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ABSTRACT

This thesis describes the preparation and study of metal systems, bound 
by imido ligands, with extended 7i-conjugated substituents.

The preparation, characterisation and study of a series of ditungsten 
complexes of the type [{WCl2(CO )(PM ePh2)2}2 (NXN)] linked by a variety of 
diimido organic bridges, (NXN), is discussed with particular reference to the 
degree of communication indicated between the metal centres. These 
com plexes were prepared by oxidative-addition of d iisocyanates to 
[W C l2 (P M e P h 2 )4 ] and three such com pounds were characterised 
crystallographically (X: 2-methylphenylene, 2,2’-dimethoxybiphenylene and 
1,5-naphthalene). Electrochemical studies and molecular orbital calculations 
were performed with a view to clarifying the extent of the communication.

A se rie s  of m o lybdenum  m ono im ido  co m p lexe s , v i z .  
[M o(NXNH 2)C l2(S2C NEt2)2], is presented and our failure to prepare diimido 
complexes from diamines discussed. In the course of this work a number of 
acetylenic amines and isocyanates were prepared, via  m etal-catalysed 
coupling reactions, as precursors to 7i-conjugated diimido organic bridges. 

Attempts to prepare bis(diimido) molybdenum complexes by two methods, from 
sodium molybdate and by imido substitution reactions, gave rise to insoluble 
materials. The compounds [Mo(S2P Ph2)2 (N^Bu)2] and [Mo(S2PPh2)2(2,6- 
N'Pr2C6H3)2] where the bis(imido) metal centre is chelated by dithiophosphinate 
ligands were successfully synthesised.

Three rhenium diimido complexes [{ReCl3(PPh3)2}2(NXN}] (X: phenylene, 
2,3-dimethylphenylene and 2,3,5,6-tetramethylphenylene) were synthesised 
but their poor solubility hampered characterisation.

The preparation of tungsten, molybdenum and rhenium iodophenylimido 
compounds and the molecular structure of the tungsten complex are reported. 
Experiments aimed at achieving coupling of these iodo-complexes are 
described.
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CHAPTER ONE: INTRODUCTION

1.1 General Introduction - 7c-conjugated systems

This thesis is concerned with the preparation and study of 71-conjugated 

complexes incorporating an organic group bound through an imido linkage to a 
transition metal centre. We have been interested in synthesising a variety of 
such compounds in which the organic group possesses an extended 71-bonding 

system and thus may interact strongly with the metal based orbitals via the 
imido moiety. Our target complexes thus fall into the wider category of 71- 

conjugated systems.

Systems involving the delocalisation of 71-bonding electrons are 

widespread and have long been of interest because of their unique chemical 
and physical properties. This is especially true in the chemistry of carbon where 
the disputed structure of benzene led Kekulé to propose resonance structures 
to explain the anomalous behaviour of the “double” bonds. This in turn led on to 
the ideas of aromaticity and conjugation which have been recognised and 
studied by organic chemists for some tim e \

O  -  (  />
More recently, efforts have been driven by the highly anisotropic physical 

properties which are observed in some strongly delocalised systems. The 
discovery in Japan in the late 1970’s, that the shiny black material formed by 
polymerising acetylene had an unexpectedly high conductivity which increased 
up to 1000 Qcm’  ̂ when doped (partially oxidised) with iodine, opened a new 
avenue of chemistry. Later work focussed on this long range conjugation, 
building at a molecular level from diynes, through oligomers to polyacetylenes 
and giving rise to linear chain molecules and the concept of molecular wires. 
More recently, ring opening metathesis polymerisation, (ROMP), has been 
utilised as a synthetic route to some of these polyacetylenes and other novel 
polymers^.

In addition to the doping of bulk samples to induce conductivity, desirable 
physical characteristics may be enhanced by including donor and acceptor 
groups in chains, thereby promoting a shift of charge. A number of workers have
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found that molecules of this type and those described above form aligned 
chains in the solid state structure, as shown by X-ray crystallography^.

HoN

In addition to these purely organic systems, the incorporation of metal 
atoms into the delocalised 7i-system has been shown to facilitate the 

diversification of these materials. Greater inherent flexibility and control is 
possible with transition metals, (having a range of accessible oxidation states), 
compared with the purely organic compounds, since the properties of the 
conjugated system may be tuned by the careful choice of metal and ligands. 
The question then arises as to how these metal centres may be multiply bonded 
into the chain so as to increase the overall delocalisation. Poor 71-orbital overlap 

between the metal and the chain will necessarily have a detrimental effect on 
the characteristics one w ishes to improve. Conceptually, the most 
straightforward method is to bind the organic chain directly to the metal centre. 
This may be achieved with acetylenes, and such transition metal oligomers and 
polymers originally prepared by Takahashi, Hagihara et a l^  have been 
developed by groups in Cambridge and Canada^.

L
I

M

n

V /
4 - IVI-

1/.^ n

A wide range of synthetic methods have been utilised and developed in 
the course of studies on 7c-conjugated compounds. Rod-like polymeric trans-[- 
Ru(PMe3)4C=CRC=C]n has been prepared by the reaction of equimolecular 

ratios of r r an5- [ Ru(PMe3)4Cl 2 ]  and the trim e thy ls tanny l com plex 
Me3SnC^CRC=CSnM e3 (R = P-C6H4C 6H4)®. This is one of a group of similar 

metal acetylide complexes which exhibit impressive conductivities, although not 
yet as great as those of some organic materials.

// \ - / /  \

L: PMea
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S m alle r units, such as b im eta llic  irid ium  and rhodium  acety lide  

com pounds, have been prepared in a s ing le  h igh -y ie ld  step using 
a lkynyl(phenyl)iodonium  triflates^. Here, the electrophilic acetylene, "RC=C^", 

may attack Vaska's compound or the rhodium analogue at room temperature to 

give the desired bimetallic diyne complex. This reaction pathway is the reverse 
of the traditional acetylide, RC=C, chemistry.

Phl+ —  /  \ — ^ ^ l + P h  . 2 TfO + lr(C0)CIP2

MeCN, 25 C // \
—------:------- — -  M e C N -lr— ----  f  ')— = — Ir-N C M e

10 mm, - 2Phl \ = y

P: PPhs

Transition metal centres have also been bridged by pure carbon 

fragm ents (Cn), yielding cum ulenic w ire-like species®' These system s have 

been chem ically oxidised and reduced. For example, two reversib le one- 

e lectron processes are seen when the C 4-bridged iron dim er shown was 

studied by cyclic voltammetry. Since two distinct one-electron processes were 

observed , the ox ida tion  of one m etal cen tre  m ust be e lec tron ica lly  

communicated through the carbon chain to the other, thereby perturbing the 

environm ent about that metal and modifying the redox potential. This would 

support the idea of strong communication between metal centres.

Fe—C = C —C =C —Fe

The mode of binding to the metal centre described immediately above is 
formally of o-bonding character, although there is manifestly some jr-bonding 

interaction. Where a linkage between metal and ligand is formally of multiple- 

bonding character, the extent of interaction would be antic ipated to be 

increased.

14



1.2 The Imido Ligand

Further possible means of incorporating the metal cl -orbitals into a 
delocalised 71-bound framework is by utilising a linear imido ligand. Here, 

simplistically, the p -orbitals on nitrogen form a conjugated 71-system with 

orbitals of both the metal and the organic fragment. Since the imido moiety is 

central to this work, there follows a discussion of its nature, occurrence, 

structural characteristics and applications.

Imido ligands, form ally doubly deprotonated am ines (RN^'), are 

isoelectronic with 0 x0  (O^ ), alkylidene (R2C^‘) and sulphide (8^') groups and 
share with them the ability to 71-bond strongly with metals. The first imido 

containing complex, [OsOa^BuN)], was synthesised by Clifford and Kobayashi^ 
in 1956 and in the intervening years a diverse range of transition metal 
complexes have been reported. These include complexes of all of the second 
and third row transition metals of groups 4 to 10, compounds of the first row 

elements being less common (with no isolated mononuclear derivatives of iron). 
Complexes of group 3 are now known for scandium, yttrium and lanthanum but 

only exist as cations in the gas p 
coordination modes are known:

only exist as cations in the gas phase^°. When binding to the above metals^^ five

?  %  » n  ? RS ï' K /l\
M M M M M M M----- M

term inal b en t doubly-bridg ing  trip ly-bridging quadruply-bridg ing

Since this work is concerned with bonding of an imido ligand to a single 

metal centre with a high degree of delocalisation, we are primarily interested in 

terminal linear coordination, where the angle about the nitrogen is greater than 
150°. In this configuration the imido ligand is isostructural with the alkylidyne 

ligand, (CR)^^. In contrast to the terminal bent mode, the nitrogen lone pair is 

involved in the bonding to the metal centre giving rise to a formal bond order of 

three, with the imido ligand acting as a four-electron donor (neutral electron 

counting rules).

M ^ N — R

However, it should be noted that throughout this thesis the imido bond is 

represented as a double bond in common with convention.
A straightforward representation of the ligand orbitals in this mode of

15



coordination shows three filled orbitals, one of a symmetry and two of n 

symmetry (orthogonal to the metal-ligand o-bond), which allow the possibility of 

triple bond formation with the metal.

N

A more sophisticated approach using ab ini t io  molecular orbital 

calculations indicates that eight resonance structures are most significant in the 

description of the imido-nitrogen bond, with three accounting for approximately 

two thirds of the character^°. The bonding to transition metals is intermediate 

between a double and a triple bond with two of the resonance structures 
possessing a dative o bond.

LnM NR

dative character 
for ^K component

L n M = N R

dative character 
for a component

L n M ^ N R

dative character for 
a and I71 component

The degree of metal-nitrogen 71-bonding has been probed experimentally 

by Chatt et al.^^ using the series of rhenium arylimido complexes [ReCl3 (/;- 

NC6H4X)(PEt2Ph)2] (X: Br, Cl, F). Large dipole moments were observed in the 
range 4.5 - 7.2 D, which decreased with increasing moment of the C-X bond 
(and electronegativity of the substituent X) in the order Br < 01 < F. This was 

interpreted in terms of electron-withdrawal from the metal centre by the chloride 

trans to the imido moiety, which in turn causes a mesomeric drift of the 
nitrogen lone pair of electrons away from the aromatic ring. The resultant 

charge separation leaves the chloride at the negative end and the arylimido 
ligand at the positive end of the dipole, thus increasing jc-donation. These 

findings are supported by nmr studies on the para-  substituted phenylimido 

com plexes [WCl4(/7-NC4Fl4X)(thf)] carried out by Bradley et al. Flere a 

decrease in nitrogen shielding, in the order X: N02<CI<F<H<0Me, is observed 
consistent with enhanced nitrogen to metal 71-donation and attributable to 

electron-donating substituents. Furthermore, the N-aryl bond was strengthened 

with increasing nitrogen shielding, an effect which is particularly pronounced 
with strong n- and o-acceptor substituents such as NO2.

Mononuclear organoimido complexes generally adopt either pseudo- 

tetrahedral or pseudo-octahedral coordination geometries and, due to the short 
metal-nitrogen bond distance, distortions from these idealised geometries are
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com m only observed. A small num ber of seven [Mo(NMe)(S2CNEt2)3][BF4], 

[Re07-Ntol)(S2CNEt2)3];'= five [F4Mo(NCI)]; four [Mo(CH'Bu)(NAr)(OR)2]'®  and 

even th ree -coo rd ina te  [Os(2,6-NC6H3'Pr2)3] com plexes have also been 

reported^^.

The m eta l-n itrogen bond lengths in organo im ido  trans ition  metal 

complexes are in the range, 1.61 - 1.79 Â. This variation has been ascribed to 

the size of the metal, the coordination number about the metal centre and the 

formal number of electrons at the metal centre^®. Griffith^® states that the nitride 
ligand is the strongest jc-bonding ligand. M etal-oxo and m eta l-n itrido bond 

lengths are virtually equal in comparable coordination environments (c.f. the 

Mo-0  distance of 1.664(8) Â in [MoO(S2CN"Pr2)2]^° and the Re-N distance of 

1.656(8) Â in [ReN(S2CNEt2)2])^^ but metal-imido bond lengths are roughly 0.05 
Â longer. This may be partially due to the greater steric bulk of organoim ido 

groups in comparison with the compact oxo and nitride ligands.

Nugent and Haymore^® have estimated, on the basis of relative bond 

distance arguments and knowledge of the bonding radius of multiply bonded 
nitrogen, that bond strengths vary in the order: M=N > M=0  > M=NR. This is also 

consistent w ith the degree of trans  in fluence exerted by these ligands. 

However, bearing in mind the short m eta l-n itrogen bond d istances, the 

apparent lack of lengthening of the m eta l-ch lo rine  bond t ra n s  to the 

organoimido ligands in [MoGl2(NPh)(S2CNEt2)2]^^ and [ReCl3(NMe)(PPh2Et)2]^^ 
is surpris ing and in contrast to that in the oxo and n itrido com plexes 

K gLR e O C Is f, K2[OsNCl5]^®, [MoOCl2(S2CNEt2)2f® and [MoOCbCPMesPhja]^^ 
w here  s ign ifican t leng then ing  is noted. N ugent and H aym ore ’ ® have 

demonstrated that the electron count of the metal may be correlated with the 

trans influence. By comparing a wide range of transition metal organoim ido 

com plexes, they have deduced that: little trans influence is observed in 

pseudo-octahedral and pentagonal bipyram idal com plexes with 18-electron 

counts; pseudo-octahedra l com plexes w ith 16-e lectron  counts show a 

lengthening of the bond tra n s  to the imido ligand of 0.20 - 0.25 Â and 

organoim ido ligands in pseudo-octahedral complexes with formal 20-electron 

counts exhibit a noticeable trans influence^^. In [Mo(2,6-NG6H3'Pr)2(S2CNEt2)2], 

the equal lengthening of the trans  Mo-S bonds is found to be intermediate 

between those for the corresponding Mo-S bonds in [Mo(NPh)2(S2GNEt2)2]- 

[Mo(NPh)2(S2GNEt2)2] contains one bent and one linear imido ligand, 0.15 Â 

and 0.30 Â, (the longer Mo-NPh and Mo-S bonds lying along the same axis). 

The intermediate nature of the lengthening in [Mo(2,6-NG6H3'Pr)2(S2GNEt2)2] 

indicates that each im ido m oiety functions as a 3-e lectron donor w ith a
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consequent Mo-N bond order of 2.5^®(see below).
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As a result of the strength of the metal-nitrogen bond, the nucleophilicity 
of the imido nitrogen is reduced. The especially effective jr-orbital overlap in 

rhenium and osmium complexes is shown by the absence of N-protonation in 
the presence of mineral acids^^. Further consequences of extensive Ti-donation 

are the ability of organoimido ligands to sustain unusually high oxidation states 
for the metal, e.g. rhenium(VII)^°, and the electrophilic addition to olefins shown 
below^V
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Returning to the comparison between oxo and imido ligation, the great 

similarity lies in the isostructural nature of many of their isoleptic and simple 

metal complexes. For example: [O sOJ, [0s(N ^B u)03 ]^ \ [ReOCl3(PPh3)2], 

[Re(NPh)Cl3(PPh3)2r  and [WOCl2(CH'Bu)(PEt3)], [W(NPh)Cl2(CHtBu)(PEt3)fl 
In addition, both [OSO4] and [0s(N^Bu)03] undergo addition to olefins in an 

analogous manner suggesting parallels in their reactivity. This is further 

demonstrated by the use of the sim ilar oxo-alkylidene and imido-alkylidene 

complexes, [WXCl2(CH^Bu)(PEt3)] (X: O, NPh)^" ,̂ in the metathesis of olefins.

Imido ligands are anticipated to be a suitable link between a high valent 
metal centre and the conjugated Tc-system of an organic bridge since they are 

excellent E-donors and have been shown to stabilise metals in high oxidation 

states^^. The strength of the imido bond is also an advantage since it is not 

expected to be liable to dissociation in solution, unlike some neutral 

coordinating ligands, such as pyrazine, which are commonly utilised in lower 

oxidation state systems^^.



1.3 Imido Compounds of Group 6

In presenting an overview of the chemistry of imido complexes of group 
6, it becomes clear that molybdenum(VI) complexes form the greater part. This 

is primarily a result of such species being likely intermediates in nitrogen 

fixation^^ and the ammoxidation of propylene^^.

As indicated above, the stabilisation of metals in high oxidation states is 

a characteristic of imido ligation. This is most often observed where some form 
of Tc-bonding, essentially between the metal and nitrogen but also involving the 

organic group, occurs. It is therefore unsurprising that for molybdenum(VI) and 
tungsten(VI), among the group 6 transition metals, relatively few o -o rgano  

derivatives are known, examples being dimeric [(N^Bu)2MMe2]2, (M: Mo, W)^®.

