 

1.391(2), C (l)— C(2) 1.410(3), N(2)— C(2) 1.471(2), N (l)— G a(l)—N(2) 89.75(7), 

Cl(2)— Ga( 1)— Cl( 1) 110.79(3), C (l)— N (l)— G a(l) 110.62(12), N (l)—C (l)—C(2) 

118.09(16), C(2)— N(2)— Ga( 1) 104.44(11), C (l)—C(2)—N(2) 117.07(16).

5.4 Conclusion

The reactivity o f “Gal” has been investigated and the novel heterocycle, 

[Gal2{C(Bu,)P(H)C(Bu‘)=P}]2, has been synthesised in this study. The oxidation 

chemistry o f  the heterocycle, [:Ga{[N(Ar)C(H)]2}]~, has been investigated and the 

novel gallium hydride complex, [{N(Ar)C(H)N(Ar)K}(H)Ga{[N(Ar)C(H)]2}], has been 

fully characterised. The reactivity o f  the Ga—Ga bond o f the digallane(4), 

[Ga{[N(Ar)C(H)]2}]2, has been exploited in the synthesis o f the dimeric imido-gallane 

complex, [{p-N(SiMe3)}Ga{[N(Ar)C(H)]2 }]2, which can be considered to be a dimer of
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the gallium-terminal imide, [(SiMe3)N=Ga{[N(Ar)C(H)]2*}]. The syntheses o f several 

novel gallium (I), (II) and (III) heterocycles have also been reported. EPR spectroscopy 

has shown that the unpaired electron o f all paramagnetic complexes investigated is 

primarily based on their diazabutadiene ligands. Some o f the work discussed in this 

chapter has been summarised in recent publications.34*36

5.5 Experimental

General experimental procedures are compiled in Appendix 1 and 

crystallographic data are compiled in Appendix 3. The continuous wave (cw) EPR 

spectra were recorded by Dr. D. M. Murphy on an X-Band Bruker ESP 300E series 

spectrometer, operating at 12.5 kHz field modulation in a Bruker EN 801 cavity. 

Computer simulations were carried out by Dr. D. M. Murphy using Bruker’s Simfonia 

program.37 “G al”,1 [K (tm eda)][l],6 [Ga{[N(Ar)C(H)]2}]2, ,() FisoH,38 [Ga2Cl4-

(dioxane^]39 and [C6H4 {NLi(CH2But)2 }2- l ,2 ]40 were prepared by literature procedures. 

[C6H4{NLi(CH2Bu‘)}-l-{NH(CH2But)}-2] was synthesised by a modification o f the 

literature procedure.40 [Sn(rj4-P2C2But2)]41 was donated by Dr. M. D. Francis, 

[(Fiso)2SmCl(THF)o 33] was donated by Dr. J. Wang (Monash University), and 

{N(Ar)C(Me)}242 and {N(ArM,)C(Me)}225 were prepared by G. A. Pierce. All other 

reagents were used as received.

Preparation of |GaI2{C(But)P(H)C(But)=P}l2 6 : A solution o f [:Sn(ii4-P2C2Bu,2)] 

(0 . 2 0  g, 0.63 mmol) in toluene ( 2 0  cm3) was added over 1 0  minutes to a suspension of 

“G al” (0.50 g, 2.50 mmol) in toluene (25 cm3) at -78 °C. The reaction mixture was 

warmed to 20 °C overnight, with tin metal being deposited. Volatiles were then 

removed in vacuo and the residue was washed with hexane (40 cm3) and extracted into
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toluene (20 cm ) and filtered. The filtrate was concentrated to ca. 10 cm3 and stored at - 

30 °C overnight to give pale yellow crystals o f 6  (0.03 g, 8  %). Mp 208 °C (decomp.); 

'H  NM R (400 MHz, rfg-THF, 298 K): <5 1.13 (s, 18 H, (C tf3)3C), 1.31 (s, 18 H, 

(<CHihC), 6.54 (dd, '7PH = 170.0 Hz, VPH = 20.4 Hz, 2 H, PH)\ l3C{'H ) NMR (75.6 

MHz, ^ 8-THF, 298 K): 6  29.6 (m, (CH3)3C), 36.3 (m, (CH3)3C), 39.8 (overlapping m, 

(CH 3)3C), 266.5 (apparent t, lJK  = ' j K  = 22 Hz, C=P), CGa not observed; 3IP NMR 

(121.66 MHz, <fg-THF, 298 K): S -11.0 (d, 2JPP = 41.9 Hz, xJm = 170.0 Hz, PH), 366.6 

(dd, 2J f f  = 41.9 Hz, VPH = 20.4 Hz, P=C); MS (El 70 eV), m/z (%): 101 (PCBu'H+, 41), 

70 (C B u 'H \ 62); IR v/cra ' 1 (Nujol): 1633 m, 1110 m, 940 m, 809 s.

Preparation of |{N(Ar)C(H)N(Ar)K}(H)Ga{|N(Ar)C(H)h}] 7: A solution of 

[K(tmeda)][:Ga{[N(Ar)C(H)]2 }] (0.30 g, 0.49 mmol) in THF (10 cm3) was added to a 

solution o f  FisoH (0.18 g, 0.49 mmol) in THF (10 cm3) at -78 °C. The orange reaction 

mixture was warmed to 20 °C and stirred for 1 hr. Volatiles were then removed in 

vacuo and the residue was extracted into toluene (50 cm3) and filtered. The filtrate was 

concentrated to ca. 5 cm 3 and stored at -30 °C overnight to give pale yellow crystals of

7. A second crop was obtained (0.11 g, 26 %). Mp 171-173 °C (decomp.); 'H  NMR 

( 2 0 0  MHz, C6D6, 298 K): S 1.02-1.67 (m, 48 H, (C //3)2CH), 3.21 (sept., V Hh = 6 .8  Hz, 

2 H, (CH3)2CH  Fiso), 3.51 (sept., 3J Hh = 6.5 Hz, 6  H, (CH3)2C//), 7.02-7.25 (m, 14 H, 

NCH  and Ar-//), Ga-H  not observed; MS (APCI), m/z (%): 445 (Ga{N(Ar)C(H)}2H \ 

100), 377 ({N(Ar)C(H)}2H \  75) 363 ({[N(Ar)]2CH}H+ , 63); IR v/cm*1 (Nujol): 1878 

br., s (Ga— H), 1665 s, 1595 s, 1563 s, 1354 s, 1316 m, 1256 m, 1210 m, 1100 m, 757 

m.

Preparation of [{p-N(SiMe3 )}Ga{[N(Ar)C(H))2 ' } ] 2  8: Excess N3-SiMe3 (0.40 cm3) 

was added to a solution o f [Ga{[N(Ar)C(H ) ] 2 } ] 2 (0.32 g, 0.34 mmol) in hexane (30 cm3)
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at -78 °C. The reaction mixture was warmed to 20 °C and stirred for 48 hrs, during 

which time the colour changed from red to deep purple. This solution was then 

concentrated to ca. 10 cm3, filtered and stored at -30 °C overnight to give blue-green 

crystals o f  8 (0.29 g, 79 %). Mp 182-186 °C (decomp.); MS (APCI), m/z (%): 377 

({N(Ar)C(H)}2H \  100); IR v/cm ' 1 (Nujol): 1455 s, 1376 s, 1260 m, 1223 w, 1096 s, 

964 s, 799 m, 754 m.

Preparation of I(p2-0){(H0)Ga{IN(Ar)C(H))2 }}2] 9: N20 (g) was bubbled through a 

solution o f  [Ga{[N(Ar)C(H ) ] 2 } ] 2 (0.25 g, 0.28 mmol) in hexane (20 cm3) for 30 minutes 

to give a deep red reaction mixture. Volatiles were then removed in vacuo and the 

residue was extracted into hexane (20 cm3) and filtered. The filtrate was concentrated 

to ca. 5 cm 3 and stored at -30 °C overnight to give pale yellow blocks o f 9 (0.03 g, 

12% ). Mp 88-90 °C; MS (El 70eV) m/z (%): 377 ({N(Ar)C(H)}2H+, 18), 333 

({N(Ar)C(H)}2H+-Pri, 100); IR vicm~x (Nujol): 3601 (br., OH), 1626 m, 1591 m, 1363 

m, 1327 m, 1261 m, 1100 m, 800 m, 758 m.

Preparation of [l2Ga{[N(Ar)C(Me)]2}) 11: A solution o f {N(Ar)C(Me) } 2 (2.90g, 7.2 

mmol) in toluene (20 cm3) was added to a suspension o f “Gal” (2.86 g, 14.3 mmol) in 

toluene (80 cm3) at -78 °C. The reaction mixture was warmed to 20 °C and stirred for 

48 hrs to yield a dark brown solution. Volatiles were then removed in vacuo and the 

residue was extracted into THF (50 cm3) and filtered. The filtrate was stored at -30 °C 

overnight to give orange-brown crystals o f  11 (2.25 g, 43 %). Mp 195-197 °C; MS 

(APCI), m/z (%): 727 (MH+, 11), 599 (MH+ -I, 100), 472 (MH+ -21, 10); IR (Nujol) 

v /cm '1: 1627 m, 1464 m, 1377 s, 1358 s; APCI acc. mass on M+: calc, for 

C28H40N 2l2Ga: 727.0531, found 727.0529.
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Preparation of II2Ga{[N(Arm)C(Me)]2}] (Ar"’ = C6H3(C6H4But-4)2-2,6) 12: A

solution o f  {N(Ar,M)C(Me) } 2  (0 . 2 2  g, 0.28 mmol) in toluene ( 2 0  cm3) was added to a 

suspension o f “G al” (0.57 g, 2.85 mmol) in toluene (80 cm3) at -78 °C. The reaction 

mixture was warmed to 20 °C and stirred for 48 hrs to yield a dark brown solution. 

Volatiles were then removed in vacuo and the residue was extracted into diethyl ether 

(10 cm 3) and filtered. The filtrate was stored at -30 °C overnight to give red crystals of 

12 (0.11 g, 36 %). Mp 215-218 °C; MS (El 70 eV), m/z (%): 1088 (M H \ 4), 961 (MH+ 

- 1, 100); IR (Nujol) v/cm*1: 1624 m, 1465 m, 1377 s, 1361 s; C s e H ^ G a ^  requires C 

61.78, H 5.93, N 2.57; found C 61.08, H 5.78, N 2.49.

Preparation of |K(tmeda)][:Ga{[N(Ar)C(Me)]2}] 13: A solution of

[I2Ga{[N(Ar)C(M e)]2 }] (1.65g, 2.27 mmol) in THF ( 1 1 0  cm3) was added to a potassium 

mirror at -78 °C. The reaction mixture was stirred for 120 hours and filtered. Volatiles 

were then removed in vacuo. Diethyl ether (10 cm3) and tmeda (5 cm3) were added to 

the residue and the mixture was stirred for 1 hour. Volatiles were then removed in 

vacuo and the residue was extracted into hexane (40 cm3) and filtered. The filtrate was 

stored at -30 °C overnight to give 13 as an orange solid (0.76 g, 54 %); Mp 144-150°C; 

'H  NM R (400 MHz, C6D6, 298 K): <5 1.33 (d, V HH = 6 . 8  Hz, 12H, (C /T^CH ), 1.38 (d, 

Vhh = 6 . 8  Hz, 1 2 H, (C //3)2CH), 1.98 (s, 1 2 H, N C //3), 2 .1 1  (s, 6 H, C //3), 2.15 (s, 4 H, 

N CH2), 3.87 (sept, Vhh = 6 . 8  Hz, 4H, (CH3)2CW), 7.15 (t, V HH = 6 . 8  Hz, 2 H, p-Ai-H), 

7.24 (d, V HH = 6 . 8  Hz, 4H, m-Ar-H); i3C{'H} NMR (75.6 MHz, C6D6, 298 K): S 15.7 

(CH3), 23.4 ((CH3)2CH) , 26.8 (CH3)2CH), 27.3 ((CH3)2CH), 45.3 (NCH3), 57.4 

(NCH2), 121.1 (CN), 122.5 (m-Ar-C), 123.0 (p-Ar-C)), 146.4 (o-Ar-C), 148.8 (ipso-Ar- 

O ;  MS (El 70 eV), m/z (%): 405 ({N(Ar)C(Me)}2H+, 100); IR (Nujol) v/cm ': 1586 s, 

1558 m, 1260 s, 1096 s, 933 m.
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Preparation of IGa{[N(Ar)C(Me))2 } ] 2  14: TI2SO4 (0.28 g, 0.55mmol) was added to a 

solution o f [K(tmeda)][:Ga{[N(Ar)C(Me)]2}] (0.34 g, 0.56 mmol) in THF ( 2 0  cm3) at 

20 °C. The reaction mixture was stirred for 120 hours to yield a purple/red solution. 

Volatiles were then removed in vacuo and the residue was extracted into diethyl ether 

(40 cm3) and filtered. The filtrate was concentrated to ca. 20 cm3 and stored at -30 °C 

overnight to yield deep red crystals o f  14 (0.09 g, 34 %); Mp 123-126°C; !H NMR (400 

MHz, C6D6, 298 K): S 1.19 (d, V Hh = 6 . 8  Hz, 24H, (C //3)2CH), 1.30 (d, 3J„„ = 6 . 8  Hz, 

24H, (C //3)2CH), 1.75 (s, 12H, C //3), 3.27 (sept, Vhh = 6 . 8  Hz, 8 H, (CH3)2C//), 7.18- 

7.26 (m, 12H, A r-//); ,3C {!H} NM R (75.6 MHz, C(>D6, 298 K): 6 14.4 (CH3), 23.0 

((CH 3)2CH), 25.4 ((CH3)2CH), 28.0 ((C H ^C H ), 123.1 (CN), 126.2 (m-Ar-C), 135.0 (p- 

Ar-C), 142.6 (o-A r-Q , 145.4 (ipso-Ar-C); MS (El 70 eV), m/z (%): 405 

({N(Ar)C(M e)}2H+, 100); IR (Nujol) v/cm '1: 1652 m, 1459 m, 1376 s; C n 2Hi28N4Ga2 

requires C 80.57, H 7.73, N 3.36; found C 79.92, H 7.64, N 3.28.

P rep ara tio n  o f ILi(TH F)4]IGa{C6H4 lN(CH 2B u % -l,2 }2] 19: A solution of 

[Ga2CU(dioxane)2] (0.51 g, 1.16 mmol) in THF (10 cm3) was added to a solution of 

[C6H4 {NLi(CH2Bu')2 }2- l , 2 ] (0.60 g, 2.32 mmol) in THF (30 cm3) at -78 °C. The 

reaction mixture was warmed to 20 °C and stirred for 1 hr to yield a red solution. 

Volatiles were then removed in v a c u o  and the residue was washed with hexane (20 cm ) 

and extracted into diethyl ether (60 cm3) and filtered. The filtrate was concentrated to 

c a . 5 cm 3 and stored at -30 °C overnight to give colourless crystals o f 19 (0.07 g, 7 %). 

Mp > 300 °C; 'H  NMR (200 MHz, C6D6, 298 K): 6  0.89 (s, 36 H, (CH})}C), 1.41 (br. m, 

16 H, CH2). 2.67 (s, 4 H, (CHjfeCCH2), 2.70 (s, 4 H, (CH2)2CCH2), 3.69 (br. m, 16 H. 

CH20), 6.74 (dd, Vhh = 5.8 Hz, Vhh = 3.5 Hz, 4 H, 3,6-Ar-W), 6.99 (m, 4 H, 4,5-Ar- 

H)-, 13C {1H } NMR (75.6 MHz, C6D6, 298 K): 3 25.8 (CH2), 28.4 ((CH3)3C), 31.4 

((CH 3)3C), 56.7 ((CH 3)3CCH2), 67.8 (CH20 ), 113.2 (3,6-Ar-C), 1 2 0 .0  (4,5-Ar-Q , 139.0
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(1,2-Ar-C); MS (APCI), m/z (%): 562 (M H \ 1), 248 ( {C6H4[N(CH2Bu')];,-1 ,2} H \  6 ); 

IR (Nujol) v/cm '1: 1564 s, 1257 m, 1200 w, 1134 w, 1040 m, 880 m; APCI acc. mass on 

M +: calc, for C32I I ^ ^ G a :  561.3453, found 561.3455; C48H84N4 0 .jLiGa requires C

67.20, H 9.87, N 6.53; found C 65.97, H 9.91, N 6.52.

Preparation of |CI2Ga{C6H4|N(CH2Bu,)]-l-lNH(CH2Bu>)|-2}] 20: A solution of 

GaCl3 (0.64 g, 1.82 mmol) in hexane (15 cm3) was added to a suspension of 

[C6H4{NLi(CH2Bu!)}-l,{NH(CH2Bu!)}-2] (0.47 g, 1.82 mmol) in toluene (20 cm3) at - 

78 °C to give an orange suspension. The reaction mixture was warmed to 20 °C and 

stirred for 1 hr to yield a deep blue suspension. Volatiles were then removed in vacuo 

and the residue was extracted into hexane (50 cm3) and filtered. The filtrate was 

concentrated to ca. 10 cm3 and stored at -30 °C overnight to give deep purple blocks of 

20 (0.14 g, 20 %). Mp 112-114 °C; *H NMR (300 MHz, C6D6, 298 K): S 0.78 (s, 9 H, 

(C //3)3CCH2N), 1.54 (s, 9 H, (C //3)3CCH2NH), 2.26 (d, 3J Hh = 12.3 Hz, 1 H, CH2NH), 

3.38 (d, 2J Hh = 2.5 Hz, 2 H, C //2N), 3.46 (m, 1 H, C //2NH), 3.57 (br. s, 1 H, N//), 6.53 

(t, Vhh = 7.6 Hz, 1 H, 5-Ar-//), 6.64 (d, V Hh = 7.8 Hz, 1 H, 6-Ar-//), 6.86 (d, V Hh = 8.4 

Hz, 1 H, 3-Ar-//), 7.16 (t, V Hh = 7.8 Hz, 1 H, 4-Ar-//); '^ { 'H }  NMR (50.3 MHz, 

C6D6, 298 K): 6  27.1 ((CH3)3CCH2N), 28.5 ((CH3)3CCH2NH), 30.8 ((CH3)3CCH2N),

34.1 ((CH3)3CCH2NH), 58.9 (CH2N), 66.1 (CH2NH), 112.5 (6-A r-Q , 114.6 (3-Ar-Q, 

124.2 (5-Ar-C), 129.2 (1-Ar-C), 129.9 (4-Ar-C), 151.1 (2-Ar-C); MS (El 70 eV), m/z 

(%): 386 (M H \ 1), 329 (MH+ - B u\ 4), 248 ( { C ^ ^ ^ B u ^ - l ^ J H * ,  93), 191 

({C6H4[N(CH2But)]2-l,2}H+ - Bul, 100); IR (Nujol) v/cm’1: 3229 s (N— H), 1598 s, 

1338 s, 1297 s, 1268 m, 1209 m, 1162 m, 1130 m, 1084 w, 1023 w, 974 m, 834 w, 794 

m; El acc. mass on M+: calc, for C i6H27N2Cl2Ga: 386.0802, found 386.0800.
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Chapter 6

The Preparation and Reactivity of Novel Amidinate and Guanidinate

Complexes

6 .1  In troduction

Following the relocation o f our research group to Monash University, it was 

decided to investigate the ligand properties o f negatively charged amidinate, 

[{N(R)}2CR]~, and guanidinate, [{N(R)}2CNR2]~, ions, which have been the subject of 

much interest. 1 This is unsurprising, given the facile and varied synthetic routes to 

these ligands. Variation o f the R-groups at the backbone carbon and N-substituents 

allows easy modification o f their steric and electronic properties. These ligands display 

a variety o f  coordination modes to a wide range o f metals in low and high oxidation 

states . 1 The four most common binding modes o f amidinates, la -d , are depicted below 

(Figure 1), although there are several other rarer binding modes that these ligands 

exhibit, such as cluster-capping and or/Zio-metallation. 1 In the monodentate binding 

mode, la ,  the amidinate binds through a-donation o f a lone pair o f electrons at nitrogen, 

with the second nitrogen centre not bonding with the metal and forming a double bond 

with the central carbon atom. Amidinate ligands may chelate a metal centre in a 

symmetrical or unsymmetrical fashion. The nature o f the chelating binding mode is 

commonly determined by X-ray crystallographic studies. The o,o-symmetrical 

chelating binding mode, lb , displays delocalised bonding around the NCN ligand 

backbone, and as such exhibits two similar N—C distances in the ligand backbone. 

Contrastingly, in the a,a-unsymmetrical chelating binding mode, lc , the bonding is 

localised and one nitrogen centre formally binds with the imine lone pair o f electrons. 

As such, the two N— C distances in the NCN ligand backbone in the a,a-unsymmetrical
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chelating mode vary considerably. Recently, a novel r|3-symmetrical chelating binding 

mode was reported, where the amidinate ligand is bound to the metal centre by the 

donation o f 7i-electron density from the conjugated system o f the amidinate ligand 

backbone .3 In the bridging binding mode, Id, the amidinate ligand may bind identical 

(M, M) or different (M, M') metal centres. This binding mode commonly induces 

metal-metal bonding.

R* R' R‘

/
M

1a

Monodentate

O "
M

1b

Symmetrical

R’

/
" \  / N _ M

1c

Unsym metrical

Chelating

J

R N N----- R

M..............M
1d

Bridging

Figure l -  Four common binding modes o f the amidinate class o f ligand, la-d

Guanidinate ligands, although less studied than their amidinate counterparts, 

have been shown to exhibit similar binding properties. 1 d However, the electronic 

tuneability o f these systems is greater than in their amidinate counterparts, due to the 

coordinated guanidinate ligand displaying three resonance forms, 2a-c (Figure 2). 

Resonance forms similar to 2a-b are solely adopted by amidinates, but guanidinates 

may also adopt the imidium/diamide resonance form, 2c. The contribution o f  resonance 

form 2c to the overall bonding in guanidinates gives these ligands additional 7i-donor 

capabilities over amidinates.,d These 7c-donor properties facilitate the stabilisation o f 

electron-deficient metal centres coordinated by guanidinate ligands, as they increase the 

electron density at the metal centre and therefore reduce the tendency for oxidation in 

these systems. As a result o f this important advantage over amidinates, there has been a 

surge o f interest in the coordination chemistry o f guanidinate ligands in the last fifteen 

years.Id
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Figure 2 -  Resonance forms o f guanidinate ligands, 2a-c

We in the Jones group have recently become interested in the coordination 

chemistry o f amidinates and guanidinates, following the development o f synthetic 

routes to the bulky ligands, [{N(Ar)}2CBu1]” (Piso” ) , 3 [{N(Ar)}2CNPr'2]~ (Priso” ) , 4 and 

[{N(Ar)}2CNCy2]~ (Giso” ) 4 (Ar = C6H3Pr'2-2 ,6 ). The enhanced steric bulk o f these 

ligands was predicted to facilitate the preparation o f previously unobtainable amidinate 

and guanidinate complexes o f metal centres that are prone to oxidation, by providing 

kinetic protection o f the metal centre. This has indeed proved to be the case, and the 

developing s-, p- and /-block coordination chemistry o f these ligands is reviewed here.