The chrom ium  a ry lim ido  com p lexes  [(N ^B u )2 C r(m e s )2 ] and 
[(N^Bu)2Cr(2,6-Me2C6H3)2] were the first examples of chromium(VI) compounds 
to be isolated. They were synthesised by treating [(N^Bu)2Cr(OSiMe3)2] with 
Grignard reagents. Their stability has been attributed to the presence of the o- 

methyl groups on the phenyl rings as subsequent attempts to prepare the p- 

tolylimido derivative failed. Crystallographic studies showed [(N^Bu)2Cr(mes)2] to 
be monomeric with distorted tetrahedral geometry at chromium^^.

This distortion is interesting since the angle between the two Cr=N-^Bu units is 

smaller than that between the two Cr-G bonds, both being greater than the 

tetrahedral angle. The bonding in the mesityl groups is also asymmetrical, with 

Gr-C-C angles at the bonded carbon of ca. 127° and 115°. These distortions 

contrast strongly with those found in the related molecules, [02M(mes)2] (M: Re, 

Os)'^°, in which the 0 =M=0  angles are greater than the G-M-G angles and are 

therefore most probably ascribed to steric effects of the bulky ^Bu groups. The 

analogous aryl derivatives of molybdenum(VI), namely [(N^Bu)2Mo(mes)2], 

[(N^Bu)2Mo(2,6-Me2G6H3)2], [(N^Bu)2Mo(o-tolyl)2] and of tungsten(VI), viz..

19



[(Nteu)2W (m es)2], have also been prepared.

Minelli et ciL have described the synthesis of a number of monoimido 

molybdenum(VI) complexes utilising [MoOCl2(S2CNEt2)2] and the respective 
amine. The ^^Mo nmr chemical shifts have been investigated and a number of 

these products, such as [IVIo(<9-NC6H4NH2)012(820N E t2)2], have been 
characterised crystallographically.

N\ NH2

Here it is interesting to note that only one imido linkage is formed, (trans to 
one chloride), from the diamine precursor and no arylimido chelation occurs. 
This is most likely due to the small “bite” angle as similar behaviour has been 
observed by Wilkinson with molybdenum and tungsten"^^ systems. However, 

chelation is possible as shown by Thornton with rhenium"^^. Minelli has 
achieved a similar complex using a thiophenylamine, where coordination to the 
metal centre is observed through nitrogen and sulphur'^'^.

S
Mo

Other organoimido dithiocarbamate complexes of molybdenum(IV) and 

molybdenum(V) have been used as models for molybdenum containing 

hydroxylase enzymes"^^. For example, work done by Mitchell et al. on 0x0 and 

imido exchange reactions using diethylthiocarbam ate complexes^^, while 

M aatta et al. have prepared com plexes of m o lybdenum (IV ) and 

molybdenum(V) with p-tolylimido ligands"^^. They have described two extensive 

series of compounds. One, again exploiting the diethylthiocarbamate ligand, is 

formed upon abstraction of an oxygen atom from [MoO(/p-Ntol)(S2CNEt2)2] using 
tertiary phosphines which affords the oxo-bridged molybdenum(V) dimer

20



[{M o O (p -N to l)(S 2 C N E t2 )2 }2 0 ] and the nnolybdenum(IV) species [Mo(/?- 

Ntol)(S2CNEt2)2]'^®- Although pure samples of the latter could not be isolated, 

subsequent addition of an excess of d im ethylacetylenedicarboxylate (DMAC) 

gave the alkyne adduct [M o(/7-N tol)(D M AC )(S2C N Et2)2]- Solution nmr 
spectroscopy and X-ray diffraction studies confirmed the expected pentagonal 

bipyramidal geometry. The preference for the higher oxidation state is shown by 

the ready regeneration of [MoO(p-Ntol)(S2CNEt2)2] in the presence of oxygen at 

ambient temperature and pressure.

toi
I

I

R

R: C 02M e

The second series of p-tolylim ido complexes contains chloride and phosphine 

ligands and derives from the molybdenum(VI) species [Mo(/7-Ntol)CU(thf)]'^^. In 

the presence of te rtia ry  phosphines, th is undergoes reduction to afford 

monomeric molybdenum(V) complexes of the type [Mo(p-Ntol)Cl3L2] (L; PPha, 

PEtPh2, Pivies: L2: Ph2PC2H4PPh2). Further reduction of [Mo(p-Ntol)Cl3(PMe3)2] 
by sodium amalgam in the presence of PMes yields the Mo(IV) com plex cis, 

mer -[M o(/?-N tol)C l2(PM e3)3], the m olecular structure of which has been 

elucidated by X-ray crystallography^®.

Gibson and co-workers have demonstrated the aptitude of bis(im ido) 

com plexes fo r im ido exchange v ia  the facile exchange of the a lkylim ido 

fragments in tetrahedral complexes such as [Mo(^BuO)2(N^Bu)2] for an arylimido 

u n it^V  Th is also occurs w ith the m olybdenum  b is(im ido) com p lexes 

[Mo(NAr)2(S2CNEt2)2] dealt with immediately below, where the displaced moiety 

is liberated as the free amine. The ^butylimido group is shown to be particularly 

susceptible to exchange, being readily lost as the amine.

*BuO^ y3 *B u  

Mo
‘Bun "̂  N'Bu

+ ZHgNPh
*BuO^ y D 'B u  

Mo
PhN NPh

ZHgN^Bu

W ork by Hogarth et al. has centred on the synthesis and correlation of 

s truc tu ra l and e lec tron ic  cha rac te ris tics  of m o lybdenum (V I) b is(im ido) 

com plexes of the type [Mo(NAr)2(S2CNEt2)2]. These were prepared by two
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m ethods; trea tm en t of [M o02(S 2C N E t2 )2 ] w ith two equiva lents of the 

arylisocyanate in refiuxing toluene, and using a route adapted by Schrock and 

others whereby bis(imido) molybdenum(VI) dme adducts, [MoCl2(NAr)2(DME)], 

are formed by direct reaction of molybdate and the amine in the presence of 

trim ethylsilylchloride and triethylam ine. These are then treated with an alkali 

metal salt of the required dithiocarbamate to give the bis-chelated product, viz:

Cl

c u
2Na(S2CNEt2) 

--------------------- ► IV
NR

NR

NR

Cl

The s truc tu ra lly  cha racte rised  parent com pound of th is  series, 

[Mo(NPh)2(S2CNEt2)2], contains one bent and one linear imido ligand, with the 
corresponding m olybdenum -nitrogen-carbon angles for the bent 2-electron 

donor of 139.4 (4)° and the linear 4-electron donor of 169.4 (4)°^^. In contrast, the 

structure of [Mo(2,6-NC6H3'Pr2)2(S2CNEt2)2] shows two linear arylim ido ligands, 
with molybdenum-nitrogen-carbon angles of 169.9(2)° and metal-nitrogen bond 

distances of 1.766(2) Â being of intermediate length between those found in the 

parent^V This suggests that both imido ligands are functioning as three-electron 

donors. The linear geometries of both imido ligands is attributed to steric effects 

which disfavour adoption of a bent configuration.

Catalytic Systems

The m o lybdenum (V I) and tungsten (V I) o rgano im ido  com pounds 

[M(CH^Bu)(NAr)(0R)2] have found widespread use in homogenous metathesis 

ca ta lys is , the fo rm er being more active^^. The invo lvem ent of the 2- 

oxam etallacyclobutane (metallaoxetane) species as proposed intermediates 

led Schrock and co-workers to prepare the corresponding metallaoxetane via 

re a c t io n  b e tw e e n  [ M o ( C H ^ B u ) ( 2 , 6 - N C 6H 3 ' P r 2 ) ( 0 * B u ) 2 ]  and 
pentafluorobenzaldehyde in octane^®. A low temperature X-ray crystallographic 

analysis of the intermediate showed it to be a m etallaoxetane com plex of 

square pyramidal geometry.
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Further studies of the utility of [M(CH^Bu)(NAr)(OR)2] (M: Mo,W) as olefin 

metathesis catalysts have been undertaken by Schrock et a l  They found that 

variation of the oxy-organo fragment ( namely substituting R) is a decisive factor. 

When R is electron-withdrawing (ie. CMe(Cp3)2), these compounds metathesise 

acyclic olefins, but when R is electron-donating (ie. *Bu), no reaction with acyclic 

olefins is observed but rapid reactions proceed with strained cyclic olefins.

A metathetically active tungsten(VI) organoimido complex [W(CH^Bu)(2 ,6- 

NC6H3'Pr2){OCMe(Cp3)2}2] has been prepared by the Schrock group, which is 
the first example of a highly active, neutral olefin metathesis catalyst^^. The 

versatility of this species is manifested in its ability to metathesise a variety of 

olefins including those containing basic functionalities. Further studies by this 

group showed that the stability of the intermediate metallocyclobutane complex 

depends upon the nature of the OR ligands. Electron-withdrawing groups being 

stabilising relative to electron-donating substituents; as with the molybdenum 

system, those complexes containing the form er are generally more reactive 

unless steric considerations become important. An analogous thiolate complex 

[W(CH^Bu)(2,6-NC6H3'Pr2)(2,6-SC6H3'Pr2)2] has also been reported and studies 

indicate that it is a versatile catalyst with both terminal and strained ring olefins 

such as norbornene^®.

As shown above, the chem istry of organoim ido complexes which also 

contain alkylidene ligands has developed rapidly owing to the successful use of 

such species in olefin metathesis catalysis. However, few reports on derivatives 
conta in ing the isoelectronic (a -phosph ino )a lky lidene  (CHPR3) ligand have 

appeared. One exam ple, from  S unde rm eye r and co-w orkers^^, is the 

molybdenum (VI) complex [Mo(N^Bu)2(CHPPh3)2], prepared by the reaction of 

[M o(N ^Bu)2C l2] and an excess of m ethy lene triphenylphosphorane . The 

analogous tungsten complex has been characterised by X-ray crystallography 

and has a tetrahedral structure^®. Due to the enhanced carbon nucleophilicity of 

these complexes, compared with that of the alkylidene complexes, there may be 

a greater synthetic applicability of these complexes in catalysis reactions.
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Lewis base stabilised unsaturated-alkylidene com plexes of the type 

[M (C H C H =C H M e)(2 ,6-N C 6H3‘Pr2)(OR)(quin)], (M: Mo,W; R: Me, CMe(CF3)2, 

CMe2(CF3); quin: quinuclidene), in which the coordinated vinyl-alkylidene group 

has been proposed as an intermediate in the polymerisation of acetylene, have 

been iso la ted  from  the reaction of five  coo rd ina te  [M (C H *B u )(2 , 6 - 

NC6H3'Pr2)(OR)2(quin)] and cis - ox trans  - 1,3-pentadiene^^. An X-ray crystal 

structure of a« rf-[W (C H C H = C H M e)(2 ,6 -N C 6H 3 'P r2 ){O C M e(C F 3)2 }2 (qu in )] 

showed the expected trigonal-b ipyram idal core w ith alkylidene and imido 

ligands occupying equatorial sites and alkoxide ligands occupying one axial 

and one equatorial site®°.

OR

A r - ^ N = w
/

R: CMe(CFs)2

OR

Organometallic complexes incorporating an imido ligand have attracted 

much attention due to their involvement not only in alkene metathesis but also 

in propylene ammoxidation catalysis, in which the im ido-allyl species have 
been implicated^V The first example of an imido-7i-allyl complex, which could 

serve as a model for propylene ammoxidation catalysis, was prepared by the 
pho to lys is  of [M o(r|5_C gH 4M e)(N ^Bu)(T |^-C 2H 4)C I] in the presence of 

alkylmagnesium chloride to give [Mo(r|5-C5H4Me)(N^Bu)(ri^-C3H5)]®^. Nmr data 

indicate that this reaction proceeds via an intermediate a-a lly l im ido-alkene 

complex, [Mo(T|5_CgH4Me)(cy-CH2CH=CH2)(N^Bu)(T|^-C2H4)]. These mono(T|- 

cyclopentadienyl)im ido complexes have a formal electron count of 18, since the 

imido ligand functions as a terminal linear four-electron donor.
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M o = N A
The syn thes is  of the co rrespond ing  m olybdenum  bis(r)5- 

cyclopentadienyl)im ido complexes, [Mo(N^Bu)(ri5-C5H4R)(r|5-C5H4R’)], was 

achieved by photolysis of [Mo(r|5-C5H4R)(N^Bu)(T|2-C2H4)CI] with one equivalent 
of the required sodium mono(ri5-cyclopentadienide)®^. Surprisingly, treatment of 
[IVIo(T|5_CgH4'Pr)(N^Bu)(T|2_C2H4)CI] with an excess of Na[C5H5] under similar 
conditions gave the compound [Mo(N^Bu)(t|5-C5H5)2] in which the isopropyl-q^- 

cyclopentadienyl had been replaced. The X-ray structure shows the pseudo- 
trigonal arrangement of the ligands.

Mo

The Mo-N-C linkage is almost linear and the metal-nitrogen bond length [1.738 
Â] is consistent with a linear four-electron donor imido functionality^\ The 
molybdenum to ring centroid distances (2.02 Â and 2.12 Â) are substantially 
longer than most other rf^-molybdenum metallocene derivatives (1.95 - 1.99 A).  
This difference is ascribed to the lone pair of electrons on the nitrogen of the 
imido ligand being substantially involved in bonding to molybdenum at the 
expense of the metal-ring bonding. Further evidence for this proposal is shown 
in the variant [IVIo(N^Bu)(T|5_CgH4'Pr)(T|3_Cg|-i7)], where a trihapto rather than a 

pentahapto coordination of the indenyl ligand is exhibited. The reaction of 
[Mo(N^Bu)(ri5-C5H5)2] with methyl iodide also showed that méthylation occurred 

at the metal centre as opposed to at the nitrogen atom, confirming the nitrogen 
to metal lone pair donation.

The preparation and derivatisation of an organoimido complex of the 
relatively uncommon oxidation state, chromium(V), achieved by Wilkinson
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and co-workers®"^, is noteworthy. The precursor complex, [Cr(N^Bu)Cl3L2] (L: thf 

or dme), is obtained by the initial chlorination of [Cr(N*Bu)2Cl2]®® in CH2CI2 

followed by dissolution in thf or dme. Subsequent reactions with a variety of 

ligands give rise to 4-, 5- and 6-coordinate complexes of chromium in oxidation 

states less than (VI).

[Cr(N*Bu)(salen)Cl3 ]

[Cr(N 'Bu)(0Ar)3]

[Cr(N*Bu)(NH*Bu)2 Cr(C I ) ] 2

[C r(N *B u)C l3L2]
b

[Cr(N*Bu)(dm pe)2 CI]CI [Cr(N*Bu)Cl4 ]-

Reagents and conditions: L: thf, dme; a: 2 ,6 -Me2C 6H 3 0 Li, thf; b: ^BuNHSiMes, 
C H 2C I2 ; c: (PPh3)2NCI or Ph^PCI, CH2C I2 ; d: Na/Hg, dmpe, thf; e: Na2(sa len ),M e  
CN; (salen: N ,N '-ethylenebissalicy lideneam inato).

Dissolution of the precursor [Cr(N*Bu)Cl3L2] in CH2CI2 followed by addition of 

nitrogen and phosphorus donor ligands gives red-brown adducts. An X-ray 

study of [Cr(N^Bu)Cl3(PEtPh2)2] showed the same, m er-,trans-  , geometry 
found in the molybdenum and tungsten compounds"^^. It is formally a 17-electron 

species and the Cr-CI bond trans to the Cr(N^Bu) moiety shows the expected 

lengthening ( - 2.38 Â) compared to the two other mutually trans Cr-CI bonds 

( - 2.30

A nother rare exam ple of a chrom ium (V) organo im ido  species is 
[CrO(NSiMe3)(p-OSiMe3)L]2 (L: pyridine or 4-methylpyridine), synthesised by 

the reduction of [C r0 2 (N S iM 03)212 w ith an excess of pyrid ine or 4 - 

methylpyridine®®. The complex is dimeric, with the geometry surrounding each 

chromium being midway between trigonal bipyramidal and square pyramidal. If 

the N(SiMe3) group is considered to be acting as a two-electron donor, the 

complex has an overall formal electron count of 17. The Cr-N-Si angle of 144° 

is consistent with this, although a value closer to 120° would be anticipated in 

an uncrowded coordination sphere.