Lithium and potassium salts o f Piso", Priso" and Giso" are known ,4 but will not 

be discussed here. Only one group 2 complex o f Piso" has been reported .5 The neutral 

amidine ligand, PisoH, reacted with half an equivalent o f [CpMgMe(Et2 0 ) ] 2  to give the 

AW -chelated compound, [(Piso)MgCp] 3, by the loss o f methane (Figure 3) . 5 There 

has been much greater interest in group 13 complexes o f Piso”. It was found that 

[Li(Piso)] reacts with one equivalent o f either AICI3 or AlMe2Cl by salt metathesis to 

give the A l(lll) complexes, [(Piso)AlCl2] 4a and [(Piso)AlMe2] 5, respectively (Figure 

3) . 5 Subsequent work by the Jones group in this area found that the treatment of PisoH 

with LiAlH4 or [AlH3(NMe3>] gave the dimeric hydride, [(Piso)AlH2]2 6  (Figure 3) . 6 

The corresponding gallium and indium homologues could not be obtained. It is 

noteworthy that differences in the coordination chemistry o f Piso” and the related 

formamidinate, [{N(Ar)}2CBut]“ (Fiso") (Ar = C£\tP t12-2,6\ were highlighted in this
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report. In a subsequent publication, it was found that the treatment o f 5 or 6  with two 

equivalents o f diiodine gave the monomeric halide, [(Piso)All2] 4b (Figure 3 ) . 7 The 

attempted reduction o f 4b with potassium, sodium or KCg to a neutral, aluminium(I) 

heterocycle was unsuccessful.7

Bu1 .Mfl

N

Ar

.N

K c > <
N X

Bu

Ar 3  Ar

X = Cl 4a. I 4b

A r Ar

I I H

Bu* ((  Al B u1---------( (  Al-------HV /  \  \  \
N M e N / v w w / '

2
A r 5  Ar

A r = C6H3PH2-2.6

Figure 3 -  Complexes 3 - 6

Further attempts were made by the Jones group in the attempted synthesis of 

group 13 amidinato- and guanidinato-metal(I) heterocycles. The reaction o f InCl or 

T1C1 with [K(Piso)] gave the amidinato-metal(I) complexes, [E(Piso)] (E = In 7, T1 8a) 

respectively, which display an unusual r\ 1 -A,r|3-arene-coordination mode o f the 

amidinate ligand (Figure 4). Complexes 7 and 8a crystallise with one equivalent of 

PisoH, which was proposed to arise from the partial decomposition o f [E(Piso) ] . 8 It was 

found that the addition o f one equivalent o f PisoH to [K(Piso)] and the metal halide
o

gave increased yields o f 7 and 8a. A density functional theory (DFT) study concluded 

that the NyN 1'-chelated isomer o f 7 and 8a is thermodynamically more stable than the q 1-

 ̂ O
Miy-arene-coordination mode adopted by these complexes. It was reasoned that the 

employment o f a more electron rich guanidinate ligand with a bulkier backbone 

substituent, such as Giso~, could favour NJV*'-chelation at the metal centre. The reaction
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o f [Li(Giso)] with TIBr gave the V -A ^-arene-coordinated complex, 8b, which, unlike 

7 and 8a, was isolable without co-crystallisation o f the protonated ligand (Figure 4 )4 In 

contrast, the treatment o f “Gal” or InCl with [Li(Giso)] gave the desired NJV1'-chelated

4-membered N-heterocyclic carbene (NHC) analogues, 9 and 10 (Figure 4 )4 Initial 

studies into the coordination chemistry o f 9 and 10 have been reported ,9 and a full 

summary o f  investigations into the reactivity o f these heterocycles has been given in 

Chapter 1.

R

N E.

Ar

JSL
e y j N  < f

Ar

R = Bu'. E = In 7, Tl 8a 
R * NCy2, E = Tl 8b

Ar = C6H3PH2-2.6

1 
Ar

E = Ga 9, In 10

Figure 4 -  Complexes 7 - 1 0

The group 14 amidinato- and guanidinato-complexes, [(Piso)GeCl] 11a and 

[(Priso)ECl] (E = Ge l ib ,  Sn 12, Pb 13), were prepared by the treatment of 

[GeCl2(dioxane)], SnCh or PbCh with [Li(Piso)] or [Li(Priso)] (Figure 5) . 10 

Interestingly, the reduction o f lla -b  with potassium gave the neutral germanium(I) 

dimers, [Ge(Piso) ]2  14a-b.10a DFT studies on model complexes o f 14a-b suggested that 

these compounds have no multiple bond character, but have LUMOs that are o f mainly 

jc-bonding character. 108 The salt metathesis reactions of 11 -  13 with a gallium(I) NHC 

analogue, [K(tmeda)][:Ga{[N(Ar)C(H)]2 }], are described in Chapter 2 . ,0b
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R = Bu114a, NPr'2 14b
Ar = CeH3PiV2,6 

Figure 5 -  Complexes 1 1 - 1 4

Treatment o f the anions, Piso“, Priso" or Giso", with the group 15 element 

trihalides, EX3 (E = P, As, Sb, X = Cl, I), afforded the novel complexes, 

[X2E{[N(Ar)]2CR}] (15, 16a-c and 17a-b), by a salt metathesis reaction, with the 

amidinate and guanidinate ligands exhibiting a o,a-unsymmetrical chelating binding 

mode (Figure 6 ) . 11 Complexes 15 -  17 were each treated with two equivalents o f KCg, 

in an attempt to synthesise the desired dipnictenes. The attempted reduction o f 15 gave 

an intractable mixture o f products, and the attempted reduction o f 17a-b resulted in the 

deposition o f elemental antimony above 0 °C . 11 In contrast, reduction o f 16a-c afforded 

the base-stabilised diarsenes, 18a-c (Figure 6 ) . 11 The amidinate and guanidinate ligands 

exhibit an NJJ1'-bridging coordination mode in complexes 18a-c, thought to be a result 

o f  the similar As=As and ligand N N separations that these complexes display . 11 A 

DFT analysis on a model complex o f 18a-c revealed that the As—N bonds are mainly 

ionic in nature, and that the HOMO o f the As=As bond is mainly o f 7c-character. 11
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Ar

As As
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E = P,X = Cl, R = NCy2 15 
E = As, X = Cl, R = NCy2 16*. NPr'2 16b, Bu‘ 16c 
E = Sb, R = NCy2.X = Cl 17a, 117b

R
R = Bu'18a, NPr'2 18b, NCy2 18c

Ar = C6H3PrJ2-2,6

Figure 6 -  Complexes 15 -  18

A recent report described /-block complexes o f G iso .12 The reaction of two 

equivalents o f  [K(Giso)] with lanthanide diiodides, Lnb, afforded the homoleptic 

complexes, [Ln(Giso)2] (Ln = Sm 19, Eu 20, Yb 21) (Figure 7).12 Whilst there is a 

distorted tetrahedral geometry about the ytterbium centre in 21, the metal centres in 19 

and 20 exhibit square planar ligand environments.12 The use o f Sml2 as a one electron 

reducing agent in organic synthesis is well documented.13 This reagent displays 

remarkable selectivity in a wide range o f organic transformations.13 Moreover, there 

have been numerous investigations into the reductive transformations o f unsaturated 

substrates effected by organosamarium(ll) complexes, such as [Cp*2Sm(THF)2] (Cp* = 

CsMes).14 It is thought that the coordinatively unsaturated samarium(ll) complex, 19, 

could find application in the selective reduction of unsaturated substrates.12 A small 

amount o f the monosubstituted product, 22 (Figure 7), was obtained from the reaction

19mixture that gave 21. Placing a sample o f 22 under a vacuum for several minutes 

afforded the rearranged r |1 -A,r|6-arene-chelated complex, 23, by the loss o f coordinated 

THF (Figure 7).12 This isomerism was found to be reversible, as samples o f 23 

dissolved in THF to give 22 quantitatively. The samarium and europium analogues of 

22 could not be obtained. To the best o f our knowledge, no */-block complexes o f Piso”, 

Priso” or Giso” have been reported to date.
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Figure 7 -  Complexes 19 -  23

6.2 R esearch Proposal

The coordination chemistry o f the 4-membered gallium ® NHC analogue, 

[:Ga{[N(Ar)]2CNCy2 }], has been little explored. It was therefore decided to further 

investigate the reactivity o f this heterocycle. It was also thought that the recently 

prepared samarium(II) complex, [Sm{[N(Ar)]2CNCy2 }2], could act as a selective one- 

electron reducing agent. As such, it was proposed to investigate the reactivity o f this 

complex towards a range o f unsaturated substrates. There have been no reported 

investigations into the transition metal coordination chemistry o f the amidinate, 

[{N(Ar)}2CBu!]~, and the bulky guanidinates, [{N(Ar)}2CNPr,2]_ and 

[{N(Ar)}2CNCy2]~. It was envisaged that the considerable steric bulk o f these ligands 

would dictate their adopted binding modes in metal complexes, as was observed in 

studies o f  the p- and /-block complexes o f these ligands. Therefore, an investigation 

into the </-block chemistry o f these ligands was proposed.



6 3 Results and Discussion

63.1 The Reactivity of the Heterocycle, I:Ga{[N(Ar)]2CNCy2}]

Initial investigations into the reactivity o f the gallium(I) NHC analogue, 9, have 

shown that the heterocycle is capable o f displacing weakly bound olefin ligands in 

transition metal complexes.9 As such, the platinum(O) complex, [(PEt3>2Pt(r|2-C2H4 )], 

was treated with two equivalents o f  9. No reaction occurred at room temperature, even 

when the reaction vessel was irradiated with UV light for one hour. The reaction 

mixture was heated at reflux for three hours, forming an intractable mixture o f products. 

Similarly, an intractable mixture o f  products resulted when the platinum(II) complex, 

[(q4-COD)Pt{Ga{[N(Ar)C(H)]2 } h ] , was treated with two equivalents o f 9.