It is concluded that the imido moiety is well established as a good ligand 

for high-oxidation state metal centres such as those of group 6. W hile it is 

generally strongly bound to the metal, systems in which exchange of the imido
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ligand may occur are also well known®^. Our interest lies in those complexes 
where the robust nature of the imido-linkage is observed.

1.4 Imido ligand synthesis

In order to develop the chemistry of systems in which an organic bridge is 
linked by imido ligation to more than one metal centre, the already established 
modes of imido formation were reviewed. There follows a brief résumé of these 
syntheses, with emphasis on the most relevant. The wide range of imido ligand 
preparations, which have been covered extensively in reviews by Wigley®^ and 
Nugent and Haymore®^, may be divided into those where the oxidation state of a 
high-valent metal centre is unchanged at the conclusion of the reaction and 
those in which a low-valent metal centre is oxidised.

High-Valent Metal Precursors
The synthesis of imido complexes from high-valent metal compounds 

may often be thought of as a metathesis reaction and is the more diverse class. 
Of all the modes of imido preparation, the most common is the deprotonation of 
amine and amido species. This has been achieved with a range of metal oxide^, 
chloride^® and imido^^ substrates. An early example of this approach is shown 
below. Replacement of the second and third oxo ligands occurs on further 
stoichiometric addition of amine.

OSO 4 + HgN^Bu ---------   0 s (*B u N ) 0 3  + H2 O

The abstraction of protons need not be effected by a metal-bound ligand, as 
when a non-coordinating base such as triethylam ine acts as a proton 
acceptor^\

NagEMoO^] + EtoN + 2H ,N R  MoCl2(NR)2(dme) + [EtgNHlECI]
dm e

An advantage of this method is the broad range of different metal substrates 
which may be used. This is particularly valuable when the metal oxide is not 
known, as is the case with monomeric iridium complex [(r|^-C5Me5)lr(N^Bu)]^°. 

Sequential chloride loss on treatment of [(ri^-C5Me5)lrCl2] with MeLi and LiHN^Bu 

yields a methylamido species and the rgrr-butylim ido is then formed on 
elimination of methane.
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C p X " "  J ^ C p - l r C " "  C p -IrC '^ 'H  ^ ^ ^ C p - l r = N ' B u
Cl Me Me

The abstraction or elimination of amine protons is most often effected on 
cleavage of a metal-bound ligand as in the examples with osmium and iridium 
above. The ligand may, however remain in the coordination sphere, as in the 
isomérisation reaction below in which the alkylidyne ligand is converted to an 

alkylidene^^.

W(NHPh)(C'Bu)Cl2(PEt3)2 W(NPh)(CH*Bu)Cl2(PEt3)2

A second important type of N-a-substituted single-bond cleavage occurs with 

silylamines^^. The formation of strong S i-0  and Si-F bonds acts as a driving 
force. Winfield’s original tungsten methylimido synthesis was found to be more 
widely applicable to other transition metal systems^'^.

WFg + (MegSijgNMe + MeCN ----- ^  W F4(NMe)(NCMe) + 2M03SiF

When reacted with high-valent metal centres, reagents containing element- 
nitrogen double bonds, such as isocyanates^^ (RN=C=0), phosphinimines^® 
(R3P=NR) and sulfinylamines^^ (RN=S=0) may react in a [2  + 2 ] fashion, most 
often with M =0 at high temperatures, leaving the metal centre unoxidised. 
These reactions exemplify the metathesis view of non-oxidative imido 
preparation, where oxo is exchanged for imido-ligation, EO2 {e.g. CO2 , SO2) 
being formed as a by-product.

M o02(S2CNEt2)2 + 2ArNC0  ----- ^  Mo(NAr)2(S2CNEt2)2 + 2CO2

Isocyanates were first used in this context to synthesise [ReCl3(NPh)(PPh3)]̂ ®. A 
range of other transition metal complexes have been prepared in a similar 
manner and the versatility of isocyanates is further shown by the example 
below^®;

OCN(C6H4)Me „
["Bu^NlETcOCW    ^  rBu4N][Tc(NC6H4Me)Cl4]

A number of other non-oxidative methods have been described including the 
a lky l- and aryla tion of n itrido complexes®^, the rearrangem ent of
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metallaaziridines®^ (alkyliminoalkyl C,N complexes) on thermolysis and the 
cleavage of 1 ,2  disubstituted hydrazines®^.

Low-Valent Metal Precursors
In this second class, the concomitant oxidation of a metal centre with 

formation of an imido ligand has also been demonstrated to be synthetically 
useful. Organic azides®® may readily lose dinitrogen with the RN fragment 
binding to the metal as shown below. A recent paper®"  ̂ describes the synthesis 
of a terminal metal azide complex [(ri-C 5H5)Ta(N 3Ph){Me)] which has been 

structurally characterised. This is viewed as an intermediate in the formation of 
imido complexes from organic azides as on warming the imido complex [(r|- 

C5H5)Ta(NPh)(Me)] is produced.

^NPh

-  O p - T . f " '
Me ■ Me ^ Me

or solid: 105°C

On reaction with low-valent metal systems, azo compounds may undergo 
homolytic cleavage and addition to give organoimido complexes, as in the 
reaction with chromocene®® to form a trinuclear cluster with four bridging imido 
moieties. In certain cases this ultimate cleavage of the N=N bond may be 
preceded by the formation of an intermediate ri^-RN=NR complex®^.

R
N

SCpgCr + 2RN=NR
Cr

R
Cp" Cp

The use of sufilimines  ̂ (R2S=NR) and (N-tosylimino)phenyliodinane®^ (PhlNTs) 
as sources of the NR group also results in oxidation. In the latter case this 
occurs on cleavage of the l-N bond:

M oO (S 2 CNEt2 ) 2  + PhlNTs -----^  M oO (NTs)(S 2 CNEt2 ) 2  + Phi

In the reaction of the dimer [(r|^-CgH5)2 ^ 0 (C 0 )2]2 with nitroso and nitro

compounds, the metal centres are oxidised from Mo(l) to Mo(V) 86
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[(ti5-C5H5)Mo (CO)2]2 >  [(115-C5H5)Mo (NR)2]2
or PhN02

Lastly, in contrast to the behaviour observed with high-valent metal complexes, 
isocyanates may undergo oxidative-addition with low-valent metal complexes. 
Specifically, Mayer er <3 /, have shown that W(ll) could react with an isocyanate 
to give a W(IV) imido system thus:

W Cl2(PM ePh2)4
+ -2P

OCN
C I-W = N

P = PMePh2

1.5 Diimido Complexes

Of specific relevance to this work are the systems where an organic 
bridge connects metal centres together, in this case utilising two imido linkages 
to form a diimido bridge. Having discussed the importance of good n- 

conjugation in the linking unit as a prerequisite for significant communication 
between metal centres, it is instructive to review the evidence for this in diimido 
systems. Upon considering the resonance structures of a phenylene bridge it is 
clear that only the ortho and para-arrangements of diimido functionalities give 
rise to full delocalisation of the 7t-bonding orbitals and the arr/za-arrangement is 

often sterically disfavoured.

M=N N=M M=N N=M

A limited amount of work has been previously reported concerning bimetallic 
diimido systems. Thus, para-phenylene diimido ligands have been used to link 
molybdenum,®^ rhenium,®® tungsten,®®’®®’®̂ and uranium metals®^ by a variety of 
reaction routes. (All of the complexes discussed are assumed to be para - 
phenylene derivatives unless otherwise stated.)

As indicated in section 1.4, azides may react to form imido moieties. 
Maatta®^ has extended his use of these precursors by treating [MoCl4(thf)2] with 
1,4-phenylenediazide to give [{(thf)MoCl4}2(|Li-NC6H4N)].
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2MoCl4(thf)
th f   -------------------------------------- \(thf)Cl4 Mo = N— ) N=MoCl4 (thf)

This is similar to work by Errington®^ with tungsten, where an analogous 
reaction is seen with [WCl4 (thf)2] affording [{(thf)WCl4}2(|x-NC6H4N)]. In both 

cases, the metal is oxidised from M(IV) to M(VI) and may be then be reduced to 
M(V) with phosphines and further to M(IV) with zinc-amalgam on loss of 
ch lo ride . In the X-ray crysta l s truc tu re  of the d^-d^  com p lex  
[{(PM e2Ph)2W Cl3}2(|Li-NC6H4N)], the bridging imido is clearly linear along the 
tungsten-imido-ring centroid axis as is necessary for effective jr-orbital overlap. 

In addition, it is noteworthy that this compound has been shown to be 
antiferromagnetic at low temperatures. Further, the 5 / - 5 /  uranium derivative 
[{(C5H4Me)3U}2(|i-NC6H4N)] shows antiferromagnetic coupling below ca. 20 

This is in contrast to the magnetic behaviour of the mem-bridged uranium 
complex where the effect is negligible. The observed coupling with the para- 
species is clearly indicative of a strong interaction between the metal centres 
and a sim ilar behaviour would be anticipated with the molybdenum and 
tungsten systems. The same tungsten complexes^"^ have been prepared by 
reacting 1,4-phenylenediisocyanates and 1,4-phenylenedisulphinylimines with 
[WOCI4] viz:

OCN

2W OCI4

-2 CO2
(thf )Cl4 W = N ^  N=WCl4 (thf )

The tungsten tetrachloride complexes have also been prepared by a third route 
which utilises silylamines®^, namely the reaction of [WCIe] with 1,4- 
bis(trimethylsilyl)phenylenediamine. One feature of these high oxidation state 
chloride complexes is their relatively poor solubility in common solvents 
possibly due to chloride bridges, which hampers full characterisation and 
physical studies.

2WCI6

 ^  (thf)Cl4 W=N N=WCl4 (thf)

IVlGgSiHN— ^ ^— NHSilVleg
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A direct route to reduced tungsten(IV) species has been shown by Hogarth et
al. using an adaptation of work by Mayer et aC'° in which the addition of 
isocyanates on [WCl2(PMePh2)4] results in facile oxidative-addition to give the 

i m i d o - c a r b o n y l  co m p l ex  [ W C l 2 ( C O ) ( N R ) ( P M e P h 2 ) 2 ]- If 1,4- 
phenylenediisocyanate is used an a ir-stab le , readily soluble green 
[{(PMe2Ph)2WCl2(CO)}2(|i-NC6H4N)] is formed cleanly and in high yield, in which 

the two tungsten atoms are linked by a diimido unit. This oxidative chemistry is 
in contrast to the metathetical use of 1,4-phenylenediisocyanate as noted in 
section 1.4. The molecular structure again shows the linear configuration along 
the bridging ligand axis, enabling good orbital overlap, which would be 
expected to facilitate the electronic communication between the metal centres.

96

C I-W = N  
CO P

N =W -C I

P = PMePh2

The chemistry of the molybdenum-oxo cluster complex [MogOig]^'^^ has also 
been probed using phosphoranimines^®, isocyanates®^, and amines^®®. One or 
more terminal oxygen atoms have been replaced by both alkyl and aryl imido 
groups. Some of these large structures have been crystallographically 
characterised and their rich electrochemistry investigated. Both Errington and 
Maatta^®^ have reported different syntheses of [Bu4N]4[(Mo6 0 i 8)2(NC6H4N)] where 
a phenylenediimido bridge links the two hexamolybdate cages. Maatta also 
describes the preparation of similar complexes with 2-methylphenylenediimido 
and p-cyclohexyldiim ido bridges, the latter having been crystallographically 
characterised.

0=Mo M o = N N=Mo
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A bimetallic rhenium species®^ has resulted from the reaction of 

[R e O C l 3 ( P P h 3)2 ] with the imido precursor 1,4-phenylenebis(triphenyl- 
phosphoranimine), Ph3P=NC6H4N=PPh3 . Here, phosphine oxide is lost and the 
oxidation state of the metal remains unchanged.

2 ReOCl3(PPh3)2

Cl—Re=N N=Re-CI

Ph3PN— (  >— NPPh3

Further treatment under reflux with tetraethylthiuram sulphide leads to 
substitution of two chloride and two phosphine ligands at each rhenium centre 
forming a tetrakis(diethyldithiocarbamate) species.

(Et2NCSz)2 I
----------- ► 01—Re=N

If this is then refluxed in the presence of NaOH an insoluble oligomeric species 
is formed, characterised as an oxo-bridged complex;

N =R e— O— Re=N

C -R e=N N=Re-CI N=Re-CI

CI-Re=N N=Re-CI

These oxo-bridged materials which could exhibit delocalisation of the 71- 

framework, and serve to show that phenylenediimido complexes can be used 
as "monomers" in the construction of novel extended chain inorganic materials.

Some other complexes which incorporate bridging diimido moieties have 
been reported. One example is [(RWCl3)2(|i-1,2-NC6H4N)] (R: H2NC6H4NH)^°^ 

where a orf/io-phenylenediimido group is the bridging unit.

1.6 Physical properties

Having considered the synthetic aspects of this field of endeavour is it 
instructive to turn to some of the electrical and physical properties which we 
may wish to confer on these materials. The interaction of metal centres through 
the highly delocalised 7c-conjugated bonding system is anticipated and has
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been shown to lead to novel physical properties^°^. But specifically what 
properties are we to expect?

Electrochemistry
In bimetallic complexes the transfer of electrons between metal sites 

through an unsaturated bridging ligand has been extensively studied especially 
in mixed-valence s y s t e m s ^ T h e  ruthenium(ll)/ruthenium(lll) Creutz-Taube ion 
[(NH3)5Ru(NC4H4N)Ru(NH3)5f '"  and its analogues have been the focus of much 
attention^°^, and a number of 4,4'-bipyridine bridged binuclear complexes have 
been studied^®®. The symmetrical complex [{Mo(NO)L*CI}2(|Li-bpy)] (L* - tris(3,5- 

dim ethylpyrazolyl)hydridoborate, bpy - 4,4 '-bipyridine) exhibits a strong 
electronic coupling between the metal centres as shown by the 765 mV 
difference in the first and second reduction potentials. ESR spectroscopy 
showed rapid site exchange of the two unpaired e l e c t r o n s ^ a n d  X-ray 
crystallography^^® has shown the bridging ligand to be almost planar. This 
communication between metal centres may thus be observed by simple cyclic 
voltammetry and the electrochemistry of imido complexes has indeed been 
previuosly studied and found to be dependent on the J-electron count and the 
identity of other ligands at the metal centre^®®. The behaviour of larger molecular 
arrays such as oligomeric structures and closed fully conjugated ring systems 
would be anticipated to have particularly interesting electrochemical properties.

Electrical Conductivity
As mentioned above, a number of organic and metal containing 

polymers have been reported to behave as molecular conductors. These are 
planar systems which readily donate or accept electrons and have strong 
intermolecular interactions giving rise to a partially occupied band structure. 
The molecular characteristics and long range packing effects thus give rise to 
macroscopic electrical conductivity.

Nonlinear Optical Activity
This behaviour is concerned with the "nonlinear" interaction of light with 

materials and is of especial interest because of the potentially revolutionary 
applications in telecommunications and optical information processings^®.

The use of the term "nonlinear" is most easily understood by considering 
how induced internal electromagnetic radiation is different in phase, frequency 
or amplitude from the incident radiation. The polarisation (p) induced in a 
molecule by an external electric field (E) may be expressed thus:
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p = aE + pEE + yEEE + ....

The first term aE is the linear polarisibility of the molecule and all later 
terms pEE, yEEE etc. vary nonlinearly with the magnitude of the applied 
electric field. The nonlinear coefficients p and y are the hyperpolarisability and 

second hyperpolarisability respectively. One may then describe the polarisation 
in macroscopic media (such as a perfect single crystal) thus:

P = x ‘'*E + x®EE + x '^’e EE + ....

Much of the work to date has been focussed on materials exhibiting 
second order nonlinear optical activity^ the Second Harmonic Generation^ 
That is, where the first hyperpolarisability is large and predominant. A range of 
organic^^^, p o l y m e r i c ^ a n d  organometallic compounds (in the latter often 
incorporating f e r r o c e n e ) ^ h a v e  been reported and the importance of a 
delocalised jc-system, high polarisability and a low-lying charge transfer band 

have become apparent.
Considering 2-methyl-4-nitroaniline and 4-nitroaniline, we see that both 

have high values of p, but only the methyl derivative has a high value of 

This is due to the effect of crystal packing which results in the former 
crystallising in a polar space group whereas the latter is centrosymmetric. The 
presence of an inversion centre leads to the first hyperpolarisability cancelling 
to zero.