As the /7-block chemistry o f  the heterocycle, 9, is not as well developed as its d- 

block chemistry, it was decided to investigate the reactivity o f 9 with main group 

precursors. The heterocycle was found not to react with xylylisonitrile ({(C6H4Me2- 

2,6)-NC}), and the distannenes, [R2Sn=SnR.2] (R = CH(SiMe3)2), or [Ar'2Sn=SnAr2] 

(Ar' = C6H2Pr'3-2,4,6). The reaction o f 9 with [BrB(cat)] (cat = 0 6 ^0 2 -1 ,2 ) gave 

GisoH.HBr. The reaction was monitored by n B{*H} NMR spectroscopy, revealing the 

formation o f [B2(cat>3]. A signal at S 10.0 ppm was attributed to the formation of a 

Lewis acid-base adduct, such as [(Br3B)Ga{[N(Ar)]2CNCy2 }], which could not be 

isolated. This inference was based on earlier reports that weak donor phosphines, such 

as triphenylphosphine, react with [ClB(cat)] to give [B2(cat)3] and [(Ph3P)BCb], 

following a redistribution o f the initially formed adduct, [(Ph3P)ClB(cat)], with two 

equivalents o f  [ClB(cat)].15 It was decided to attempt the preparation o f the Lewis base 

adduct, [(Br3B)Ga{[N(Ar)]2CNCy2 }], by the direct reaction o f 9 with boron tribromide.
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Unusually, boron tribromide reacts with 9 to give the salt, 24 (Scheme 1). The reaction 

was monitored by l!B{!H} NMR spectroscopy, revealing that several other products 

were produced. Although the mechanism of formation o f 24 is unknown, boron has 

formally replaced gallium in the heterocycle, and the gallium has been oxidised to 

gallium(III), and exists as GaBr4“ in the counter-ion.

©Ar GaBr*
©

N
BBr-a

toluene 

Ar = C6H3Pri2-2,6

-  Cy2N: B Br

1
Ar 24

Scheme 1 -  The synthesis of 24

Compound 24 was fully characterised. The compound is sparingly soluble in 

THF, so only weak !H, ,3C {!H} and 1 !B{*H} NMR spectral data could be obtained. 

The spectra are unsymmetrical, possibly due to the coordination o f THF at boron. 

Samples o f 24 reacted with DCM to give intractable mixtures o f products, preventing 

the use o f this solvent in the NMR studies. The only signal observed in the 1 !B{ !H} 

NM R spectrum o f  24 at S 18.5 ppm is at a much lower field than is typical for related 

four coordinate neutral boron halide amidinates, which typically resonate from S -9.2 to 

+9.7 ppm .16 The resonance o f a cationic boron species in the 11B{IH} NMR spectrum 

would, however, be expected to be at a lower field than a neutral system.
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Figure 8 -  Thermal ellipsoid plot (25 % probability surface) o f the structure o f the 

cationic component o f [BrB(Giso)][GaBr4] 24; hydrogen atoms omitted for clarity. 

Selected bond lengths (A) and angles (°): B r(l)—B (l) 1.881(8), N (l)— C (l) 1.400(9), 

N (l)— B (l) 1.451(11), C (l)—N(3) 1.288(9), C (l)—N(2) 1.409(9), B (l)—N(2) 

1.425(11), C (l)—N (l)— B (l) 85.9(6), N (l)— C (l)—N(2) 95.2(5), N(2)—B (l)—N (l) 

92.3(6), C (l)— N(2)— B (l) 86.6(6).

The structure o f the cationic component of 24 is depicted in Figure 8. In 

contrast to 9, there is little delocalisation o f 7t-electron density in the NCN backbone, as 

evidenced by the relatively long N— C bond lengths (1.405 A mean), in comparison to, 

for example, those observed in [Br2B{[N(SiMe3)]2CPh}] (1.339 A mean).160 The short 

N— C bond between the backbone carbon and the NCy2 fragment (1.288(9) A) is
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indicative o f a localised N=C double bond. Hence the imidium/diamide resonance form 

o f  the guanidinate ligand, 2c, predominates in 24 and as such the three-coordinate boron 

centre is stabilised. The B— Br (1.881(8) A ) and B—N bond lengths (1.438 A mean) 

observed in 24 are, as would be predicted, much shorter than those observed in the 

related four-coordinate compound, [Br2B{[N(SiMe3)]2CPh}] (B— Br 2.001 A, B—N 

1.559 A  m ean).l6c The boron centre o f 24 exhibits a trigonal planar geometry ( I  angles 

= 360.0°), with the most acute angle being the N—B—N angle o f 92.3(6)°, which is 

more obtuse than that observed in [Br2B{[N(SiMe3)]2CPh}] (85.2°).,6c

63 .2  The Reactivity of the Samarium(II) Complex, [Sm(Giso)2 ]

The reactivity o f  19 towards a range o f organic substrates was investigated. 

[Cp*2Sm(THF)2] has been shown to react with nitriles in a variety o f ways, such as 

adduct formation or C— C bond cleavage to form cyanides, depending on the conditions 

employed.14 In contrast, 19 did not react with pivaloylnitrile (Bu‘CN) or the isomer, 

/er/-butylisonitrile (Bu*NC). The lack o f  reactivity o f 19 towards BulCN, in comparison 

with [Cp*2Sm(THF)2], can be explained by the facile displacement o f two molecules of 

THF in the latter complex generating vacant coordination sites at the samarium centre. 

The samarium centre o f  19 is kinetically protected by bulky guanidinate ligands, 

inhibiting the close approach o f sterically demanding ligands. Similarly, no reaction 

was observed when 19 was treated separately with /e/7-butylisothiocyanate (Bu'NCS), 

pyridine or NJ\f'-dicyclohexylcarbodiimide. It was thought that carbon monoxide, CO, 

could insert into an Sm—N bond o f  19, but no reaction was observed when 19 was 

exposed to an atmosphere o f CO for twelve hours. The reaction o f 19 with 

[Hg(C=CPh)2] gave an intractable mixture o f products. The only isolable product from 

the reaction o f benzaldehyde with 19 was GisoH.

246



Previous studies into the reactivity o f [Cp*2Sm(THF)2] revealed that this 

complex reductively couples carbon dioxide, CO2, to form an oxalate complex, 

[(Cp*2Sm>2(p-Ti2:T|2-02CC02)], and reacts separately with COS to form a 

disproportionation product, [Cp*2Sm(p-r|2:V-S2CO)SmCp*2(THF)] 26.17 Recently, a 

samarium(U) complex with a sterically demanding substituent was employed to mediate

I fithe reductive disproportionation o f CO2 to form a carbonate complex and CO. In 

contrast, compound 19 reacted with CO2 to give GisoH as the only isolable product, 

possibly via a proton abstraction process. The fate of the samarium in this reaction is 

unknown. Treatment o f a toluene solution o f [Sm(Giso)2] with carbon disulphide, CS2, 

under any stoichiometry, led to a different outcome, namely the formation of 25, by the 

reductive coupling o f CS2 and oxidation o f two samarium(II) centres (Scheme 2). An

S— C bond has formed in this reaction, and 25 formally exhibits two Sm(III) centres 

and a dianionic bridging [SCSCS2]2- fragment.

CyzN NCy2

2x19
Ar = C6H3PH2-2.6

2 CS2
toluene

Cy2N NCy2 25

Scheme 2 -  The synthesis of 25
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Figure 9 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [{Sm(Giso)2 }2(p-Tl :ti -SCSCS2)] 25; isopropyl groups and hydrogen atoms omitted 

for clarity. Selected bond lengths (A) and angles (°): Sm (l)—N(4) 2.386(5), 

S m (l)— N(2) 2.416(5), Sm (l)—N(5) 2.455(5), Sm (l)—N (l) 2.486(5), Sm (l)—C(3) 

2.881(7), S m (l)— S (l) 2.979(10), Sm (l)— S(2) 2.998(5), S (l)—C (l) 1.710(12), 

C (l)— S(2) 1.682(11), C (l)— S(3) 1.778(12), Sm(2)—N(7) 2.403(5), Sm(2)—N(10) 

2.416(6), Sm(2)— C(2) 2.444(14), Sm(2)—N(8) 2.448(6), Sm(2)—N (ll)  2.473(6), 

Sm(2)— S(4) 2.813(8), C(2)— S(4) 1.605(13), C(2)— S(3) 1.720(14), N(4)— Sm (l) 

—N(5) 55.50(19), N(2)— Sm( 1)—N( 1) 54.82(18), S (l)— Sm (l)— S(2) 59.85(19), 

C (l)— S (l)— Sm (l) 88.2(5), C(3)—• N (l)-~S m (l) 92.4(4), S(2)—C (l)— S(l) 123.0(8), 

S(2)— C( 1)— S(3) 125.0(7), S (l)— C (l)— S(3) 111.9(7), N(7)— Sm(2)—N(8)

55.11(19), N( 10)— Sm(2)—N( 11) 55.03(19), C(2)— Sm(2)— S(4) 34.7(3), C (l)— S(2) 

— S m (l) 88.1(4), S(4)— C(2)— S(3) 130.9(9), S(4)—C(2)— Sm(2) 85.4(7),

S(3)— C(2)— Sm(2) 143.2(7), C(2)— S(3)— C (l) 113.6(6), C(2)— S(4)— Sm(2) 60.0(6).
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As 25 is paramagnetic, no meaningful data could be obtained from its 'H and 

13C {!H} NMR spectra. Crystals o f 25 are only sparingly soluble in toluene and THF. 

As spectroscopic data were not structurally definitive, an X-ray diffraction study was 

carried out (Figure 9). The samarium(IH) centres o f 25 are six-coordinate and display 

distorted octahedral ligand environments. One samarium(IIl) centre is chelated by a 

[CS2]~ fragment and an [SCS]~ fragment is bonded to the other by the formal donation 

o f  7i-electron density from the S=C bond. A comparison of the S— C distances within 

the [SCSCS2]2- fragment o f 25 reveals one formal S—C single bond (C (l)— S(3) 

1.778(12) A ) and one formal S=C double bond (C(2 )— S(4) 1.605(13) A). The other 

three S— C distances (1.704 A  mean) are indicative o f the partial delocalisation of k- 

electron density over the [SCSCS2]2” fragment and the S—C distances are between that 

expected for S— C single (1.82 A ) and S=C double (1.60 A) bonds. 19 The Sm— S bond 

lengths o f  the chelating [CS2]~ fragment in 25 (2.989 A mean) are longer than those 

observed in the related complex, 26 (2.797 A  mean), whereas the other Sm— S bond 

length in 25 (2.813(8) A ) is comparable to those observed in 26.17 All Sm— S distances 

observed in 25 are long in comparison to the related complex, [{Cp*2Sm(THF)}2(p-S)] 

(2.664 A  mean ) , 20 indicating that the Sm— S interactions observed in 25 are relatively 

weak. All Sm— S distances observed in 25 are, however, within the known range for 

such interactions (2.645 -  3.117 A ).21 The bite angle o f the chelating [CS2r  fragment 

with the samarium(lll) centre in 25 (S (l)— Sm (l)— S(2) 59.85(19)°) is considerably 

more acute than that seen in 26 (64.89°).17 The Sm—N bond lengths observed in 25 

(2 . 4 3 5  A  mean) are within the known range (2.118 -  2.976 A ),21 but are considerably 

shortened with respect to the starting material, [Sm(Giso)2] (2.546 A  mean) , 12 a direct 

result o f  the change in oxidation state o f the samarium centres.
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6 3 3  Preparation of Rhodium(I) Amidinate and Guanidinate Complexes

Tiripicchio, Oro and co-workers have previously shown that the reaction o f [(r|4- 

COD)RhCl]2 with two equivalents o f potassium WV'-diphenylbenzamidinate, 

K[{N(Ph)}2CPh], affords a good yield o f the rhodium® complex, [(q4-COD)Rh{ri2- 

[N(Ph)]2CPh}] 27, by a salt metathesis reaction .22 It was envisaged that rhodium(I) 

complexes o f  Piso", Priso- and Giso" could be prepared by using a similar methodology 

to that employed in the synthesis o f  27. The treatment o f toluene solutions o f [(q4- 

COD)RhCl]2 with two equivalents o f either [K(Piso)], [K(Priso)] or [K(Giso)], 

however, afforded complexes 28 -  30 respectively (Scheme 3). The amidinate or 

guanidinate ligand in 28 -  30 adopts a novel 7i-arene binding mode, which is tentatively 

described as an r|6-interaction o f the arene ring with the rhodium centre. The same 

products formed when the reactions were carried out in the presence o f THF. A small 

amount o f  [{Rh(q4-C0 D)}4(p4-Me2Si0 2 )2], 31, formed in the reaction mixture that gave 

30, in the presence o f  adventitious silicone grease, (Me2SiO)„. The mechanism for this 

process is unknown, although the incorporation o f Me2SiC>2 units from silicone grease 

and subsequent inorganic ring formation has been observed previously .23 No attempt 

was made to intentionally synthesise 31 in a higher yield. The treatment o f [(q4- 

COD)lrCl]2 with two equivalents o f  [K(Giso)] resulted in the deposition o f iridium 

metal and gave an intractable mixture o f products. Similarly, the treatment o f [(q2- 

COE)2RhCl]2 (COE = cyclooctene) with two equivalents o f [K(Priso)] resulted in the 

deposition o f rhodium metal and gave an intractable mixture o f products.
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1/2 [(COD)RhCI]2. toluene
Ar ‘Ar

R = Bu', Piso 28 
R = NPr^, Priso 29 
R = NCy2, Giso 30

Scheme 3 -  The synthesis of 28 -  30

Complexes 28 -  30 were fully characterised and were found to be air-stable in 

the solid state and thermally robust. Some interesting features were noted in their !H 

and I3C{*H} NMR spectra. Firstly, these spectra are unsymmetrical, suggesting that 

complexes 28 -  30 retain their solid state structures (vide infra) in solution. Secondly, 

the signals in the ‘H NMR spectra o f 28 -  30 corresponding to the m-Ax-H and p-Ax-H 

resonances o f  the r|6-bound arene ring are shifted up-field to ca. S 5.7 ppm and 3.9 ppm 

respectively. A similar trend is observed in the 13C{!H} NMR spectra o f these 

complexes, with the signals corresponding to the o-Ar-C, m-Ax-C and p-Ax-C 

resonances o f  the rj6-bound arene ring being shifted up-field to ca. S 116 ppm, 1 0 1  ppm 

and 74 ppm respectively. For these three signals, 'Jrhc couplings were observed, with 

the largest 1 J r ic  coupling constant (ca. 6  Hz) being to the resonance o f the p-Ar-C  of 

the r|6-bound arene ring. Hence, the signals corresponding to the r|6-bound arene ring in 

the *H and l3C {!H} NMR spectra o f 28 -  30 have been shifted up-field to chemical 

shifts that are more typical o f vinylic systems than aromatic systems. The up-field shift 

o f  resonances in the !H and ^C f'H } NMR spectra o f r|6-aryl rhodium(l) complexes is 

well-documented, but the extent o f  the up-field shifts seen for complexes 28 -  30 is 

much greater than is usually observed. The chemical shifts and JRhC(COD) couplings 

observed in the ,3C{!H} NMR spectra o f 29 corresponding to the unsaturated carbon
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centres o f  the COD ligand (3 72.1 ppm, Vrhqcod) = 13.3 Hz) and 30 (3 75.4 ppm, 

^RhC(COD) = 13 .0  Hz) are comparable with those observed for the starting material, [(rj4- 

COD)RhCl]2 (3 78.5 ppm, ^rhqcod) = 13.9 Hz) . 25 It is o f note that L. H. Gade and co- 

workers have recently reported an r|6-bound arene rhodium(I) cyclooctadiene complex, 

[MeSi{SiMe2N(Ar,)}2Sn{SiMe2N(Ti6-Ar,)}Rh(Ti4-COD)] 32 (Ar’ = C6H3Me2-3,5) 

(Figure 10),24a which displays comparable chemical shifts and ]Jrhc coupling constants 

for the 7i-arene substituent resonances in its *H and ^ C f’H} NMR spectra with those 

observed in 28 -  30.

Rh

Figure 10 -  Complex 32

An X-ray crystallographic study was proposed to further examine the bonding in 

28 -  30, and the structures o f these complexes were obtained (Figures 1 1 -1 3 ) .  Piso" 

and Giso- have previously been shown to adopt bidentate r|'-AVr|3-Ar- and r |’-AVr|6-Ar- 

coordination modes ,4 ,812 but complexes 28 -  30 represent the first structurally 

characterised examples o f amidinate or guanidinate ligands binding a metal centre with 

only an arene interaction. As complexes 28 -  30 are structurally analagous and have 

similar geometric parameters, only the structure o f 29 shall be discussed here for 

brevity. All N — C distances within the CN3 backbone o f the guanidinate fragment of 29
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are short in comparison with a typical N— C single bond (1.47 A ),19 which provides 

evidence for 7c-electron delocalisation over the CN3 fragment. The extent o f this 71-  

electron delocalisation, however, is not as great as in other reported complexes o f Priso- 

, 108,11 as the N(2 )— C (l) distance observed in 29 (1.294(3) A ) is considerably shorter 

than the other two N—C distances in the CN3 fragment (1.388 A mean). The 

N(2)— C (l)  distance observed in 29 is best described as an N=C double bond, the 

lengths o f which are typically around 1.30 A .19 The N (l)—C(2 ) distance observed in 

29 (1.300(3) A ), the bond between the CN3 fragment and the ipso-C o f the r|6-bound 

arene ring, is also best described as an N=C double bond. L. H. Gade and co-workers 

observed a short N— C distance (1.339 A ) at the ipso-C o f the ri6-bound arene ring in 

32, but did not comment further on this data .248 The C(2 )—C(3) (1.483(4) A) and 

C(2 )— C(7) (1.472(3) A ) distances in the coordinated r|6-bound arene ring o f 29 are long 

in comparison to the other C—C distances in the ring (1.405 A mean), and are only 

slightly shorter than typical C—C single bonds (1.54 A ).19 Although increased C—C 

distances would be anticipated upon coordination o f the arene ring to the metal centre, 

these increases would be expected to be more uniform than those observed in 29, such 

as those exhibited by 32 (C—C = 1.398 -  1.452 A ).24a The Rh—C distances seen for 29 

are within the known range (1.638 -  2.775 A ),21 although the R h(l)— C(2 ) distance 

(2.662 A ) is remarkably long and indicative o f a weak interaction. All other interatomic 

distances and angles are unremarkable.
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Figure 11 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(r|4-COD)Rh(r|6-Piso)] 28; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)— C(35) 2.125(2), R h(l)—C(34) 2.138(2), 

R h(l)— C(30) 2.148(2), R h(l)— C(31) 2.154(2), Rh(l)—C(5) 2.207(2), R h(l)—C(6 ) 

2.272(2), Rh( 1)— C(4) 2.324(2), R h(l)—C(7) 2.341(2), R h(l)— C(3) 2.508(2), 

Rh( 1)— C(2) 2.600(2), N (l)— C(2) 1.306(3), N (l)—C (l) 1.367(3), N(2)— C (l) 

1.284(3), C (l)— C(26) 1.542(3), C(2)—C(3) 1.467(3), C(2)—C(7) 1.472(3),

C(3)— C(4) 1.391(3), C(4)— C(5) 1.416(4), C(5)—C(6 ) 1.403(3), C(6 )— C(7) 1.400(3), 

C(30)— C(31) 1.380(4), C(34)—C(35) 1.411(4), N(2)—C (l)—N (l) 125.9(2).

254



Figure 12 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f  [(r|4-COD)Rh(r|6-Priso)] 29; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)—C(37) 2.126(3), R h(l)—C(36) 2.126(3), 

R h(l)— C(33) 2.137(3), R h(l)— C(32) 2.156(3), Rh(l)—C(5) 2.185(3), R h(l)—C(4) 

2.255(3), R h(l)— C(6 ) 2.291(3), R h(l)—C(3) 2.367(3), R h(l)—C(7) 2.478(3), 

N (l)— C(2) 1.300(3), N (l)—C (l) 1.381(3), N(2)—C (l) 1.294(3), N(3)— C (l) 1.395(3), 

C(2)— C(7) 1.472(3), C(2)— C(3) 1.483(4), C(3)—C(4) 1.394(4), C(4)— C(5) 1.409(4), 

C(5)— C(6 ) 1.417(4), C(6 )—C(7) 1.398(4), C(32)—C(33) 1.390(5), C(36)—C(37) 

1.401(4), N(2)— C( 1)—N( 1) 123.6(2).
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Figure 13 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(r|4-COD)Rh(Tt6-Giso)] 30; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)—C(42) 2.124(3), R h(l)—C(43) 2.127(3), 

R h(l)— C(39) 2.141(3), R h(l)— C(38) 2.146(3), Rh(l)—C(5) 2.213(3), R h(l)—C(4) 

2.257(3), R h(l)— C(3) 2.316(3), R h(l)— C(6 ) 2.326(3), Rh(l)— C(7) 2.497(3), 

Rh( 1)—C(2) 2.569(2), N (l)—C(2) 1.310(3), N (l)—C (l) 1.373(3), N(2)—C (l) 

1.300(3), N(3)— C (l) 1.390(3), C(38)—C(39) 1.390(4), C(42)—C(43) 1.403(4), 

N(2)— C( 1)—N( 1) 124.8(2).

By coupling observations from the X-ray crystallographic studies o f 28 -  30 

with the observations from the !H and ,3C{'H} NMR spectra o f these complexes, it was
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possible to construct resonance structures, 33a-c, to describe the bonding in these 

complexes (Figure 14). The guanidinate ligands o f complexes 29 and 30 additionally 

display an imidium/diamide resonance structure, 2c, as depicted in Figure 2. Resonance 

structures 33a-b describe classical amidinate and guanidinate 7c-electron delocalisation 

about the CN2/CN3 fragment. Simple electron movement about the r|6-bound arene ring 

affords resonance structure 33c, which exhibits localised bonding in the CN2/CN3 

fragment and an N=C double bond involving the ipso-C o f the arene ring. The 

description o f the bonding in resonance structure 33c is in agreement with observations 

made in the X-ray crystallographic studies o f 28 -  30. In addition, resonance structure 

33c displays two formal C=C double bonds within the coordinated r|6-bound arene ring, 

with the / 7-Ar-C formally described as a carbanion. The loss of “aromaticity” in the re­

bound arene ring ring o f 33c is in agreement with observations made from the 'H and 

13C {,H} NMR spectra o f 28 -  30. Finally, the bonding in the t|6-bound arene ring of 

33c explains the long Rh— Qpso bonds observed in the X-ray crystallographic structures 

o f 28 -  30. All experimental evidence suggests that 33c is the dominant resonance 

structure and that it best describes the bonding situation in 28 -  30.

33b

R -  Bu*, NPr'2. NCy2 
Ar -  CeH3PrV2,6

33c

Figure 14 -  The resonance structures, 33a-c

The crystal structure o f 31 was also obtained (Figure 15). As previously 

mentioned, there are several reported examples o f inorganic rings formed through the
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incorporation o f Me2SiC>2 units .26 Six-membered rings o f the general formula M2SiC>3 

(M = Ge,26a Sn,26b Nb26c) are often exhibited in these complexes, whereas the structure 

o f  31 displays four fused Rh2SiC>3 six-membered rings, all with “chair” conformations. 