However, organo-transition metal complexes most frequently crystallise 
in non-polar space groups and are therefore interesting for third order effects. 
These are less well understood but in addition to the criteria above:

a (Band Gap)’®

7i-delocalisation is again necessary and can be modulated by 

donor/acceptor groups. Long conjugated polymeric chains have been selected 
as an obvious method of fulfilling these criteria (vide supra ) and successful 
direct measurements of nonlinearity have been carried out on palladium and 
platinum poly-ynes^^^.

1.6 Conclusion
To summarise, the synthesis of chains and other delocalised 71-bonding 

systems incorporating metals bridged by organic units is of great interest. This is
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in part intrinsic, but also because the design and preparation of substances 
which display electronic properties at the molecular and the macroscopic levels 
is of motivation to chemists and physicists alike. Much work has been done on 
bimetallic and oligomeric acetylide complexes but little attention has been 
focussed on using the highly delocalised multiple bond between nitrogen and 
metals with a view to exploiting the strong Ti-conjugation in a similar fashion.
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CHAPTER TWO: 

ISOCYANATE AND TUNGSTEN COMPOUNDS

2.1 Synthesis of diamines and diisocyanates

As highlighted in the introduction, tungsten chloride systems have been 
shown to react with isocyanates in both metathesis and oxidation reactions 
yielding imido products. A description of our chosen tungsten system appears 
after the following discussion of the organic diisocyanates used. These 
diisocyanate compounds provide the organic bridging unit between the metal 
centres.

We were interested in preparing and studying a series of diimido 
compounds similar to those described in the introduction, in particular, those in 
which the length and nature of the bridging diimido moiety is varied while 
retaining the possibility of Ti-conjugation. The number of commercially available 

diisocyanates for this purpose is somewhat limited and, while a number were 
purchased, it was clear that they alone would form a narrow field of study.

The possible syntheses of other diisocyanates were therefore surveyed. 
These are well documented in both papers and patents since isocyanates are 
primary feedstocks for cross-linkage and chain length control of polyurethanes 
and polyureasV Here, the physical properties of the plastics are modified by the 
degree and type of amide linkages formed with functional groups (such as 
hydroxyl and amine) of the polymer chain.

R N H j + COCI2  RNCO + 2HCI

The most widely used and rational approach to isocyanate synthesis is 
via the carbonylation of primary amines. This is classically accomplished by 
phosgénation using the First World War poison gas, phosgene (COCI2). While 
other non-industrial routes are known, it is only relatively recently that a number 
of practicable, high yield routes have been reported. Giannoccaro^, Dixneuf^, 
Kilner"^ and Yosida^ have published work in this field. These and other methods 
have been developed as a response to the synthetic lim itations and 
environmental and toxicity issues associated with phosgénation. One of these 
elegant new routes is reported by McGhee et a l  ® Here, carbamate anions, 
derived from primary amines, carbon dioxide and an added base, {e.g. EtgN), 
undergo rapid reaction with electrophilic “dehydrating agents” {e.g. POCI3,
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P4O10) to give the corresponding isocyanates in high yields. 

R N H 2  + base + CO2

M eC N

[RN(H)COz] [baseH]+ RNCO + 2[baseH]+, PO", Cl" salts
POCI3

Regrettably their work with diamines giving diisocyanates afforded lower yields 
and required inconveniently high pressures (> 5 atm). This was, thus, not 
considered a good general route for our purposes.

Maatta et a lJ  have utilised carboxylic acid substrates which on treatment 
with phosphorylphenyloxoazide, 0 =P(N3)(0 Ph)2 , and base {e.g. EtaN) in toluene 
give the isocyanate and the salt [Et3NH][P0 2 (0 Ph)2]. This method involves the 
spontaneous rearrangement of RCON3 to give RNCO and dinitrogen.

RCOOH -----^  RCON 3   RNCO

This was tried with biphenyl-4,4’-dicarboxylic acid in an attempt to form 
biphenyl-4,4’-diisocyanate. The ir spectrum of aliquots removed periodically 
from the reaction mixture showed no indications of azide or isocyanate 
formation (very strong characteristic bands being anticipated around 2270 cm-^) 
even after prolonged warming and further addition of base. A mass spectrum of 
the resulting off-white material gave no indication of the desired product. As this 
reaction appears not to have proceeded to any observable extent, it is 
suggested that the poor solubility of the diamine in toluene prevented effective 
comingling of the reactants.

Another of the developments in isocyanate synthesis has been that of 
“triphosgene” by Eckert and Forster®. Whereas phosgene is a gas and thus non
trivial to handle safely; triphosgene, first prepared by Councler® in 1880, is a 
white crystalline solid which may be weighed conveniently and which on 
treatment with a suitable nucleophile reacts similarly to three equivalents of 
phosgene in situ. The suggested mechanism of phosgene liberation is shown 
below;
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0

IIr^i r\ r\ + RNH2 RNCO + HO!l/lgL/ U 1/ U

+ Nu

CI3C —O —C = 0  + 0=CCl2 + Cl 

Nu+

2  Cl2C=0 + Cl— C = 0  + Cl 
Nu+

+ Nu

+ RNH2 - Nu

Cl— C = 0  + Cl 
Nu+

Triphosgene may thus be substituted for phosgene in most of the 
reactions of the latter, for exam ple dehydration, ch lorination and 
chloroformylation. Where certain amines are phosgenated they may act as the 
initiating nucleophile.

Since a large number of diamines are commercially available, this was 
seen to be a convenient method for the synthesis of diisocyanates from 
diamines. As we had a commercial sample of 3,3’-dimethoxybiphenylene-4,4’- 
d iisocyanate (2 g) for comparison, we attempted this reaction with the 
corresponding diamine.

MeO OMe

” 2 ^ “ ^  _CO CI^

i g

MeO OMe

2 g

A red solution of 3,3 '-dim ethoxybiphenylene-4,4'-diam ine I g  in dry 1,2- 
dichlorobenzene was treated with triphosgene in a 3:2 equimolar ratio which 
resulted in a blue gelatinous mixture on heating to reflux. The reaction was 
maintained under an atmosphere of nitrogen (to exclude moisture) and the exit 
gases passed continuously through a sodium hydroxide scrubber. After work up 
this gave an off-white solid which was identified and characterised by a 
comparison of the ir, nmr and mass spectra with the commercially available 
sample. It was thus possible to prepare a range of isocyanates (2b - 2 k, 2 v - 
2w) from the available diamines (1b - 1k, 1v - 1w). These are tabulated 
overleaf.
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Table 2.1

NCO OCN NCONCO OCNOCN

(2b) (2c) (2d)

OCN NCO OCN NCO

(2f)(2e)

MeO
OCN NCO

NCOOCN

(2g) (2j)OMe

NCO

ÇÔ
NCO

(2h)

NCOOCN

(2i)
OCN NCO

(2k)

NCON = N

(2v)

OCN NCON = N

(2w)

In common with literature reports, we found that the higher molecular weight 
diamines gave the best yields (~ 85%) and infrequently required the addition of 
base. The lower molecular weight compounds containing one phenylene ring 
could be straightforwardly purified by sublimation onto a cold-finger under 
reduced pressure resulting in the isolation of white powders. On the other hand, 
the higher molecular weight biphenylene systems were in general insufficiently 
volatile to sublime w ithout significant loss of product due to thermal
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decomposition at the available pressures. This was not true for 4-azobenzene 
isocyanate (2v) and 4,4’-azobenzene diisocyanate (2w) which condensed as 
pale and bright orange sublimates respectively. Low yields were isolated in the 
case of the 4,4'-terphenyl diisocyanate (2 i) and this was attributed to the poor 
solubility of both the diamine and the diisocyanate in the solvents used. This 
resulted in poor conversion and handicapped the purification, as sublimation 
was not observed. The only pure sample here was obtained from the reaction 
solution, the product being sparingly soluble in toluene.

Prob lems were encountered wi th the preparat ion of 4- 
iodophenylisocyanate (21). No formation of isocyanate was observed on 
treatm ent of 4-iodoaniline with triphosgene in chlorobenzene, although 
cloudiness was observed. The addition of triethylam ine as an auxiliary 
nucleophile did not facilitate the reaction.

A paper by Knolker^° reported the synthesis of isocyanates under mild 
conditions by the reaction of allyl- and arylamines with activated carbonates 
(such as d i ^ b u t y l d i c a r b o n a t e * B O C )  in the presence of a base 
(dimethylphenylene diamine - DMAP). We attempted this synthesis, treating a 
solution of ^BOC in acetonitrile with DMAP and 4-iodoaniline, but no isocyanate 
band was observed in the ir spectrum.

NCO

1.4 (B0 C)2 0 , DMAPo MeCN, rtp ,10mins o
Consultation of the original preparative paper of 1899 by Vittenet^^ 

indicated that use of excess phosgene on a benzene solution of the iodoamine 
gave the desired product but reported difficulties with purification. We found a 
three-fold excess insufficient, but a ten-fold excess of phosgene dissolved in 
toluene with a considerable excess of base effected the phosgénation in a 60% 
yield. Sublimation from the reaction mixture proved a convenient method of 
avoiding the purification problems encountered by Vittenet. These may have 
been primarily due to the presence of water in the solvents which would have 
hydrolysed any isocyanate formed. It is suggested that the electron-withdrawing 
effect of the halogen in 4-iodoaniline increases the donation of the nitrogen 
lone pair into the ring, thereby reducing the nucleophilicity of the amine and 
rendering it less reactive. The particular significance of these para-substituted 
compounds is discussed in chapter four.
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C0CI2
NH2 --^  I ( (  ) / — NCO

x10 excess y — / /

1 t 2t

All isocyanates exhibit strong bands around 2270 cm-'' (2244 cm-'' for the 
azobenzene derivatives) in their ir spectra, some of which are broadened by up 
to 50 cm-''. These intense vibrations are attributed to the v(N=C=0) stretch and 

are comparable with reported isocyanates, (for phenylene diisocyanate (2 a): 
v(N =C=0) = 2284 cm-1}. Peaks are observed in the nmr spectra at the 

expected regions. The phenylene proton signals of the isocyanate, especially 
those ortho to nitrogen, were shifted downfield (by -0.25 ppm) with respect to 
those of the corresponding amines. In addition, these protons in compounds 
with electron-withdrawing substituents bound to the ring, {e.g. iodine), are 
shifted downfield with respect to those without. The ''^C nmr spectra show a 
weak carbonyl resonance at around 240 ppm. Good elemental analyses were 
obtained for all except the lowest yielding reactions. The electron ionisation 
mass spectra were clearly diagnostic as in many cases sequential fragment 
loss was seen. For example, 2,3-dim ethyl-1,4-diisocyanate (2c) has a 
v(N=C=0) stretch at 2285 cm-i and exhibits mass/charge ratios identified with 

loss of Me, CO, NCO and CO/Me from the parent ion. The nmr spectrum 
showed singlets at 6.91 ppm and 2.25 ppm in a ratio of 1:3 which were 
assigned to the phenylene and methyl protons respectively.

NCOOGN

2 c

A variety of Ti-conjugated phenyl-based diimido precursors were thus 

prepared, although the solubility of the longer molecules was observed to be 
significantly reduced relative to the single ring compounds even in such 
solvents as acetone. Because of this, the probability of attaining longer organic 
chains, which could be bound to metal centres, was decreased. Increasing the 
solubility of the organic fragments by suitable functionalisation of the phenylene 
rings was not a realistic possibility since the substituted biphenyl systems did 
not exhibit good solubility and this would inevitably increase the complexity of 
the overall synthesis. The unsubstituted biphenyl derivative was not prepared 
as the diamine precursor, benzidine, is a cancer agent and banned substance.

With a view to increasing the length of the diimido bridge precursor, the

50



possibility of utilising groups other than phenylene units, while still ultimately 
retaining the possibility of conjugation and the imido linkage to the metal, was 
considered. As indicated in chapter one, a developing chemistry centres around 
the use of acetylenic chains as bridging units. One recent example of this use of 
acetylenes being the work by Puddephatt et al.^^ with rigid-rod diisocyanide and 
diacetylene gold(l) complexes. If acetylenes are to be bound to metal centres by 
imido linkages, the precursors would be highly cumulated species such as 
phenyl propiolic isocyanate, Ph-C=C-N=C=0. These would be anticipated to be 

highly unstable and indeed explosive. This approach was thus not an attractive 
option.

However, if phenyl groups were incorporated into the hypothetical chain, 
a phenylimido linkage could anchor acetylenic units to the metal centre. This 
scheme enables a variety of “building blocks” of a phenyl and acetylenic nature 
to be connected forming a rigid structure facilitating Ti-conjugation. Moving from 

the conceptual to the practical, we needed to consider the organic fragments 
which would make this possible. Amine functional groups were required at the 
ends of any chain; but also a means of connecting the phenyl and acetylenic 
moieties.

Term inal acetylenes form carbon-carbon bonds with bromo- and 
iodoaromatic groups in a number of diverse, but little understood, metal- 
mediated coupling reactions. Organoiodo compounds are generally the most 
efficient starting materials and thus our “building blocks” were species of the 
type shown below.

I— NHj  

1 X 1 t 1 q

Since 1,4-diiodobenzene (1x) and 4-iodoaniline ( I t )  are com m ercially 
available, 4-ethynylaniline (1q) is the crucial component for introducing the 
acetylenic groups. While a number of syntheses of this compound were already 
known giving yields between 30% and 65%,^^ they have recently been 
superseded by the simple, high yield method of Melissaris and Litt̂ "̂ . Their three 
step synthesis from 4-iodoaniline was carried out with minor modifications.

NH,

I t  1y
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The first step involves the protection of the amine group to prevent side- 
reactions. This ensures that the coupling proceeds smoothly and is additionally 
promoted by the activation of the carbon pa ra  to the acetamido group. We 
initially found that while the reaction proceeded as anticipated, a second 
product was observed in the nmr spectrum which proved very difficult to 
separate. The 4-iodoaniline as supplied was therefore purified by column 
chromatography, a purple solid remaining on the column and a yellow and 
colourless band being eluted. Both bands were shown to be 4-iodoaniline. The 
purple colouration is most likely due to the presence of iodine and in addition 4- 
iodonitrobenzene could have been present as a result of incomplete reduction. 
The purified 4-iodoaniline (It) was then protected by treating drop-wise with 
trifluoroacetic anhydride to give A/-(trifluoroacetyl)-4-iodoaniline (1y) as an off- 
white solid in 96% yield. This had been previously synthesised in 35% yield by 
iodination of trifluoroacetamidoaniline^^. The absence of amine was confirmed 
by the lack of a broad singlet at 3.8 ppm in the '•H nmr spectrum.

/-----\ H f-K Me y-----V H Q

CF
iy

Me '-----   ^ ^ 3

1 z

The A/-(trifluoroacetyl)-4-iodoaniline (1y) was then coupled with 2- 
methyl-3-butyn-2-ol (MEBYNOL) using mixed palladium(O) / copper(l) catalysis 
in deaerated and dried triethylamine to give the light tan intermediate, 4-(A/ 
-(trifluoroacetyl)anilin-4-yl)-2-methyl-3-butyn-2-ol (1z). As in the literature, this 
was found by nmr to contain triethylamine in a 1:1.1 molar ratio. The authors 
suggest that this triethylamine is trapped due to the relatively acidic proton of 
the trifluoroacetamido group hydrogen bonding with the base. It was removed 
by two methods; recrystallisation from toluene and repeated washing of a 
dichloromethane solution, and treating with glacial acetic acid then washing 
with water to remove any salt. Yields for this stage varied between 55% and 
90%. A methyl singlet at 1.60 ppm in the nmr spectrum corresponded with 
that reported^"^ for the desired product.

NH,

Me

HO
Me

1 z
CF 3

1 q

The final step involved deprotection upon refluxing in wo-propanol with
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an excess of potassium hydroxide. This simultaneously deprotected the amine 
and resulted in the loss of acetone by hydrolysis forming the terminal acetylene. 
Since the product hydrolyses and polymerises at room temperature, changing 
from pale yellow to brown, flash chromatography was carried out on a very short 
column cooled to around 0 °C. The product (1q) was found to be not very 
soluble in dichloromethane and was placed on top of the column as a 
suspension. In contrast to the published paper, we found that even wide 
chromatographic columns became blocked and the recovery of high yields was 
problematic. The acetylenic stretch, v(C=C), was observed at 2098 cm-  ̂ in the ir 

spectrum, while in the nmr spectrum the sharp singlet at 2.95 ppm was 
assigned to the acetylenic proton and the broad singlet at 3.79 ppm was taken 
to indicate the presence of the amine functionality.

Surprisingly, we found that 4-ethynylaniline (1q) could be successfully 
recrystallised from hot toluene. A single crystal X-ray analysis was carried out 
on a needle shaped crystal and clearly showed that the acetylene, aromatic ring 
and nitrogen atom lie in the same plane. The data set was large enough to 
locate and refine the hydrogen atoms and those bound to nitrogen confirm the 
expected pyramidal arrangement of the amine functionality. The packing 
diagrams of the molecular structure show a regular zig-zag pattern, with one 
array of molecules perpendicular to the next and the amine groups of one layer 
pointing to those of the neighbouring layer.

Molecular Structure of H2 NCgH4 C=CH 1q

C(2)C(3)

C(5) C(1)C(6)

N(1)

C(4)

C(2a)C(3a)
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Molecular Structure of H2NC6H4C=CH 1q

C(3a) C(2a)

C(3) C(2)

Packing Diagram of H2NC6H4CSCH 1q
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These three “building blocks” thus provided the opportunity to prepare 
linear molecules incorporating both phenylimido and acetylenic groups as 

stated above.
The first coupling reaction attempted was that between 4-iodoaniline (It)  

and 4-ethynylaniline (1q) using the method of Takahashi et employed by 
Melissaris and Lift in the preparation of 4-ethynylaniline described herein. The 
swift formation of a black oil was observed using the same conditions as stated 
in the literature, i.e. warming to 40 °C. To conserve the stock of 4- 
ethynylaniline, a number of test reactions were carried out using 4-iodoaniline 
and phenylacetylene. It was found that at room temperature only a limited 
amount of undesirable oil was generated. The highest yields were obtained 
when the amine was fully dissolved and mixed with the acetylene before adding 
the dichlorobis(triphenylphosphine)palladium(0) complex. We also found that 
dichloromethane and 40/60 petroleum-ether mixtures gave better separation on 
chromatography than the suggested hexane / benzene. Yellow-orange 
phenylacetylene-4-amine (Ir )  was thus obtained in acceptable yields (72%). As 
expected for an asymmetrical acetylenic compound, a v(C=C) stretch (2211 cm- 

and NH bands (3381 cm-"' and 3476 cm-'') were observed. The nmr 
spectrum was complex, this being ascribed to second order behaviour, and the 
mass spectrum (M+ = 193) and elemental analysis agreed with the proposed 
formulation.

1 r

NH,

Having established a satisfactory method of achieving the desired 
coupling, 4-iodoaniline (1t) and 4-ethynylaniline (1q) were combined under 
these conditions resulting in the formation of a yellow precipitate within minutes 
of stirring the reaction. After recrystallising from hot benzene, yellow needle-like 
crystals were obtained and shown to be diphenylacetylene-4,4’-diamine (11). 
Since this is a symmetrical molecule no acetylenic stretch was seen in the ir 
spectrum and the ^H nmr spectrum exhibited two doublets (6.63 ppm and 7.31 
ppm) corresponding to the aromatic protons and a broad amine proton 
resonance ( 3.78 ppm).

HoN— (( ) )----- = -----( (  ) )— NH,

1 1
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The coupling of 1,4-diiodobenzene with 4-ethynylaniline to give 
triphenyldiacetylene-4,4’-diamine (1m) did not appear to proceed cleanly. The 
product was obtained as orange needle-like crystals but the elemental analysis 
was poor. A number of suggestions for this are made. Benzene, the solvent 
used for recrystallisation, could be trapped in the lattice, although this alone 
would not account for the lower than expected percentage of carbon. Another 
possibility is that some of the 1,4-diiodobenzene might not have reacted at both 
ends, i.e. only one acetylene had coupled with the benzene ring. This mixture of 
similar products could account for the discrepancy. A fairly strong acetylenic 
band was detected in the ir spectrum, v(C=C) = 2206 cm \  indicating an 

asymmetric molecule; but both the incompletely reacted compound and 
triphenyldiacetylene-4,4’-diamine would be anticipated to show this. A pure 
product was attained by limiting the volume of solvent and isolating the off-white 
product which precipitated by filtration, rather than redissolving the reaction 
mixture and attempting chromatography. Linear organic molecules such as 
these are similar to those reported by Marder^®, although in their case without 
the amine functional group.

HoN—<( ) ) -----= ----- ( ( ^ ) -----= ------ ( (  ))— NH,

1 m

We were also interested in the homo-coupling of terminal acetylenes as 
well as the hetero-coupling with aryl halides discussed above. The preparation 
of such diynes, Ar-C=C-CsC-Ar, has been known for some time. Eglinton and 

Galbraith employed copper(ll) acetate in a methanol / pyridine mixture^^ and this 
procedure was improved by Hay^° using a catalytic amount of a copper(l) salt.

On attempting the homo-coupling of 4-ethynylaniline according to the 
literature procedure and using acetone as a solvent we obtained a brown solid 
which appeared to consist of primarily un reacted starting material but also a 
new compound. After a further search of literature papers^^ it became clear that 
the presence of water could have a detrimental effect on the rate of some 
coupling reactions. The solvent was thus replaced with dried triethylamine and 
the reaction carried out for six hours rather than 20 minutes. Both the nmr and 
mass spectral data gave no helpful indication since the starting material and 
product have similar spectra. No compound obtained was sufficiently pure to 
give good elemental analysis but further reactions were carried out using the 
crude product (In ), (chapter 3).
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HoN

These longer conjugated diamines could then be converted to 
diisocyanates as before. We initially attempted the phosgénation of 4- 
ethynylaniline in 1,2-dichlorobenzene with 3:1 equimolar ratio of triphosgene. 
However, from the ir and mass spectra it was clear that no isocyanate had been 
formed. This was because the hydrogen chloride (formed by the reaction of 
phosgene with amine) had undergone an electrophilic addition reaction across 
the triple bond. This was strongly indicated by the presence of olefinic proton 
resonances in the nmr spectrum.

HoN >--------- — H _ t l£ L  HoN

A number of other (side) reactions can also be envisaged, especially with a 
terminal acetylene, such as hydrolysis and formation of ureas. Several synthetic 
adaptations were discussed such as protection of the acetylene, {e.g. w ith 
dicobalt octacarbonyl), or the addition of excess base. This second approach 
was adopted as the most straightforward. Again, as a trial reaction, 
diphenylacetylene-4-amine (1r) was used. On adding triphosgene to a solution 
of diphenylacetylene-4-amine with a three-fold excess of triethylamine the 
reaction mixture immediately turned cloudy, as in previous successful 
phosgénations, and an orange-brown solid was obtained (77% yield). The 
presence of an isocyanate was demonstrated by the strong band at 2246 cm "' 
in the ir spectrum and the product was further purified by sublimation as a white 
solid in 40% yield. The poor yield is best attributed to the number of possible 
side reactions alluded to above. The mass spectral data indicated the expected 
product and the nmr spectrum was complex, as found for the amine 
precursor, but the integration was consistent with this structure.

OCN

2 r

Fo llow ing  th is  p rocedure  w ith large excesses of base, 
d iphenylace ty lene-4 ,4 '-d iisocyana te  (21) and triphenyld iacety lene-4 ,4 ’-
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diisocyanate (2m) were prepared in 80% and 17% yields respectively. The 
poor yield of the latter is due to its sparing solubility in toluene and poor 
volatility. Ir and nmr spectra were consistent with the proposed structures. Thus, 
a wide range of isocyanates were available for reaction with the tungsten 
system.

OCN— (( ) ) -----= -----  NCO
21

OCN— (( ) ) -----s ----- ( ( ^ ) -----= -----< >— NCO

2m
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2.2 Synthesis of Tungsten Diimido Complexes

Imido complexes of high valent group 6  metals have been widely 
investigated, with studies based on tungsten chloride compounds forming a 
large part of this work. These tungsten imido complexes have been synthesised 
by a number of the general preparative routes from the metal hexahalides as 
outlined in Chapter One . As an example of the use of isocyanates in this imido 
chemistry, Bradley and Neilson^^ extended the work of Volpin and co-workers^^ 
who had prepared arylimidorhenium(V) complexes by treating oxorhenium 
compounds with arylisocyanates.

ReOCl3(PPh3)2 + ArNCO ------ ^  Re(NAr)Cl3(PPh3)2 + CO2

Thus, Bradley showed that the oxotungsten compound [WOCI4], prepared by 
refluxing tungsten trioxide in thionyl chloride, reacts sim ilarly to give 
imidotungsten tetrachlorides, [W(NPh)Cl4]. These are dark green materials, 
sparingly soluble in chlorinated hydrocarbon solvents, which dissolved in 
tetrahydrofuran (thf) to form yellow 1:1 adducts [W(NPh)Cl4(thf)].

WOCI4 + ArNCO W(NPh)Cl4(thf)

An unexpected trimeric oxo-bridged imido product was isolated after attempts to 
alkylate and reduce the tungsten centre of [W (NPh)Gl4] with dimethyl 
m agnesium 24; but more interestingly, a number of tungsten(V) and tungsten(IV) 
complexes were prepared on treatment with phosphines. These phosphine 
complexes of general formula [W(NR)Cl2P3] and [W(NR)Cl3P2] (P: phosphine) 
are more soluble in common hydrocarbon solvents and a number have been 
crystallographically characterised^^ showing small distortions from octahedral 
geometry.

Other workers have demonstrated the use of tungsten chlorophosphine 
complexes as versatile starting materials for a variety of systems^®’^ .̂ The 
phosphine ligands are useful in this context^® as labile groups which stabilise 
transition metal complexes in a range of oxidation states. Sharp^® has 

developed convenient routes to compounds such as [WCI2P4] and [WCI4P2] (P: 
phosphine), (vide infra), and has used them to prepare a range of tungsten(ll) 
side-bound ethylene complexes containing both Tc-acids and Ti-bases in the 

metal coordination sphere.
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2C2H4, -2P I ,
WCI2P4 C l - W

2 P, -2 C2H4 IUl p

P = Pivies, PM02Ph, PMePh2

M ayer^° reacted [WCI2P4] with heterocumulenes and related substrates 
whereupon oxidative-addition is observed. Here, the loss of bulky phosphine is 
fo llow ed by oxidation of the tungste n (ii) centre. The com plexes 

[W (N R )C l2 (C O )P 2] (R: ^Bu, p-\o\, SiMes; P: PMes, PMePh2) have been 
synthesised in this manner from the respective isocyanates^V

W C l2 (PM ePh2)4  _2P 'i’ ^CI
+  ^  C I~ W —NR

RNCO CO p

As noted in Chapter One, just as Errington^^ has formed diimido species from 
[WOCI4] using diisocyanates after the work of Bradley^^; so Hogarth et have 
previously prepared diimido complexes from diisocyanates employing Mayer’s 
route.

2W C l2(PM ePh2)4
+ -4P

O C N ^  NCO

Cl—W = N N = W -C I

P = PMePh2

It was realised that this system could be adapted using a range of diimido 
precursors, that is diisocyanates, enabling the formation of a series of bimetallic 
bridged systems of the type discussed in chapter one. Other workers in the 
Hogarth group have shown that the treatment of [WCl2(PMePh2)4] with 1,4- 
phenylenediisocyanate gives [{(PMe2Ph)2WCl2(CO)}2(p-NG6H4N)] cleanly and 

in high yield. This crystallises in a centrosymmetric space group from 
chlorobenzene and displays a third order nonlinear optical activity ca,500 times 
greater than the standard, carbon disulphide. This chapter describes the use of 
other organic bridging groups to prepare a series of ditungsten diimido 
complexes.
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2.3 Preparation of Tungsten Starting Materials

Starting materials such as [WC!2(PM ePh2)4] have been prepared by
reductive routes from direct reaction of [WCiJx'^” , displacement of
other ligands from [WCI4L2] com plexes^^ or by chlorine oxidation of 
[W(CO)4(PR3)2f®. The last two methods require additional steps whereas direct 
reaction of [WCU]x and phosphine reduction are one step procedures, although 
the latter requires additional phosphine. Further reduction with sodium- 
amalgam then yields [WCI2L4]. The use of trimethylphosphine complexes has 
been shown to give oily and sometimes intractable products and thus 
m ethyldiphenylphosphine was used in this work. Standard Schlenk line 
techniques were used and the possibility of low-valent tungsten dinitrogen 
complex formation ignored. The tungsten(IV) complex [WCl4(PMePh2)2] was 
prepared by two methods published by Sharp^®.

WCIe + W(CO)e

CgHsCI - CO

36

WCIe + SPPhgMe

reflux \  toluene 

- ClgPPhglVIe

W C I4  + 2PPhzMe

dcm

WCUCPPhgMe);

Na/Hg + 2PPh2Me

W Cl2(PPh2M e)4

Tungsten hexachloride was reduced with three equivalents of PMePh2 under 
reflux in toluene. Vigorous stirring was required due to the passing formation of 
a dense brown oil. The orange product was isolated and washed with acetone. 

The complex [WGl4(PMePh2)2] was also made by direct reaction of [WOUJx with 
the phosph ine in d ich lo rom ethane . [WOUJx was synthesised by
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disproportionation of [WCIe] and [W(CO)e]. A Soxhiet extraction was required 
and overall yields were better with the first method. The product was found to be 
stable in air over minutes with negligible decomposition and other workers'*^ 
have established the trans  geometry of the phosphine ligands by X-ray 
diffraction studies. The dichlorotetrakis(phosphine) complex was then formed by 

reduction of [WGl4(PMePh2)2] with sodium-amalgam in the presence of PMePh2. 
When the reaction was complete, the brown solids were allowed to settle and 
the solution decanted onto celite in a schlenk-type filtering apparatus. The air- 
sensitive product was isolated from the filtrate after reducing the volume and 
adding petroleum ether as a crystalline orange solid in 60% yield. This reacted 
with both oxygen and water and so the toluene was rigorously dried before use. 
A molecular structure determination^® has previously shown the disposition of 
the chloride ligands to be trans in the crowded coordination sphere.

2.4 Results and Discussion : Synthesis and Characterisation

This tungsten complex, [WCl2(PM ePh2)4], was then reacted with the 
isocyanates described above (2b - 2m, 2r - 2v). In a typical preparation a 
schlenk was charged with the isocyanate and two equivalents of the tungsten 
complex in a glove-box. The contents were then stirred as a suspension in 
toluene whereupon slow dissolution was observed. The isocyanates with 
higher molecular weights are less soluble in toluene, as noted above, and a 
correspondingly longer reaction time was employed. In general, the reactions 
proceded smoothly in a similar fashion to the synthesis of 3a to give the 
complexes 3b - 3m and 3r - 3u in high yield, (Table 2.2). The progress of the 
reaction could in many cases be followed by the rate of dissolution of the 
tungsten compound and the progressive colour change as the solution 
darkened from orange to deep green (or purple). The second means of 
ascertaining the degree of completion of the reaction was by ir spectroscopy. As 
the reaction proceeds, the band associated with the isocyanate (at around 2200 
cm^) is replaced by a band assigned to a metal-bound GO ligand at around 
1970 cm \  Isolation was generally straightforward and achieved by precipitating 
and washing the product with petroleum ether to remove excess phosphine, 
then recrystallizing in air upon slow diffusion of methanol into a concentrated 
dichloromethane solution.
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Table 2.2

N = W -  ClCl -  W = N

(3a)

(3b) (3c) (3d)

(3f)
(3e)MeO

(3g) (3j)OMe

OTQ(3i)

(3h)(2k)

(3r)(31)

(3m)

(3t)

NO

(3s) (3u)

Elemental analysis was not possible in every case as separation of the 
product from the phosphine proved difficult. The complexes were otherwise 
characterised by ir, nmr, nmr and mass spectra and, in the cases of 3b,
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3g and 3h, additionally by X-ray crystallography.