The bonding in 31 is best described as two formally dianionic [Me2Si0 2 ]2_ units 

bridging four distorted square planar rhodium(I) centres.

Figure 15 -  Thermal ellipsoid plot (25 % probability surface) of the molecular structure 

o f  [{Rh(r|4-C 0D )}4(p4-Me2Si02)2] 31; hydrogen atoms omitted for clarity. Selected 

bond lengths (A) and angles (°): R h(l)—0(3) 2.126(3), R h(l)— 0 ( 1 ) 2.130(3), 

Rh(2)— 0(3) 2.088(3), Rh(2)—0(2) 2.091(3), Rh(3)—0(2) 2.122(3), Rh(3)—0(4) 

2.127(3), Rh(4)— 0(1) 2.092(3), Rh(4)— 0(4) 2.094(3), 0 (3)—R h(l)— 0(1) 91.24(10), 

0 (3 )— Rh(2)—0(2) 88.70(11), 0 (2 )— Rh(3)—0(4) 91.46(10), 0 ( 1 )—Rh(4)— 0(4) 

88.60(11), Rh(4)—0 (1 )—R h(l) 110.86(12), Rh(2)—0(2)— Rh(3) 108.37(12),

Rh(2)— 0 (3 )— R h(l) 110.98(12), Rh(4)— 0(4)—Rh(3) 111.39(12).
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Tiripicchio, Oro and co-workers have shown that the rhodium(I) amidinate 

complex, 27, reacts with CO to afford the tetracarbonyl derivative, [(CO)2Rh{r|2- 

[N(Ph)]2CPh}]2 . In contrast, 30 reacted with CO to give rhodium metal deposition 

and GisoH. Gade and co-workers have shown that the addition o f Lewis bases, such as 

triphenylphosphine, PPI1 3 , to the rhodium(I) r|6-arene complex, 32, affords square planar 

four-coordinate Rh(I) complexes .248 During these reactions, the tris(arylamido)- 

stannate ligand converts from a six-electron donor to a two-electron donor.248 In 

contrast, rhodium metal deposition and an intractable mixture of products resulted when 

30 was treated with PPh3 . It was decided to investigate if the q6-bound arene 

complexes, 28 -  30 could be converted to their iV,V'-chelated isomers. No reaction 

occurred when a toluene solution o f 30 was irradiated with UV light for three hours. In 

contrast, heating toluene solutions o f 28 -  30 at 80 °C for five hours afforded the r|2- 

N,W'-chelated complexes, 34 -  36 (Scheme 4). Similarly, sublimation o f crystalline 28 

at 150 °C and 5 x 10-6  Torr afforded complex 34 exclusively. A toluene solution of 36 

was irradiated with UV light for three hours, but no reaction occurred.

R

\  /28, 29 or 30
A r=  C6H3Pri2-2 I6

80 °C, toluene 
 ► Rh

5 hours

R = Bu134 
R = NPr'2 35 
R = NCy2 36

Scheme 4 -  The synthesis of 34 -  36
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Figure 16 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure

a
o f [(r| -COD)Rh(r| -Piso)] 34; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)—N(2 ) 2.0836(17), R h(l)—N (l) 2.0926(18), 

R h(l)—C(34) 2.098(2), R h(l)—C(30) 2.119(2), R h(l)—C(31) 2.145(2), R h(l)—C(35) 

2.150(2), N (l)— C (l) 1.351(2), C (l)— N(2) 1.332(3), C (l)—C(2) 1.543(3),

C(30)—C(31) 1.399(3), C(34)— C(35) 1.393(3), N(2)—R h(l)—N (l) 62.98(7),

C (l)—N (l)— R h(l) 93.62(12), C (l)— N(2)— R h(l) 94.59(12), N(2)—C (l)—N (l) 

108.76(17).
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Figure 17 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(r|4-COD)Rh(rt2-Priso)] 35; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)—N(2) 2.087(2), R h(l)—N (l) 2.091(2), R h(l)—C(36) 

2.111(3), R h(l)— C(33) 2.117(3), R h(l)— C(32) 2.118(3), R h(l)—C(37) 2.131(3), 

N (l)— C (l) 1.337(3), N(2)— C (l) 1.353(3), N(3)—C (l) 1.380(3), C(32)—C(33) 

1.388(5), C(36)—C(37) 1.388(4), N(2)— R h(l)—N (l) 63.54(8), C (l)—N (l)—Rh(l) 

93.55(15), C (l)—N(2)— R h(l) 93.23(16), N (l)—C (l)—N(2) 109.7(2).
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Figure 18 -  Thermal ellipsoid plot (25 % probability surface) o f the molecular structure 

o f [(rj4-COD)Rh(r|2-Giso)] 36; hydrogen atoms omitted for clarity. Selected bond 

lengths (A) and angles (°): R h(l)— N (l) 2.0889(13), R h(l)—N(2) 2.0939(13), 

R h(l)— C(39) 2.1170(16), R h(l)— C(42) 2.1193(16), Rh(l)—C(38) 2.1201(17), 

R h(l)— C(43) 2.1214(16), N (l)— C (l)  1.346(2), N(2)—C (l) 1.350(2), N(3)—C (l) 

1.378(2), C(38)—C(39) 1.399(3), C(42)—C(43) 1.398(2), N( 1)— Rh( 1)—N(2) 

63.46(5), C (l)—N (l)— R h(l) 93.79(10), C (l)—N(2)—Rh(l) 93.45(10), N (l)—C (l) 

—N(2) 109.31(14).

Complexes 34 -  36 were fully characterised. The and ,3C {1H} NMR spectra 

o f  these complexes are symmetrical and are consistent with their solid state structures;



as such they do not warrant further comment. X-ray crystallographic analyses of 

complexes 34 — 36 were carried out (Figures 16 -  18). The rhodium atoms o f 34 -  36 

have distorted square planar ligand environments ( 2  angles m (l)— R h(l)—m(2 ), 

N( 1)— Rh( 1)— m(2), N(2)— Rh( 1)—m( 1), N (l)— R h(l)—N(2) = 360.65° mean; m (l) 

and m(2) are the mid-points o f the olefmic C(30)—C(31) and C(34)— C(35) bonds). 

Complex 34 exhibits the greatest deviation from planarity, with the dihedral angle 

between the N (l)—N(2) plane and the m (l)—m(2) plane (14.0°) being far greater than 

that exhibited by 27 (1.8° ) , 22 most likely a consequence of the increased steric bulk of 

Piso“ in comparison with the A^/V'-diphenylbenzamidinate ligand. The N (l)— Rh(l) 

—N(2) bite angles exhibited by 34 (62.98°), 35 (63.54°), 36 (63.46°) are narrow, but are 

similar to that observed in 27 (63.2°).22 The N (l)—C (l) and N(2)— C (l) distances 

observed in 34 -  36 are similar (1.332 -  1.351 A ) and the N(3)—C (l) distances 

exhibited by 35 (1.380(3) A) and 36 (1.378(2) A) are shorter than typical N—C single 

bonds (1.47 A ).19 These observations point towards significant 7t-electron 

delocalisation over the CN2 or CN3 fragments o f 34 -  36. The Rh—N distances 

exhibited by 34 -  36 (2.087(2) -  2.0939(13) A ) are within the known range (1.757 -  

2.893 A )21 and are comparable to those observed in 27 (2 .1 0 1  A  mean) . 22 All other 

interatomic distances and angles are unremarkable.

A kinetic study was proposed to investigate the rate o f reaction for the thermal 

conversion o f the kinetic products, 28 -  30, to the thermodynamic products, 34 -  36. 

This was achieved by preparing nearly saturated C6D6 solutions o f 28 -  30 (0.02 g in

0.6 cm3) in Young’s NMR tubes with a tetramethylsilane (TMS, SiMe4) standard. As 

TMS does not take any part in the reaction, the integration of its signal can be employed 

as the standard as the reaction proceeds. The !H NMR spectra o f these samples were 

obtained and the tubes were heated at 80 °C. *H NMR spectra o f these reaction
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mixtures were obtained in fifteen minute intervals. Integration o f these spectra allowed 

the rates o f reaction to be measured. As the starting concentrations o f 28 -  30 and the 

ratios o f the integration o f the signals at ca. S 5.5 ppm to the TMS signals in the *H 

NMR spectra are known, all ratios obtained could then be converted to units o f moldm'

3. The integration o f the signal at ca. S 5.5 ppm in the 'H NMR spectra was chosen as 

this signal does not overlap with any signals observed in the 'H NMR spectra o f 34 -  

36. The thermal conversion o f 28 to the thermodynamic product, 34, was complete 

after heating to 80 °C for fifteen minutes. Hence the rate of conversion is greatest for 

the amidinate complex, 28, which may possibly explain why only complex 27 was 

isolated by Tiripicchio, Oro and co-workers whilst utilising the less bulky N,Nf- 

diphenylamidinate ligand. The thermal conversion o f 28 -  30 to the thermodynamic 

complexes, 34 -  36, is expected to be a unimolecular, first order reaction, the rate 

equation being: Rate = £[7i-arene complex]. As such a graph was constructed o f ln[7t- 

arene complexes] against time (Graph 1). Straight lines were obtained to give the rate 

constants, k = 5.41 x 10-4 s'1 for the rate o f conversion o f 29 and k = 2.87 x KT4 s*1 for 

the rate o f conversion o f 30. The high R values o f 0.992 and 0.972 for these lines 

suggest an excellent correlation o f this data series to the straight line graphs. This also 

shows that the reactions are first order with respect to the concentrations o f 29 and 30. 

The kinetics o f the thermal conversion o f 29 into 35 was not measured after 105 

minutes as the signal at ca. S 5.5 ppm in the !H NMR spectra were almost 

indistinguishable from the baseline noise after this time, making the errors o f these 

measurements high. The thermal conversion o f 29 into 35 is complete after three hours 

o f heating at 80 °C, and the complete thermal conversion o f 30 into 36 takes five hours 

at this temperature. Hence the rate o f conversion o f the kinetic products, 28 -  30, into 

the thermodynamic products, 34 -  36 is: 28 > 29 > 30.
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Graph 1 -  First order rate equation plot for the thermal conversion of 29 and 30
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6.4 Conclusion

The chemistry o f the four-membered gallium(I) heterocycle, 

[:Ga{[N(Ar)]2CNCy2 }] has been investigated. The preparation o f a novel boron(III) 

cation has resulted from this study. The potential o f the samarium(II) complex, 

[Sm{[N(Ar)]2CNCy2 }2], as a selective one-electron reducing agent has been 

investigated. The oxidative coupling o f two CS2 fragments by this reagent resulted in 

the isolation o f a novel complex with a [P-SCSCS2] fragment bridging two 

samarium(III) centres. Finally, initial investigations into the d-block chemistry of the 

amidinate and guanidinate anions, Piso”, Priso~ and Giso-, led to the preparation of a 

series o f rhodium(I) complexes by salt metathesis reactions. The kinetic products of 

these reactions exhibit novel r|6-arene binding modes o f these ligands. A kinetic study 

revealed that the rate o f conversion o f an rj6-bound arene rhodium(I) amidinate to its 

A ^ '-chelated isomer is greater than that observed for the corresponding r|6-bound arene 

guanidinate complexes. It is proposed that the additional 71-donor capabilities of 

guanidinates over amidinates stabilises their rj6-bound arene complexes to a greater 

extent, increasing the barrier o f conversion to their NJJ*'-chelated isomers.