MeO OMe

unC  ) r ^ y / r 4 \
C I - W = N  ( (  ) ) ----- ( (  ) ) ----- N = W -C I

3g

Considering the 3,3’-dimethoxybenzidene (dianisidine) derivative, 3g, as a 
representative example; this green solid, very soluble in dichloromethane, gave 
a good elemental analysis after one recrystallization. A strong band was seen at 
1975 cm ’ in the ir spectrum and assigned as the (0 =0 ) stretch. No band was 
discerned as being attributable to the imido ligation although other workers^^ 
have tentatively assigned stretches in the region 1150 - 1180 cm'^ to (W-N) 
stretches. In the nmr spectrum, the methyl protons of the phosphine appear 
as a triplet at 2.30 ppm and the aromatic protons as four multiplets, unresolved 
on both 200 and 400 MHz machines. The resonances of the ortho protons are 
assigned to the two lower field multiplets between 7.59 and 7.71 ppm by 
integration and, since these are anticipated to be affected by the magnetic 
anisotropy and electronic effects arising from the imido group, are similar to 
ortho protons in monosubstituted benzenes. The other multiplets between 7.18 - 
7.36 ppm are attributed to a combination of the meta and para protons by 
integration. The protons of the methoxy group are observed at 3.56 ppm and the 
phenylene protons of the imido functionality are seen as a multiplet around 6.54 
ppm. Variable temperature nmr studies between 25°C and -60°C in CDCI3 

failed to elucidate any biphenyl rotation, although small changes were noted as 
the four main peaks of the multiplet began to more closely resemble the 
corresponding triplet and doublet of the un reacted diisocyanate upon cooling. A 
peak at 241.7 ppm in the nmr spectrum is assigned to the carbonyl carbon, 
the expected triplet could not be resolved, and the peak at 54.5 ppm assigned 
to the methoxy carbon. The ipso-carbon  of the imido functionality has a 
resonance at 155.5 ppm and those of the phosphine ligands at 129.3 ppm. The 
peak corresponding to the methyl carbon, bound to the phosphorus at 13.5 
ppm, was not experimentally observed as a triplet although this would be 
anticipated because of coupling to the 31-phosphorus nucleus. Other aromatic 
carbon peaks appear between 144.7 and 135.8 ppm. The nmr spectrum 
shows a single peak, indicating a trans arrangement of the phosphine ligands, 
at 2.81 ppm with satellites due to coupling to tungsten at a frequency of 290 Hz. 
The FAB mass spectrum characteristically shows no parent peak but one 
corresponding to loss of a single carbonyl group. The fragmentation pattern is
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indicative of sequential loss of the second carbonyl and phosphine ligands. In 
addition the molecular structure was determined and this is discussed below. 
The dimido species 3b - 3m and the monoimido species 3r - 3u were thus 
synthesised stra ightforwardly as air-stable, crystalline solids and were 
characterised in a similar fashion, showing no unexpected features save those 
noted below.

QC I-W = N

Q N=W -C I

3h

Slightly different behaviour was noted in two cases. Preparation of the 
1,5-naphthalene diimido complex 3h required a longer reaction time to ensure 
completion. As the reaction proceded, the band in the ir spectrum associated 
with the isocyanate stretch was seen to decrease in intensity, but in addition to 
the anticipated appearance of a characteristic term inally bound carbonyl 
stretch, a second higher frequency stretch was observed at 2094 cm-T One 
explanation of this observation would be the presence, usually transient, of a 
monoimido species with a single pendant isocyanate as yet un reacted (shown 
below). The ir stretch of an isocyanate group bound through a conjugated n - 

system and imido linkage to a metal would be expected to occur at a lower 
frequency than that of a free diisocyanate as seen.

QCl—W=N

QNCO

A number of reactions were attempted with 1:1 ratios of reactants with the 
intention of trapping a monoimido isocyanate complex but the second species 
was found to be unstable in air and only diimido products were isolated. A 
second possible identity of the unknown species is that of a intermediate side- 
bound isocyanate, however, further evidence for this was not found although 
complexes where the metal is bound to the N=C bond are known'^V
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UnCI " 

Cl—w —
C O p

0

N

NCO

The first explanation is considered more probable since it may be rationalised 
by arguing that the reaction of one isocyanate group of a diimido precursor 
activates the second by withdrawing electron density through the conjugated 
bridge. This would result in the speedy reaction of the second isocyanate. If, 
however, the bridge is less efficiently conjugated, the second isocyanate would 
not be activated to the same degree and might be observed experimentally in 
the course of the reaction. It is suggested that the n -conjugation through the 1,5 

positions of the naphthalene is not especially pronounced relative to the other 
systems utilised.

The second irregularity was seen with azobenzene isocyanates. 
Tungsten monoimido and diimido azobenzene products were both of interest as 
highly conjugated bridges and also as probes of the photochemistry of the 
imido-bound azobenzene functionality.

\ W /  uv
slow o

On treating azobenzene-4-isocyanate with the tungsten precursor the presence 
of the desired imido product was identified by ir and mass spectroscopy but 
isolation proved impossible as a number of other species were formed in the 
course of the reaction. This could be clearly seen by the large number of 
resonances in the phosphorus and proton nmr spectra. In the nmr spectrum 
there were resonances with no associated satellite peaks due to coupling to 
tungsten indicating the presence of free phosphine species. On further 
reflection it was recalled that azobenzene species may themselves act as imido 
precursors and that there was thus more than one reactive site on the 
azobenzene isocyanate molecule. Reactions were carried out using 
unsubstituted azobenzene and comparable 3ip nmr spectra were seen. A 
variety of product bands also appeared in the mass spectrum but no single
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complex was recovered, it would thus seem that azobenzenes are not useful 
imido precursors with this system and the introduction of isocyanates does not 
provide a significantly more favourable reaction route.

The colours of the complexes gave the first indication of the Ti-conjugated 

nature of the organic bridge linking the metal centres. All green products were 
para-diimido species, whereas the pink and purple products were monoimido 
species, possessed a meta-arrangement of the nitrogen groups or a saturated 
methylene link in the organic bridge. The fact that no monoimido complexes 
were isolated, with un reacted isocyanate groups, shows the wide applicability 
of the route but additionally suggests that coordination of one tungsten(IV) 
centre activates the second isocyanate group towards oxidative-addition to 
another tunsten(ll) centre. This activation implies the desired commmunication 
through the bridging moiety, a perturbation of the environment at one end 
influencing the behaviour of the other. This hypothesis was further probed by 
electrochemical means, (see below).

M=N N=M —► M=N N=M

For the 2-methylphenylene imido complex 3b the bridge is asymmetrical 
and this is reflected in the spectroscopic data. Two peaks, with low intensity 
satellites, are seen in the 3ip nmr spectrum at 2.06 and 3.43 ppm. In the nmr 
spectrum the methyl resonances of the phosphines and the bridge are 
superimposed, but the two distinct phosphine environments are shown by the 
clearly distinguished sets of phenyl peaks. In the nmr spectrum the methyl 
peaks are separated and the phenyl peaks are doubled in comparison with the 
spectrum of 3a.

Me

=N   N = W -C I
CO p ^ n

C l-W

3b

The phenylene protons appear as three distinct resonances in the nmr 
spectrum, but more interestingly, two resonances are seen at 239.4 and 243.2 
ppm in the carbonyl region of the nmr spectrum. This underlines the further 
perturbation of the octahedral environment about the tungsten centre nearest
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the methyl substituent of the phenylene bridge, in solution. In the solid-state, 
however, the asymmetrical methyl group does not affect the packing in the 
molecular structure which exhibits a centre of inversion at the bridge, indicating 
an equal number of molecules “facing” both directions {vide infra).

Two approaches were adopted to probe the chemical reactivity of the 
tungsten imido system. The unsubstituted ditungsten diimido complex 3a in 
dichloromethane solution was treated with gaseous chlorine in an effort to 
further oxidise the tungsten(IV) centres.

CI2 I
Cl—W=NCl—W=N N =W -C I N =W -C I

- 2 C O  ^ 1
Ul p

An immediate colour change was noted from dark green to orange and after 
continued purging, this solution became pale green. An air-stable, toluene- 
soluble green oil was recovered which lacked a carbonyl stretch in the ir 
spectrum, but retained phosphine and phenylene resonances in the nmr 
spectrum. The mass spectrum was very poor, although weak peaks of mass / 
charge ratios 1086 and 872 units could correspond to fragments of formulae 
[{WCl3(PMePh2)}2(NC6H4N)] and [{W(PMePh2)}2(NC6H4N)]. The reaction was 
repeated with the phenylimido derivative [{WCl2 (CO)(PMePh2 )2 (NC6 H5 )], 3s, in 
an attempt to aid interpretation of the spectra. The nmr spectra indicate two 
phosphine environments but, although relatively uncomplicated, have proved 
no help in overall characterisation. The mass spectrum did, however, show 
strong peaks, the highest at a ratio of 950. This fragment is tentatively assigned 

to [W (NPh)(PMePh2)]2 . This could derive from a parent tungsten(V) dimeric 
species of formula [WCl3(NPh)(PMePh2)]2 . The work of McElwee-White and co- 
workers'^^ goes some way to support this suggested halogen-bridged dimeric 
structure as they have formed a comparable iodo-bridged tungsten imido dimer 
by oxidation with elemental iodine under similar conditions. This has been 
crystallographically characterised.

Ç ' NPh
P: PMePh2

PhN^(L| Cl |1, 0!

Attempts were also made to extend the 71-conjugated chain of the diimido 

complex utilising the terminal chloride trans to the imido ligand. Treatment of 
3a with lithium phenylacetylide in toluene at low temperature gave a bright red 
solution. The ir spectrum of the reaction mixture confirmed the retention of the
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carbonyl although no acetylenic stretch could be discerned. Regrettably the 
product was unstable or particularly sensitive and isolation proved impossible.

uC I / — \  K-CO 
P h C = C -W = N - f  y -N = W -C = C P h  

C O ^  \ = /  C l '^

Further evidence that a reaction had occured was supplied by the mass 
spectrum which was entirely different from that of the tungsten reactant, having 
no significant peaks above 895. This would indicate that the product had either 
decomposed or that cleavage of one imido bond had been effected. The 
fragmentation of a mononuclear species where two chlorides have been 
replaced by acetylides could be interpreted from the spectrum but no other 
evidence supports this suggestion.

2.5 Molecular Structures

All of the complexes characterised by X-ray crystallography share an 
approximately similar coordination environment about the tungsten(IV) centre. 
This slightly distorted octahedral configuration is also common to other 
comparable structures as shown in tables 2.3 and 2.4. The short metal-nitrogen 
imido distances [3b 1.746(4); 3g 1.752(7),1.760(5); 3h 1.748(12), 1.764(12); 3t 
1.751(7) A] and N-Cjpso bond lengths [1.374(11) - 1.430(19) A] are typical for 
such complexes'^^ and the linearity of the W-N-Cipso bond [168.9(6) - 177.0(3) A] 
indicative of substantial Tt-interaction through the imido linkage. Additionally, the 

carbon-carbon bond lengths of the phenyl and phenylene rings are not 
significantly different implying delocalisation of the 7c-bonding system. In all 

compounds of this type, the tungsten centre is displaced away from the 
phosphine carbonyl plane towards the imido nitrogen as expected where the 
imido ligand is functioning as a four-electron donor. The phosphines are 
mutually trans, as indicated by the solution 31-phosphorus nmr spectra, and 
the chlorine atoms adopt a cis arrangement. Little trans influence is noted as 
the W-CI bond lengths, both cis and trans to the imido ligand, are similar. The 
other M(IV) complexes listed indicate that this is not unusual and in comparable 
rhenium(V) systems no trans influence is seen. However, in the tungsten(VI) 
anion"^"  ̂ [WCU(NC6H4Me)]' a trans influence is apparent, the trans-axial W-CI
bond [2.464(5) A] being 0.13 A longer than the average c/^-equatorial bonds 
[2.33 A]. The molybdenum(V) and tungsten(V) complexes also exhibit a
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smaWtrans influence^^’^^’"̂ .̂ The W -C-0 vectors are essentially linear and the 
bond lengths lie in the expected range. In each diimido molecule, the carbonyl 
moieties lie on opposite sides as required by the crystallographic inversion 
centre. This is not the case with the analogous meta complex 3o^^. In particular, 
the compound with the asymmetric bridging ligand, 3b, exhibits different 
behaviour from that in solution where the two metal centres are distinct. In the 
solid-state this molecule has an inversion centre, in common with the other 
complexes, and this would indicate an equal number of molecules packing in 
the crystal lattice with the asymmetric phenylene-bound methyl group pointing 
in one of the two possible directions. The steric effect of this methyl group is thus 
negligible in this context. However, the substituents in the ortho position on the 
bridging ligand, the methyl group in 3b and the methoxy group in 3g, do lie 
adjacent to the carbonyl moiety rather than the more sterically demanding 
chlorine. In 3t, no intermolecular interaction is observed between the terminal 
iodine of one molecule and a chlorine atom trans to the iodophenylimido group 
of another as in the molybdenum system {vide infra). As in the reported 
structure determination of [{WCl3(PMe2Ph)2}2 (NC6H4N)]^^, two independent 
centrosymmetric molecules are present in structures 3g and 3h. These 
molecules are distinguished by the relative orientation of the bridging group 
and the angle at which the phosphines bend away from this group. The 
orientation of the phenylene, biphenylene or naphthalene bridge would be 
expected to affect the extent to which the metal centres could communicate. A 
0° or 90° torsion angle between the bridge and the chlorine carbonyl plane 
should enable effective overlap between the pjc orbitals of the ring and nitrogen 
and the dn orbitals of the metal, {dxz and dyz assuming a z  vector along the imido 

bond). While it is, thus, noteworthy that the phenylene bridge in the parent 
compound 3a is oriented at 80.2° to the chlorine carbonyl plane, it is not implicit 
that smaller angles belie a smaller degree of Ti-conjugation through the 

molecule, especially if the torsion angle approaches 0°. Since the asymmetric 
methyl substituent in 3b was shown to have no steric effect in the solid-state 
and the phenyl rings of the phosphines lie over the bridging group in 3a and 
the other complexes alike, it would seem reasonable to suggest that electronic 
effects are influencing the orientation of the bridge and thus the torsion angle.
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Table 2.3 Selected Bond Lengths from  S truc tu res  o f G roup 6  Im ido Com plexes

C O M P LE X M -N M -
0 1 ( 1 )

M -
0 1 ( 2 )

M -OO/OI M -P (1 ) M -P (2 ) 0 - 0 N”Cjpso Ref.

[WCl3(PPh3)2(NPh)] 1.742(8) 2.405(2) 2.443(3) 2.368(3) 2.590(3) 2.590(3) X 1.374(9) 2 2
[WCl3(PMe3)2(NPh)] 1.731(6) 2.470(2) 2.387(2) 2.390(2) 2.531(2) 2.543(2) X 1.381(9) 25
[MoCl3{PEtPh2)2(p-NC6H4Me)] 1.725(6) 2.383(2) 2.391(1) 2.486(2) 2.609(2) 2.589(2) X 1.385(8) 45

J{WCl3(PMe2Ph)2)2(NC6H4N)] 1 1.735(8) 2.395(3) 2.500(3) 2.384(3) 2.550(3) 2.572(3) X 1.402(13) 32
[{WCl3(PMe2Ph)2}2(NC6H4N)] II 1.756(9) 2.399(3) 2.508(3) 2.381(3) 2.573(3) 2.546(3) X 1.357(3) 32
[WCl2(PMePh2)2(CO) (p- 
NC6H4Me)]

1.754(6) 2.455(2) 2.476(2) 1.983(8) 2.521(2) 2.526(2) 1.139(8) 30

[WCl2(PMePh2)2(CO)(p- 
NC6H4 I) (3t)

1.751(7) 2.455(2) 2.461(2) 1.992(9) 2.528(2) 2.522(2) 1.139(12) 1.411(11) this
work

[{WCl2(PMePh2)2(CO)}2 
(/77-NC6H4N)] (3o)

1.751(6) 
1.766(6)

2.469(2)
2.473(2)

2.262(2)
2.460(3)

1.993(9) 
1.997(9)

2.531(2)
2.541(2)

2.537(2)
2.537(2)

1.156(11)
1.158(11)

1.399(10)
1.381(10)

33

[{WCl2(PMePh2)2(CO)}2  
(P-NC6H4N)] (3a)

1.743(5) 2.446(2) 2.465(2) 1.991(8) 2.528(2) 2.536(2) 1.145(11) 1.390(8) 33

[{WCl2(PMePh2)2(CO)}2 (p- 
NOeHaMeN)] (3b)

1.746(4) 2.466(2) 2.464(2) 1.986(7) 2.536(1) 2.533(1) 1.146(9) 1.386(7) this
work

[{WCl2(PMePh2)2(CO)}2 [p- 
NC6H3(MeO)}2] (3g) 1

1.752(7) 2.478(3) 2.463(2) 2 .0 0 1 (8 ) 2.536(3) 2.508(2) 1.131(11) 1.374(11) this
work

[{WCl2(PMePh2)2(CO)}2 (p- 
NCeH3(MeO)}2] (3g) II

1.760(5) 2.468(3) 2.481(2) 1.993(10) 2.517(3) 2.510(3) 1.153(13) 1.381(9) this
work

[{WCl2(PMePh2)2(CO))2  
(NCioHeN)] (3h) 1

1.748(12) 2.471(5) 2.439(4) 1.953(21) 2.555(5) 2.524(5) 1.182(26) 1.430(19) this
work