6.5 Experimental

General experimental procedures are compiled in Appendix 1 and 

crystallographic data are compiled in Appendix 3. 11B {1H } NMR spectra were recorded 

on a Jeol Eclipse 300 spectrometer operating at 96.4 MHz and were referenced to 

BF3(OEt2). [:Ga(Giso) ] , 4 [Sm(Giso) 2] , 12 [(V-COD)RhCI] 227 [K(Piso) ] , 8 and

[K(Giso) ] 12 were synthesised by literature procedures. [K(Priso)] was synthesised by 

unpublished procedures which involved the 1 : 1 reaction o f K[N(SiMe3)2] with PrisoH
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in toluene. CS2 was freshly distilled prior to use. All other reagents were used as 

received.

Preparation o f  [BrB(G iso)][G aBn] 24: BBr3 (35 pi, 0.37 mmol) was added via a 

microsyringe to a solution o f [:Ga(Giso)] (0.19 g, 0.31 mmol) in toluene (10 cm3) at -78 

°C to give a deep yellow solution. The reaction mixture was warmed to 20 °C, 

becoming colourless, and stirred for 24 hrs to yield a precipitate. Volatiles were then 

removed in vacuo and the residue was washed with hexane ( 2 0  cm3) and extracted into 

THF (40 cm ) and filtered. The filtrate was concentrated to ca. 10 cm and stored at -30 

°C overnight to give colourless crystals o f 24. A second crop was obtained (0.11 g, 34 

%). Mp 206 °C (decomp.); ‘H NM R (400 MHz, </8-THF, 298 K): S 1.17-1.93 (br. m, 

20H, CH2\  1.43 (br, 24H, ( C /^ C H ) ,  3.22 (m, 2 H, CH2C//), 3.61 (m, 4 H, (CH3)2C//), 

7.10-7.52 (m, 6  H, m-Ar-//); n B{!H} NMR (96.4 MHz, </g-THF, 298 K): S 18.5; MS 

(El 70eV), mtz (%): 544 ({[N(Ar)]2CNCy2 }H+, 6 ), 501 ({[N(Ar)]2CNCy2}H+ - Prj, 43); 

IR v/cm ' 1 (Nujol): 1588 m, 1568 m, 1260 m, 1096 m, 1018 m, 801 m.

Preparation o f  [{Sm(Giso)2}2(p-ti2:ii2-SCSCS2)J 25: A 1.66 M solution o f CS2 in 

toluene (0.5 cm3, 0.81 mmol) was added to a suspension o f [Sm(Giso)2] (0.40 g,

0.32 mmol) in toluene (10 cm3) at -78 °C to give a deep green solution. The reaction 

mixture was warmed to 20 °C and stirred for three hours. The solution was 

concentrated to ca. 4 cm3, filtered and stored at -30 °C to give deep green blocks o f 25 

(0.24 g, 55 %). Mp 131 °C (decomp.); MS (APCI), m/z (%): 545 ({[N(Ar)]2CNCy2 }H \ 

100); IR v/cm-1 (Nujol): 1612 s, 1583 s, 1322 m, 1240 m, 1013 m, 933 m, 894 m, 794 

m ,778 m.



Preparation of [(n4 -COD)Rh(t|6 -Piso)] 28: A slurry o f [K(Piso)] (0.50 g, 1.09 mmol) 

in toluene (25 cm3) at -78 °C was added to a solution o f [(r|4-COD)RhCl]2 (0.27 g, 0.55 

mmol) in toluene (15 cm3) over 10 mins. The reaction mixture was warmed to 20 °C 

over 2 hrs and stirred for a further hour to give a yellow solution. Volatiles were then 

removed in vacuo and the residue was extracted into hexane (60 cm3) and filtered. The 

filtrate was concentrated to ca. 20 cm3 and stored at -30 °C overnight to give pale 

yellow blocks o f 28. A second crop was obtained (0.19 g, 28 %). Mp 133-135 °C 

(decomp.); !H NMR (200.13 MHz, C6D6, 298 K): S 1.41 (d, V Hh = 6 . 6  Hz, 1 2  H, 

(C //3)2CH), 1.60 (d, 3J hh = 6.7 Hz, 12 H, (C //3)2CH), 1.61 (d, 3J Hh = 6.9 Hz, 12 H, 

(C //3)2CH), 1.64 (s, 9H, (C //3)3C), 1.78 (m, 4 H, C //2CH), 2.07 (m, 4 H, C //2CH), 3.20 

(sept, Vhh = 6 . 8  Hz, 2 H, (C H ^ C //)  3.27 (br. m, 4 H, CH2C//), 3.65 (sept, 3J Hh = 6.7 

Hz, 2  H, (CH3)2C //), 3.85 (t, VHh = 5.8 Hz, 1 H, ri6-arene-/?-Ar-//), 5.65 (d, VHh = 5.8 

Hz, 2 H, r|6-arene-/w-Ar-//), 7.11 (t, 3J Hh =  6.7 Hz, 1 H, p-Ar-H) , 7.30 (br. m, 2 H, m- 

Ar-/7); ^ C j'H }  NMR (50.33 MHz, C ^ ,  298 K): S 21.6 ((CH3)3C), 23.9, 24.8, 25.4,

26.7 ((CH3)2CH), 29.1, 29.8 ((CH3)2CH), 31.7 (CH2), 42.2 ((CH3)3C), 73.3 (br., 

CH2CH), 74.5 (d, '^Rhc = 5.2 Hz, r|6-arene-/?-Ar-C), 101.5 (d, 'Jrhc = 3.6 Hz, rj6-arene- 

m-Ar-C), 115.5 (d, ’jRhc = 2.3 Hz, r|6-arene-o-Ar-C), 121.4, 121.9, 138.8, 148.6 (Ar-C), 

164.8 (CN2C); MS (El 70eV), m/z (%): 630 (MH+, 13), 573 (MH+ - Bul, 31), 522 (MH+ 

- COD, 29), 420 ({pSKAr^CBu1} ^ ,  17); IR v/cm ' 1 (Nujol): 1593 s, 1567 s, 1538 s, 

1360 m, 1253 m, 1139 m, 910 m, 8 6 6  m 842 m, 800 m; El acc. mass on M+: calc, for 

C37H 55N2Rh: 630.3415, found 630.3415; C37H55N2Rh requires C 70.46, H 8.79, N 4.44 

%; found C 70.46, H 8.53, N 4.45 %.

Preparation o f  [(n4-COD)Rh(t|6-Priso)J 29: A slurry o f [K(Priso)] (0.50 g, 1.11 

mmol) in toluene (30 cm3) at -78 °C was added to a solution o f [(q4-COD)RhCl] 2 (0.25 

g, 0.56 mmol) in toluene (10 cm3) at -78 °C over 10 mins. The reaction mixture was



warmed to 20 °C over 2 hrs and stirred for a further hour to give a yellow solution. 

Volatiles were then removed in vacuo and the product was extracted into hexane (100 

cm3) and filtered. The filtrate was concentrated to ca. 20 cm3 and stored at -30 °C 

overnight to give pale yellow blocks o f 29. A second crop was obtained (0.28 g, 42 %). 

Mp 164-166 °C (decomp.); ‘H NMR (200.13 MHz, C6D6, 298 K): S 1.50 (d, 3JHh = 6.7 

Hz, 12 H, (C /f^ C H ), 1.57 (d, V Hh = 6.6 Hz, 12 H, (C //3)2CH), 1.68 (d, VHh = 6.8 Hz, 

12 H, (C //3)2CH), 1.83 (m, 4 H, C //2), 2.12 (m, 4 H, CH2\  3.40 (br. m, 4 H, CH2C//), 

3.60 (sept, Vhh = 6.9 Hz, 2 H, (CH ^C/ZN ), 3.83 (t, V Hh = 5.8 Hz, 1 H, Ti6-arene-/?-Ar- 

//) , 3.94 (sept, 3J Hh = 6.9 Hz, 4 H, (C H ^ C tf) , 5.72 (d, 3J Hh = 5.8 Hz, 2 H, Ti6-arene-m- 

Ar-//), 7.11 (t, 3Jhh = 7.9 Hz, 1 H, p-Ar-H), 7.22-7.36 (m, 2 H, Ai-H ); ^C j'H }  NMR 

(50.33 MHz, C6D6, 298 K): £ 2 1 .9  ((CH3)2CHN), 24.4, 24.8, 26.0, 26.4 ((CH3)2CH),

29.1 ((CH3)2CH), 31.7 (CH2), 47.0 ((C H ^C H N ), 72.1 (d, lJ n c  = 13.3 Hz, CH2CH),

74.6 (d, ‘jRhc = 5.4 Hz, r|6-arene-/?-Ar-C), 101.1 (d, ’J rw: = 3.5 Hz, rj6-arene-m-Ar-CT),

116.5 (d, 'jRhc = 2.3 Hz, q6-arene-o-Ar-C), 120.5, 122.2, 140.0, 142.4, 147.0, 152.0 

(Ar-C), 175.7 (CN3); MS (El 70eV), m/z (%): 673 (MH+, 8), 630 (MH+ - Prj, 16), 573 

(MH+ - N P r2, 3), 565 (MH+ - COD, 4), 520 (MH+ - COD - Pr‘, 5), 462 

({[N(Ar)]2CNPr'2}H+, 3); IR v/cm '1 (Nujol): 1555 s, 1537 s, 1366 m, 1311 m, 1279 m, 

1260 m, 1218 m, 1134 m, 992 m, 848 m, 800 m; El acc. mass on M+: calc, for 

C39H6oN3Rh: 673.3837, found 673.3839; C39H6oN3Rh requires C 69.52, H 8.98, N 6.24 

%; found C 69.50, H 8.93, N 6.28 %.