[{WCl2(PMePh2)2(CO)}2 
(NCioHeN)] (3h) II

1.764(12) 2.445(5) 2.474(5) 1.964(20) 2.538(5) 2.536(5) 1.171(26) 1.405(17) this
work



Table 2.4 Selected Angles from Structures of Group 6 Imido Complexes

COMPLEX M-N-Cjpso C l(1 )-M -
C l(2)

C l(2 )-M -
CO

P (1)-M -
C l(2 )

P (2)-M -
C l(2 )

Torsion

[WCl3(PPh3)2(NPh)] 172.3(7) 85.1(1) 87.9(1) 88.1(1) 90.4(1) 23.1
[WGl3 (PM0 3 )2 (NPh)] 175.8(6) 85.0(8) 85.3(9) 83.0(8) 89.9(8) 21.1
[MoCl3(PEtPh2)2(p-NC6H4Me)] 176.7(5) 86.28(8) 86.15(9) 91.98(7) 87.58(7) 17.3
[{WCl3(PMe2Ph)2}2(p-NC6H4N)] 1 171.5(8) 85.7(1) 84.3(1) 85.3(1) 82.7(1) 20.8
[{WGi3(PM02Ph)2}2(p-NC6H4N)] Il 173.6(8) 85.9(1) 84.0(1) 82.3(1) 83.8(1) 31.8
[WGl2(PM0Ph2)2(CO){p-NG6H4M0)] 171.6(5) 89.0(1) 78.0(2) 83.4(1) 86.2(1) 4.3
[WGl2(PM0Ph2)2(CO)(p-NG6H4l)] (3t) 168.9(6) 88.8(1) 78.0(3) 86.9(1) 88.1(1) 4.1
[{WGl2 (PM0 Ph2 )2 (CO)}2 (m-NG6 H4 N)] (3o) 172.8(6)

172.4(5)
90.7(1)
91.0(4)

80.0(3)
93.3(2)

86.4(1)
86.3(1)

82.6(1)
82.4(1)

5.8
23.9

[{WGl2 (PM0 Ph2 )2 (CO)}2 (p-NG6 H4 N)] (3a) 173.2(4) 90.0(1) 79.8(2) 82.6(1) 86.6(1) 80.2
[{WGl2(PM0Ph2)2(CO))2(NG6H3M0N)] (3b) 177.0(3) 89.3(1) 78.7(2) 86.9(0) 84.3(0) 10.2
[{WGl2(PM0Ph2)2(CO))2{NG6H3(M0O)N}](3g) 1 171.2(6) 89.4(1) 79.4(3) 85.0(1) 83.4(1) 26.1
[(WGl2(PM0Ph2)2(CO)}2{NG6H3(M0O)N}](3g) Il 173.3(6) 89.5(1) 78.5(2) 81.3(1) 84.5(1) 17.3
[{WGl2(PM0Ph2)2(CO)}2(NGioH6N)] (3h) 1 171.6(12) 90.8(2) 79.7(5) 81.4(2) 82.8(2) 10.7
[{WGl2(PM0Ph2)2(CO)}2(NGioH6N)] (3h) Il 171.0(12) 86.9(2) 77.1(5) 86.9(2) 86.5(2) 6.2
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Two views of the molecular structure of
[{WCl2(PMePh2)2(CO)}2(NC6H3MeN)2] (3b)
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The molecular structure of one of the two distinct molecules in the 

unit cell of [{WCl2(PMePh2)2(CO)}2{NC6H3(OMe)N}2] (3g)
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The molecular structures of the two molecules in the unit cell of
[{WCl2(PMePh2)2(CO)}2(NCioH6N)] (3h)
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The molecular structure of [{WCl2(PMePh2)2(CO)}2(NC6H4l)] (3t)
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2.6 Electrochemistry

If the metal centres chemically bridged by a conjugated 7i-system are 

also electronically linked by that bridge, they are not anticipated to behave 
independently with respect to their redox behaviour. Thus, in a cyclic 
voltammetric study, two metal centres which do not communicate will exhibit 
waves corresponding to two electron processes, whereas those which do 
communicate will show a more complex response. To probe the nature of the 
interaction between the tungsten centres in these complexes. Dr David G. 
Humphrey carried out electrochemical experiments on the diimido complexes 
3a, 3b, 3g, 3i, 3o, and 3p and on the monoimido complex 3s. Infrared 
spectroelectrochemical work was also done with 3a and all were tested by 
cyclic voltammetry (GV) and differential pulse voltammetry (DPV)46. At room 
temperature, the complexes all undergo an irreversible oxidation and an 
irreversible reduction in dichloromethane. These processes remain irreversible 
even for scan rates of up to 1000 mV s T However, when the experiment was 
carried out at -60 °C the oxidation became quasi- or partially-reversible. The 
appearance of the return wave upon lowering the temperature is indicative of 
“EC” type behaviour where homogenous chem ical reaction fo llow s 
heterogenous electron transfer. The lifetime of the electrogenerated species 
being increased at lower temperatures to the point at which the redox products 
are stable on the timescale of the voltammetric experiment. Thus lowering the 
temperature allows a more detailed investigation of the voltammetric processes. 
The GV and DPV traces for 3a are shown in the figures below;

3 0 >iA
(a)

+ 1.0 +0 .5 0.0 - 0 .5 - 1.0
E N

GV plot of [{WCl2 (PM ePh 2 )2 (C O )} 2 (p-NC 6 H 4 N)] (3a)
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+ 1.0 +0 .5 0.0 - 0 .5 - 1.0
EN

DPV plot of [{WCl2 (PM ePh 2 ) 2 (CO )} 2 (p-NC 6 H 4 N)] (3a)

At -60°C, the quasi-reversible anodic response consists of two closely spaced, 
one-electron oxidations (a) centred at +1.05 V. The current response of the 
oxidation (b) was significantly greater than that of the reduction (d) as shown by 
the DPV. The two one-electron reductions at -1.08 V and -1.20 V are more 
clearly separated for 3a than the oxidations. While the cathodic voltammetry of 
3b is very similar to that of 3a the reductions are moved to more negative 
potentials. This is consistent with increased electron-donation due to the methyl 
substituent of the phenylene ring. These results would indicate that the two 
metal centres exhibit marginally different behaviour in the electrochemical cell. 
Were a single response to be detected on oxidation and reduction, the 
implication would be that the two centres are electrochemically identical, that is 

that they do not communicate via  the diimido bridge. However, since two 
closely spaced processes are seen, the oxidation or reduction of one metal 

centre may be said to perturb the electronic environment at the second, which 

consequently exhibits a different potential response. Thus, for the oxidation of 
the two tungsten centres from a to a configuration, the couple associated 

with W(IV)-W(IV) to W(III)-W(IV) is seen at a lower potential than that of W (lll)- 

W(IV) to W (lll)-W (lll). Using DPV, two separated couples are seen for 3a and 
3b, while a single peak with a shoulder is observed for 3g. The difference 

between the two one-electron oxidation potentials of 68 mV for 3a and 25 mV
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for 3g is understood by considering the greater distance between the two metal 
centres in the biphenyl system of 3g . This reduces the degree of 
communication and results in the second oxidation at the second tungsten 
centre being less perturbed by the more electron-withdrawing, oxidised 
tungsten. Most unexpectedly, the separation of the two oxidations for the meta- 
phenylenediimido complex 3p, of 96 mV, is greater than that found for the para- 
substituted complexes where conjugation of the ir-system can be envisaged. 

However, in this case the tungsten(IV) centres are chemically inequivalent and 
this structural consideration cannot be ignored. It should be noted that while 
communication between the metal centres is clearly indicated by these results, 
the extent of the interaction is to a lesser degree than that shown in other 
systems. McCleverty et al.^^ have reported complexes of the type 
[{Mo(NO){HB(Me2pz)3CI}2L)] (L: bipyridine) in which the separation of the redox 
processes reaches 756 mV.

The ir spectrochemical studies on 3a showed that both cations and 
anions formed electrochemically are highly reactive. Evidence for this is 
supplied by a low-temperature experiment in an infrared reflection absorption 
spectroscopic (IRRAS) cell"̂ ®, where oxidation at -t-1.0 V resulted in a gradual 
decrease in the carbonyl band of 3a at 1969 cm-i with the concomitant growth 
of a weak band at 2139 cm-"' as shown in the figure below.

Oxidation
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This weak band was attributed to free carbon monoxide and no other bands 
were observed which could be assigned to new tungsten-carbonyl species. The 
loss of carbonyl may be rationalised by considering the formation of a 
complex as decreasing the degree of back-bonding from the metal to the 
carbonyl and thus the weakening of the M-CO bond. Thus the oxidation is seen 
to be reversible on the CV timescale but chemically irreversible.

2.7 Calculations of Electronic Structure

Dr. Nik Kaltsoyannis and Mr. Woo-Sung Kim of this department have performed 
local density functional calculations on a number of complexes in an attempt to 
further understand the electrochemical results and rationalise the degree of 
metal communication. The simple phosphine complexes [WCl2(PH3)2(CO)(NPh)] 
(3w), [{WCl2(PH3)2(CO)}2(p-NC6H4N)] (3x), and [{WCl3(PH3)2}2(p-NC6H4N)] (3y) 
have been studied as models for 3s, 3a and [{WCl3(PMe2Ph)2}2(NC6H4N)] (3z) 
respectively. One specific goal has been to establish if there is any electronic 
reason for particular orientations of the bridging phenylene ring with respect to 
the tungsten-chloride plane and whether this relates to the ability of the metal 
centres to communicate. These calculations have indicated that the preferred 
ring orientation is between 10°- 20° (to the tungsten-chloride plane) for all 
complexes, but that the energy differences between the most (as above) and 
least stable (80°-90°) conformations were small (ca. 1 0 - 3 0  kJmoM).

These results show that no strong electronic argument can be put 
forward to predict the torsion angle of diimido tungsten species. The anomalous 
orientation of the phenylene bridge in 3a is not inconsistent with the 
calculations performed and may be ascribed to the demands of crystal packing. 
While the other crystals were obtained from dichloromethane-methanol 
mixtures, 3a only crystallised from chlorobenzene with a molecule of this 
solvent in the lattice. While no close intermolecular contacts are observed, the 
phenyl(ene) rings of the chlorobenzene and bridge are stacked through the 
structure.
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CHAPTER THREE: MOLYBDENUM COMPLEXES

3.1 Introduction

The previous chapter described the formation of diimido complexes 
using a tungsten(Vi) chloro-phosphine system. We were keen to extend the use 
of the organic bridging groups prepared to molecules with other metal centres. 
As detailed in the introduction, the imido chemistry of tungsten and the lighter 
congener molybdenum is similar. It was proposed to take the diisocyanates and 
react them with molybdenum-oxo fragments as has been demonstrated by this 
and other groupsV In contrast to the oxidative-addition of isocyanate to the 
tungsten centres, the high-valent molybdenum system could be seen as having 
an 0X0 ligand replaced by an imido ligand with no net change of oxidation state. 
The system chosen was the seven-coordinate oxo-molybdenum complex 

[MoOCl2(S2CNEt2)2], where the chelating dithiocarbamate groups stabilise the 
high valent-metal centre. The combination of oxo and chloride ligands provided 
two possible means of coordinating 7c-conjugated systems to the metal, 

although our interest was primarily focussed on the aforementioned reaction of 
the 0X0 ligand. Dithiocarbamate ligands have been used as ancillary or 
spectator ligands in transition metal chemistry primarily due to their ability to 
coordinate to metal centres in a variety of oxidation states. This is achieved 
through delocalisation of charge and may be understood by considering the two 
resonance structures shown below.

C -  N — C =  N

' r  \
■)

The usually soft sulphur atoms may thus bind firmly to relatively hard metal 
centres. Diethyldithiocarbamates have been extensively used as they are 
readily prepared from inexpensive reagents, and are more soluble than those of 
the comparable dimethyldithiocarbam ates. In the course of this work, 
molybdenum diphenylphosphinate complexes were also prepared in an 
attempt to clarify some reactions by use of the potentially diagnostic tool of 31- 
phosphorus nmr spectroscopy. This ligand is not able to délocalisé charge in a 
sim ilar manner to the dithiocarbamate group but a range of high-valent 
transition metal complexes have been reported^.
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HS Ph
\  /

S Ph

Dithiocarbamate complexes have been widely used in the development 
of the imido chemistry of molybdenum as shown in Chapter One. Maatta et a f  
have done much work with these systems using azides, phosphinimines and 
isocyanates as sources of the imido functionality. The phenylimido derivatives 
of the molybdenum dihalide dithiocarbamate complex have been synthesised 
by the action of halogenating agents, such as hydrogen chloride and 
bromomethane, on the electron rich bis(imido) and oxo-imido dithiocarbamate 
complexes as set out below;

Mo(NPh)2(S2CNEt2)2 + 3HCI  .-Mo(NPh)Cl2(S2CNEt2)2 + [PhNHalCI

MoO(NPh)(S2CNEt2)2 + 2HX  ^Mo(NPh)X2(S2CNEt2)2 + H2 O
X: Cl, Br

Mo(NPh)2 (S2 CNEt2 ) 2  + 3M eBr ►Mo(NPh)Br2 (S2 CNEt2 ) 2  + [PhNMoaJBr

These aggressive conditions indicate the high stability of the monoimido 
product with respect to further reaction. The same phenylimido product has 
been obta ined from the e lectron -p rec ise  oxo -d ich lo ride  com plex,

[M oO G l2 (S 2C N E t2)2]. using the phenylphosphinim ine, Ph3 P=N Ph^ and 
phenylisocyanate, while Minelli"^ has more recently reported the preparation of 
other substituted phenylimido molybdenum(VI) species using amines.

MoOCl2(S2CNEt2)2 + PhNPPha  ^Mo(NPh)Cl2(S2CNEt2)2 + OPPhg

MoOCl2(S2CNEt2)2 + PhNCO  ^Mo(NPh)Cl2(S2CNEt2)2 + CO2

MoOCl2(S2CNEt2)2 + ArNH2  ^Mo(NAr)Cl2(S2CNEt2)2 + H2O

As pointed out above, the products from these reactions are very stable, the 
formation of the [MoNPh]'^+ unit and the phosphorus-oxygen bond in 0=PPh3 
providing a thermodynamic driving force for the reaction. Maatta^ has prepared 
the only reported dimolybdenum diimido complex by treating [MoCl4(thf)2] with 
1,4-phenylenediazide to give [{(thf)MoGl4}2(p-NC6H4N)].
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2MoCl4(thf)
+ (thfjC^M o = N y— N = MoCl4(thf)

3.2 Preparation of Starting Materiais

The molybdenum starting materials [MoOCl2(S2CNR2)2] (R : Et, Me) were 
prepared by standard lite ra tu re  procedures.® The correspond ing 
[Mo02(S2CNR2)2] complex was formed first. Addition of hydrochloric acid (3M) to 
a solution of sodium molybdate(VI) and the sodium salt of the required 
d ia lky ld ith iocarbam ate  im m ediate ly gave the c is -d \oxo  com plexes 

[Mo0 2 (S2CNR2)2] as yellow/orange precipitates.

O
II / OHoO II

Na2[Mo0 4 ] + 2Na[S(S)CNEt2] ---------- ► S —  Mo —  S
H+ C s ^

The diethyldithiocarbamate derivative [MoOCl2(S2CNEt2)2] was then made by 
treating an orange acetone solution of [Mo0 2 (S2CNEt2)2] with concentrated 
hydrochloric acid and isolating the yellow material formed.

O O

8
Cl

This method was not effective for the dimethyldithiocarbamate derivative 
because of the very poor solubility of both the reactant and the desired product. 

Instead, a suspension of [Mo02(S2CNMe2)2] in dichloromethane was stirred with 
concentrated hydrochloric acid for 72 hours to give yellow [MoOCl2(S2CNMe2)2]- 

The analogous diphenyldithiophosphinate complex, [MoOCl2(S2PPh2)2], 
has not been reported and no concerted efforts have as yet been made to effect 

its synthesis. However, [Mo02(S2PPh2)2] was prepared from the acid, 
[HS(S)PPh2], itself made using the method of Higgins et a lJ
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HS Ph
P4 S1 0  + AICI3  + PhH ------- ^  ^p'"

8 Ph

Phosphorus pentasulphide, P4S 10, and aluminium chloride were refluxed in 
benzene, (which is also a reactant), to give HS(S)PPh2 by a Friedel-Crafts type 
reaction. When solutions of the acid in ethanol and ammonium molybdate(VI) in 

water are mixed, [Mo0 2 (S2PPh2)2] was formed as a yellow solid.®

2HS(S)PPh2 + [NHJgEMoOJ --------------- Mo02(S2PPh2)2

3.3 Results and Discussion

Anticipating the formation of a diimido complex by reaction of pa ra - 

phenylenediisocyanate with two equivalents of [MoOCl2 (S 2C N E t2)2], this 
reaction was attempted under a variety of conditions. In spite of concerted 
efforts no reaction was observed, even at elevated temperatures, and the 
starting materials were recovered unchanged. The absence of imido formation 
was surprising since a range of reagents have been shown to achieve this 
transformation with oxo-molybdenum compounds as alluded to aboveV Many of 
the diisocyanates and the metal complex have limited solubility in common 
solvents, but this has not prevented other reactions and it is not considered the 
most important factor in this case.