P reparation  of [(n4-COD)Rh(i|6-Giso)] 30: A slurry o f [K(Giso)] (0.50 g, 0.86 mmol) 

in toluene (30 cm3) at -78 °C was added to a solution o f [(q4-COD)RhCl] 2 (0.21 g, 0.43 

mmol) in toluene (20 cm3) at -78 °C over 10 mins. The reaction mixture was warmed to 

20 °C over 2 hrs and stirred for a further hour to give a yellow solution. Volatiles were 

then removed in vacuo and the product was extracted into hexane ( 1 2 0  cm ) and



filtered. The filtrate was concentrated to ca. 60 cm3 and stored at -30 °C overnight to 

give pale yellow blocks o f  30. A second crop was obtained (0.35 g, 54 %). Mp 169- 

171 °C (decomp.); 'H  NMR (200.13 MHz, C6D6, 298 K): S 1.45 (m, 12 H, cy CH2), 

1.54 (dd, 3Jhh = 7.0 Hz, 12 H, (C //3)2CH), 1.62 (d, 3JHH = 6 . 6  Hz, 6  H, (C //3)2CH), 1.70 

(d, 3JHh = 6.7 Hz, 6  H, (C //3)2CH), 1.84 (br. m, 8  H, cy CH2), 2.12 (br. m, 8  H, COD 

CH2), 3.46 (br. m, 4 H, COD CH2CH), 3.57 (m, 2 H, cy CH2CH), 3.59 (sept, V„H = 6.4 

Hz, 2  H, (CH3)2CH), 3.91 (t, 1 H, V Hh = 5.8 Hz, r|6-arene-p-Ar-tf), 3.94 (sept, VHh = 

7.0 Hz, 2  H, (C H ^ C H), 5.74 (d, V h h  = 5.8 Hz, 2  H, ti6-arene-m-Ar-H), 7.13 (t, 3J Hh =

7.5 Hz, 1 H, p-Ai-H), 7.34 (m, 2 H, m-Ai-H); l3C{'H} NMR (75.48 MHz, C6D6, 298 

K): S 20.8, 23.5 (cy CH2), 25.0 ((CH3)2CH), 25.2 (cy CH2), 26.1, (br„ (CH3)2CH), 28.1 

(cy CH2), 29.5 ((CH3)2CH), 30.7 (COD CH2), 34.6 (cy ipso-CHi), 57.0, 57.4 

((CH3)2CHN), 73.5 (d, 'jRhc = 5.2 Hz, q6-arene-/?-Ar-C), 75.4 (d, ' j Rhc = 13.0 Hz, COD 

CH2CH), 99.8 (d, 'JRhc = 3.6 Hz, rf-arene-m-Ar-C), 119.1, 121.1, 122.0, 122.6, 138.7,

141.8, 144.0, 145.6 (Ar-C); MS (El 70eV), m/z (%): 753 (MH+, 2), 710 (MH+ - Pr', 1), 

670 (MH* - cy, 2), 645 (MH+ - COD, 1), 542 ({[N(Ar)]2CNCy2}H+, 12); IR v/cm'1 

(Nujol): 1563 s, 1520 s, 1352 m, 1283 m, 1235 m, 1206 m, 1170 m, 1127 m, 1007 m, 

970 m, 932 m, 891 m, 848 m, 802 m; El acc. mass on M+: calc, for C4sH68N3Rh: 

753.4467, found 753.4463; C45H68N3Rh requires C 71.69, H 9.09, N 5.57 %; found C 

70.21, H 9.15, N 5.31 %.

P reparation  of |( i |4-COD)Rh(tj2-Piso)| 34: A solution o f 28 (0.10 g, 0.16 mmol) in 

toluene (10 cm3) was heated at 80 °C for 15 mins. Volatiles were then removed in 

vacuo and the product was extracted into hexane (10 cm ) and filtered. The filtrate was 

concentrated to ca. 2 cm3 and stored at -30 °C overnight to give pale yellow blocks of

34. A second crop was obtained (0.06 g, 60 %). Mp 133-135 °C (decomp.); NMR 

(200.13 MHz, C6D6, 298 K): S 1.10 (s, 9 H, (C //3)3C), 1.58 (d, 3J Hh = 6 . 8  Hz, 12 H,
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(C //3)2CH), 1.59 (br. m, 4 H, CH2), 1.76 (d, V HH = 6.7 Hz, 12 H, (C //3)2CH), 2.43 (br. 

m, 4 H, C //2), 3.83 (br. m, 4 H, CH2CH), 4.14 (sept, V Mm = 6.8 Hz, 4 H, (CH3)2CW), 

7.15-7.29 (m, 6 H, At-H); i3C{'H} NMR (50.33 MHz, C6D6, 298 K): S 24.0 ((CH3)3C), 

25.9 ((CHjfeCH), 28.2 ((CH3)2CH), 30.2, 30.7 (CH2), 44.5 ((CH3)3C), 78.5 (d, './Rhc =

13.7 Hz, CH2CH), 123.8, 124.5, 143.0, 143.9 (A r-Q , 186.8 (d, Vrhc = 5.0 Hz, CN2C); 

MS (El 70eV), w/z (%): 630 (MH+, 45), 573 (MH+ - Bu', 78), 522 (MH+ - COD, 92), 

420 ({[NfArkCBu'jH*, 21); IR v/cm '1 (Nujol): 1315 m, 1241 m, 1170 m, 1098 m, 949 

m, 800 m, 761 m; El acc. mass on M*: calc, for C37H5sN2Rh: 630.3415, found 

630.3418; C37H55N2Rh requires C 70.46, H 8.79, N 4.44 %; found C 70.19, H 8.91, N 

4.45 %.

Preparation of |(q4-COD)Rh(qJ-Priso)| 35: A solution o f 29 (0.16 g, 0.27 mmol) in 

toluene (20 cm ) was heated at 80 °C for 3 hrs. Volatiles were then removed in vacuo 

and the product was extracted into hexane (40 cm ) and filtered. The filtrate was 

concentrated to ca. 4 cm and stored at -30 °C overnight to give pale yellow blocks of

35. A second crop was obtained (0.10 g, 56 %). Mp 183-185 °C (decomp.); 'H  NMR 

(200.13 MHz, C6D6, 298 K): 8 0.91 (d, V Hh = 7.0 Hz, 12 H, (C //3)2CHN), 1.54 (d, l / HH 

= 6.9 Hz, 12 H, (CA/3)2CH), 1.61 (m, 4 H, C //2), 1.94 (d, V Hii = 6.8 Hz, 12 H, 

(C //3)2CH), 2.42 (m, 4 H, CH2), 3.94 (br. m, 4 H, CH2CW), 4.11 (sept, V Hh = 6.9 Hz, 8 

H, (CH3)2CW), 7.18-7.34 (m, 6 H, Ar-W); 13C{‘H} NMR (50.33 MHz, C6D6, 298 K): 8

23.5 ((CH3)2CHN), 26.2 ((CH3)2CH), 27.6 ((CHj^CH), 30.9 (CH2), 49.0 ((CH3)2CHN),

76.2 (d, '7Rhc = 14.0 Hz, CH2CH), 123.8, 124.0, 143.8, 144.7 (Ar-C), 174.5 (d, 27Rhc =

5.7 Hz, CN3); MS (El 70eV), mtz (%): 673 (MH+, 50), 630 (MH+ - Pr', 100), 573 (MH+ 

- NPr'2, 13), 565 (MH+ - COD, 18), 462 ({[N(Ar)]2CNPr'2}H+, 10); IR v/cm"1 (Nujol): 

1434 s, 1407 s, 1316 m, 1275 m, 1245 m, 1176 m, 1124 m, 1109 m, 952 m, 932 m, 871 

m, 799 s, 757 s, 658 m; El acc. mass on M+: calc, for C39H6oN3Rh: 673.3837, found

271



673.3834; C39H6oN3Rh requires C 69.52, H 8.98, N 6.24 %; found C 69.82, H 9.00, N 

6.35 %.

Preparation of [(i|4-COD)Rh(n2-Giso)] 36: A solution o f 30 (0.17 g, 0.23 mmol) in 

toluene (20 cm3) was heated to 80 °C for 5 hrs. Volatiles were then removed in vacuo 

and the product was extracted into hexane (20 cm3) and filtered. The filtrate was 

concentrated to ca. 4 cm3 and stored at -30 °C overnight to give pale yellow blocks of

36. A second crop was obtained (0.05 g, 29 %). Mp 164-166 °C (decomp.); *H NMR 

(300.13 MHz, C6D6, 298 K): S 0.91-1.08 (m, 8 H, cy CH2\  1.52 (m, 12 H, cy C //2),

1.58 (d, V hh = 6.8 Hz, 12 H, (C /Z^C H ), 1.59 (m, 4 H, COD C //2), 1.93 (d, V Hh = 6.8 

Hz, 12 H, (CZ/3)2CH), 2.32 (m, 4 H, COD CZZ2), 3.72 (m, 2 H, cy CH2CZ/), 3.91 (br. m, 

4 H, COD CH2CZ/), 3.95 (sept, V Hh = 6.8 Hz, 4 H, (CH3)2CZ/), 7.17 (dd, 3J Hh = 6.4 Hz, 

2 H ,p-Ar-H), 7.26 (d, 3J Hh = 6.8 Hz, 4 H, m-Ar-H); ^ C t ^ }  NMR (50.33 MHz, C6D6, 

298 K): S 23.6 (cy p-CU2% 26.1, 26.4 ((CH3)2CH), 26.9 (cy m-CH2), 27.6 ((CH3)2CH),

30.8, 31.1 (COD CH2), 35.8 (cy o-CH2), 58.6 (cy (CH2)2CHN), 76.7 (d, xJRhc = 13.0 Hz, 

COD CH2CH), 123.6, 123.8, 143.1, 145.1 (Ar-C), 174.1 (d, Vrw: = 5.5 Hz, CN3); MS 

(El 70eV), m/z (%): 753 (M H \ 100), 710 (MH+ - Prj, 51), 670 (MH+ - cy, 87), 645 

(MH+ - COD, 39), 560 (MH+ - COD - cy, 29), 542 ({[N(Ar)]2CNCy2}H+, 47); IR v/cm’1 

(Nujol): 1434 s, 1393 s, 1323 s, 1279 s, 1243 s, 1096 m, 1020 s, 896 m, 866 m, 825 m, 

791 s, 772 m, 750 s, 660 m; El acc. mass on M+: calc, for C45H6sN3Rh: 753.4463, found 

753.4463; C45H68N3Rh requires C 71.69, H 9.09, N 5.57 %; found C 71.88, H 9.36, N 

5.67 %.
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Appendix 1

General Experimental Procedures

All manipulations were performed using standard Schlenk and glovebox 

techniques under an atmosphere o f  high purity argon or dinitrogen (BOC 99.9 %) in 

flame-dried glassware. All glassware was cleaned by overnight storage in an isopropyl 

alcohol solution o f sodium hydroxide, followed by rinsing with dilute hydrochloric acid, 

distilled water and acetone, and was stored in an oven at 110 °C. Hexane, diethyl ether, 

toluene and tetrahydrofuran were pre-dried by storage over sodium wire and were 

refluxed under an atmosphere o f high purity dinitrogen for twelve hours over either 

potassium or Na/K alloy prior to collection. *H and 13C{'H} NMR spectra were 

recorded on either a Bruker AMX 500 spectrometer (500.13 MHz, 125.76 MHz), 

Bruker DPX 400 spectrometer (400.13 MHz, 100.62 MHz), a Bruker DPX 300 

spectrometer (300.13 MHz, 75.47 MHz), a Jeol Eclipse 300 spectrometer (300.52 MHz, 

75.57 MHz), or a Bruker AV 200 spectrometer (200.13 MHz, 50.33 MHz) in C6D6 or 

dg-THF (freeze-thaw degassed and dried over sodium) and were referenced to the 

residual *H or ,3C resonances o f the solvent used. 31P{'H} NMR spectra were recorded 

on a Jeol Eclipse 300 spectrometer operating at 121.66 MHz were referenced to 85 % 

H3PO4 . El and APCI mass spectra and accurate mass El and APCI mass spectra were 

obtained from the EPSRC National Mass Spectrometric Service at Swansea University. 

IR spectra were recorded using a Nicolet 510 FT-IR spectrometer as Nujol mulls 

between NaCl plates. Melting points were determined in sealed glass capillaries under 

argon and are uncorrected. Microanalyses were obtained from Medac Ltd. or the 

Campbell Microanalytical Laboratory, University o f Otago. Crystals suitable for X-ray 

structural determination were mounted in silicone oil. Crystallographic measurements
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were performed by Prof. C. Jones and Dr. A. Stasch using a Nonius Kappa CCD 

diffractometer using a graphite monochromator with Mo K a  radiation (X = 0.71073 A).

The data were collected at 150 K and the structures were solved by direct methods and

^ 1 
refined on F by full matrix least squares (SHELX-97) using all unique data.

1. G. M. Sheldrick, SHELX-97, University of Gottingen, 1997.
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