However, M inelli’s amine methodology® was seen as a convenient 
alternative strategy since a larger number of diamines are commercially 
available and these were the precursors of the isocyanates prepared in Chapter 
Two. The reaction of a number of diamines (1a, 1c - 1 i, 11 - In )  and 

substituted amines ( 1  uu - Izz) with [MoOCl2 (S2CNEt2)2] was observed only 
when methanol was used as a solvent. The reactions proceeded in most cases 
at room temperature, or with moderate warming, as the yellow molybdenum-oxo 
compound dissolved over a period of hours. Isolation was effected by 
precipitation of the product on addition of diethyl ether or petroleum ether to a 
reduced volum e of the reaction m ixture and recrysta llisa tion from 
dichlorom ethane or aceton itrile . Problems were encountered during 
purification, in spite of the slow precipitation of the product, as tacky or oily 
m ateria ls were often formed. These required tritu ra tion  and many 
recrystallisations to produce freely running powders. This rendered the 
formation of samples suitable for elemental analysis difficult, and many 
otherwise apparently pure compounds gave poor results. Since water is a
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biproduct of the reaction, this was seen as a possible cause of impure products. 
However, efforts to alleviate this problem by absorbing water produced in the 
course of the reaction, by adding molecular sieves, or drying products in vacuo 
were unsuccessful. Characterisation is in general, thus, on the basis of ir, 
nmr and mass spectrometry.

MoOCl2(S2CNEt2)2
+

H2N(C6H4)NH2

s
Mo =  N NH

y01

4a

The most remarkable feature of these reactions was the absence of 
diimido formation. Except in one case, only one of the amine functionalities of 
each diamine was observed to react with a molybdenum-bound oxo ligand to 
form an imido moiety. The addition of further base in the form of triethylamine 
did not y ie ld  d iim ido species. Thus, the m onoim ido com plexes 
[MoCl2(S2CNEt2)2(NXNH2)], 4a, 4b - 4i, 41 - 4t, 4uu - 4zz were prepared as 
red, orange or yellow solids (see Table 3.1). The yellow iodophenylimido (4t) 
complex precipitated from solution in the course of the reaction and was 
recovered in high yield. In reactions of equimolar ratios, the strong v (M o=0) 

stretch at 946 cm'^ was seen to disappear as the product was formed. In 
general, no parent peak was seen in the mass spectra, but peaks 
corresponding to loss of chloride and dith iocarbam ate were clearly 
distinguishable. In the nmr spectra, the dithiocarbamates were observed as 
overlapping methyl triplets seen at chemical shifts around 1.30 ppm and by 
septets corresponding to the methylene protons at around 3.80 ppm. The 
asymmetry of the aminophenylim ido moiety was reflected in the distinct 
resonances of the phenylene (and methyl) protons.
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Table 3.1

M o=N NH

NH

(4 e )(4 d )(4 c )

MeO OMe

NH
NH

(4 f) (4 g )

gg
N (4 h )

NH

(4 i)

OMe NO

NH NH NH

(41) (4 u u ) (4 v v )

NH NMe

(4m ) (4w w )

NHNONH
N— N
(4 z z )(4 y y )(4 x x )

In the case of the 2,3-dimethylaminophenylimido molybdenum(VI) complex, 4c, 
the phenylene protons appear as doublets, with a coupling constant of 9 Hz, at 
6.39 and 7.58 ppm and the methyl singlets at 1.97 and 2.54 ppm. The downfield 
protons are, thus, considerably shifted from their position in the free diamine at
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2.11 and 6.47 ppm. This indicates the degree to which binding to the metal has 
perturbed the system.

NH,Cl —  Mo —  N

4c

One advantage of the dithiocarbamate molybdenum system over the phosphine 
tungsten complexes lies in the clear separation of the peaks in the nmr spectra 
associated with the bridging moiety from those of the ancillary ligands. The 
dithiocarbamate resonances appearing far upfield of the phenylene protons 
peaks and separate from those of methyl groups bound to the bridge. The only 
confusion in interpreting integration of the spectra occurs with the 
superimposition of methoxy resonances on the dithiocarbamate methylene 
proton peaks. The nmr spectra are unremarkable, confirming the two 
dithiocarbamate environments and the distinct ends of the aminophenylimido 

ligand. For the unsubstituted [MoCl2 (S 2C N E t2 )2 (N C 6 H 4 N H 2 )], 4a, two 
dithiocarbamate methyl peaks are seen at 12.6 and 12.8 ppm, two methylene 
peaks at 44.6 and 43.5 ppm and a carbamate carbon resonance appears at
198.0 ppm, indicating the delocalised nature of the chelation. The peaks at
152.0 and 144.7 ppm are assigned to the ipso and para  carbon atoms of the 
aminophenylimido group, and those at 132.2 and 114.3 ppm to the ortho  and 
meta positions respectively. In the nmr spectra, the amine protons are 
observed as a broad peak at around 4.20 ppm in the simple methyl substituted 
monoimido complexes and the bands in the ir spectrum assigned to v(NH) 

vibrations occur at 3311 and 3199 c m '\  Further bands at 2978 cm'^ are 
associated with v(CH) vibrations and those attributed to the dithiocarbamate 

ligands occur between 1000-1520 c m '\  Comparing the ir spectra of the 
unreacted molybdenum compound with those of the products, new strong 
bands are seen at 1600 cm'^ which are assigned to ring vibrations of the 
phenylimido group. Only one monoimido complex, 4t, was characterised 
crystallographically due to the extreme difficulty encountered obtaining crystals 
of these materials.

01 — Mo =  N

S
4t
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Most regrettably the data for this structure were lost in a computer hard disk 
crash. However, the structure of the iodophenylimido complex 4t confirmed the 
slightly distorted seven-coordinate pentagonal bipyramidal structure, with a 

chloride t rans  to the imido group and an equatorial distribution of the 

dithiocarbamate and the second chloride ligands. This is identical to the 

arrangement reported by Minelli^ and Maatta'^ in the published structure 

determinations. Additionally, an intermolecular interaction of 3.33 Â was noted 

between the iodine atom of one molecule and the trans chloride of a second. 

This structural motif pervaded the lattice through stepped chains of molecules.

M olecular S tructure of [MoCl2(S2C N Et2)2(NC 6 H4 l)] (4t)

Kid
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The lack of reactivity of the second amine functionality is attributed to a 
delocalisation of the amine lone-pair into the 7i-system of the aromatic ring, 
which is due to the strong 7c-conjugation to the molybdenum centre. This high- 

valent molybdenum(VI) centre is significantly electron-deficient and would be 
anticipated to effectively withdraw electron density through the molecule away 
from the amine.

Mo = N —\  y— NHo -----------► Mo =  N

Thus, in contrast to the proposed activation of the second isocyanate group in 
the formation of the ditungsten diimido described earlier, in this diamine system 
the basicity of the pendant amine is considerably reduced by coordination of the 
other nitrogen to a high-valent metal centre. This prevents further reaction as 
the lone-pair is no longer localised on the amine. Trifluoroacetic acid was 
required to protonate this terminal amine in a nmr study, this being in 
contrast to the still relatively weak basicity of para-phenylene diamines in 
general®. The N,N-dimethylaminophenylimido derivative 4ww was prepared in 
the hope of obtaining a crystal structure to confirm the i-p^-configuration of the 
amine and thus the delocalisation of the lone pair of electrons. Unfortunately no 
suitable crystals were grown. A resonance at 3.11 ppm was assigned to the N- 
Me protons.

s S
/

Cl — Mo —

c / \
NM02

^ S 4ww

The deactivation of the second amine observed is particularly interesting in the 
light of Errington's preparation of the phenylenediimido-bridged hexamolybdate 
complex ["B u4N]4[(Mo6 0 i 8)2(NC6H4N)] using phenylenediamine. It should, 
however, be noted that an isolated molybdenum centre, as in the reactions 
described above, and a molybdenum atom as a component of a molybdate 
cluster are two very different entities. This, coupled with the more forcing 
conditions applied, (refluxing benzonitrile), goes some way to explaining the 
different behaviour seen in the two formally similar molybdenum(VI) systems.

As noted above, d iim ido  fo rm a tion  w ith the  d ich lo rid o  
bis(dithiocarbamate) molybdenum complex was seen in one case. The reaction
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of naphthalene-1,5-diam ine with [MoOCl2 (S 2C N E t2)2] afforded both the 
m ono im ido  [M o C l2 (S 2 C N E t 2 ) 2 (N C io H 6 N H 2 )] 4 h and the diim ido 
[{MoCl2(S2CNEt2)2}2(NCioH6N)] 4h” which were initially separated by fractional 
crystallisation and also prepared individually.

Cl —  Mo — N 01 —  Mo —

NHg

4h"4h

01
r s
S I

\  I
N =  Mo — 01

r %

The nmr spectrum of 4h” indicates the symmetry of the naphthalene bridge 
as only two doublets and one triplet are seen in the phenylene region at 8.69, 
7.91 and 7.48 ppm respectively. In contrast, distinct resonances are observed 
for each proton in the asymmetrical molecule 4h. The formation of the diimido 
product with this naphthalene derivative demonstrates that the diamine here is 
the least deactivated just as the diisocyanate was the most activated in the 
reaction with the tungsten system. This clearly indicates that the degree of n- 

conjugation between metal centres which are bound by the naphthalene bridge 
is unlikely to be large.

Thus, a series of new monoimido molybdenum complexes have been 
prepared. These molecules support the hypothesis that a functional group at 
one end of a 71-conjugated organic bridge, be it an isocyanate, amine or metal 

centre, is not independent of the nature and behaviour of the opposite end; but 
rather will be perturbed by any changes in that environment. Unfortunately, in 
this case, the communication across the bridging group prevented the 
coordination of a second molybdenum centre.

3.4 Preparation of B is(im ido) Com plexes

To date, all attempted linked diimido complexes have contained only one 
imido group at each metal centre. Other workers in our group have prepared a 
range of molybdenum(VI) bis(im ido) complexes using the methodology 
employed by, for example, Gibson^° and Schrock^\ The binding of two diimido 
groups to one metal centre makes the formation of chain molecules possible, 
where the c/j-arangement of the imido groups gives rise to stepped structures.
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Another possible advantage of this method was the potential formation of fully 
Tc-conjugated square. A number of elegant structures'^ have been reported with 

four bridging groups linking four metal centres and some have indicated a 
degree of communication between the metals at the corners.

n
N “ M —— M - N

N - M —— M ” N

M : Pt, Pd

(Other ligands omitted for clarity.)

S im p le  b is ( im id o ) co m p le xe s  are  f irs t  p re p a re d  as 
dichlorobis(imido)molybdenum(VI) dme adducts, which may then be further 
reacted to give dithiocarbamate or other chelated bisimido products. This 
straightforward route has been widely used in the preparation of complexes for 
catalytic studies^^. Trimethylsilylchloride, triethylamine and the required amine 
are added sequentially to a suspension of the molybdate salt in dme. After 
heating over a period of hours, the soluble dme adduct is fitered from the solid 
by-products. After purification this may then be converted to a bischelated 
product by stirring with the sodium or ammonium salt of the required ligand in 
diethyl ether.

NbjEMoO J
Cl

dme, 70 C

2RNH.

01

4 NEt3, 8 TMSCI
Mo

O I NR 
01

NR
I

Mo

O I ^  NR 
01

2 [NH4][S20NEt2]

diethyl ether 
rt, 24hr

R
N NR
11^

/ S —  Mo — si/w
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Using this reaction, Gibson^^ has characterised a bis(diimido) dimolybdenum 
complex using the non-rigid methylene dianiline as the amine precursor. Each 
diimido ligand bridges between the two bis(imido) metal centres.

R: 'Pr

On adding phenylenediamine to a suspension of the other reactants 
described above the mixture became progressively redder, as expected for 
imido formation. This behaviour was seen at room temperature, but even when 
the reaction mixture was not subsequently heated to reflux, as is normal, no 
soluble products could be extracted. It was surmised that the reaction had 
proceeded as intended but that oligomeric materials had resulted by the linking 
of a number of metal centres yielding relatively high molecular mass, insoluble 
products. This was unfortunate as it implied that any square or lengthy 
molecules produced by this system could not be readily handled in solution. 
Methyl substituted phenylene diamines were used in an attempt to overcome 
this problem but no significantly greater solubility was seen.

However, no dimolybdenum complex comparable to Gibson’s example 
above can be envisaged using phenylenediamine. Reactions were also tried 
using a mixture of amines, {e.g. one equivalent of phenylenediamine to two 
equivalents of sodium molybdate and 'propylamine), so that molecules 
containing two bis(imido) units linked by one phenylene diimido bridge could 
be formed.

N8 2 [Mo0 4 ] + 'PrNHg 
+

H,N NH,

'Pr
N
II

Mo = n - < ^ > - n  =

'Pr
N
II

Mo

In such reactions the formation of, presumably oligomeric, insoluble species
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appeared to be favoured over the desired mixed imido ligand compounds and 
only the bis('propylimido) complex was identified in solution.

Gibson et have described imido ligand exchange reactions 
between both like and different metal centres upon reaction with free amines.

BuO /  
*BuO

Cp
I
Nb

RN

N*Bu RN ^
Mo

O^Bu

O'Bu

*BuO /  
*BuO

Cp
I
Nb

RN

NR *BuN

^  0*Bu 
. Mo ^ , 

^ 0 *B u

Exchange also occurs with bis(imido) dme adducts or tetrahedral bis(imido) 
bis(alkoxide) complexes of group 6 metals.

R'N  ̂ R"N
^  0*Bu 

Mo ^ . + Mo
O ^ 0*Bu 

R'N R"N

0*Bu

0*Bu

R'N
^  0*Bu 

Mo ^ .
^  ^ 0*Bu

R'N

Mixed imido systems may result or complete exchange may be observed, 
particularly with ^butylimido complexes. To attempt the introduction of just one 
phenylenediimido unit at each metal centre by exchange of other imido groups 
[M o (N tB u )2 C l2 (dme)] ( 4 a a ) ,  [M o (2 ,6 -N 'P r2C eH 3 )2 C l2 (dme)] ( 4 b b ) ,

[Mo(N'Bu)2(O^Bu)2] (4cc) and [Mo(2,6-N'Pr2C6H3)2(O^Bu)2] (4dd) were prepared 
by the literature methods^^. The general method of preparation of bis(imido) 
complexes was followed as described above.

NagEMoOJ

+
2 RNH2

dme, 70"C

4 NEts, 8 TMSCI

R : *Bu or 2 ,6 -'PrC6H3

01 NR

Mo 
y  I

O  I NR 
01

4aa /  4bb

The bis(alkoxide) bis(imido) complexes 4cc and 4dd were synthesised in 
good yie ld upon treatm ent of [M o(N ^Bu)2 C l2 (dm e)] and [M o(2,6 - 
N'Pr2C6H3)2Cl2(dme)] respectively with two equivalents of KO^Bu.

96



o ?' NR RN
I KO^Bu ^  0*BU

^  0*Bu
O ^  I ^ N R  RN

Cl
R : *Bu or 2 ,6 -'PrC6H3 

4aa /  4bb 4cc / 4dd

Although the dme complexes generally require heating to around 70°C for 
imido exchange to occur, when phenylenediamine was added to benzene 
solutions of both the dme adducts and the alkoxide compounds, immediate 
precipitation of a black insoluble material was observed together with the 
liberation of free 'butylamine or 2 ,6 -di'propylaniline as identified by the nmr 
spectrum. The presence of these free amines clearly indicates that the intended 
reaction had occurred, but the intractable nature of these materials precluded 
further study. No meaningful ir or mass spectral data were obtained to elucidate 
the number of metal centres in each molecule and it is suggested that these 
proposed diim ido systems are oligomeric. Chisholm et found that 
bis(imido) complexes of the type [Mo(NR)2(O^Bu)2], (R: Ph, tolyl), prepared from 
M o2 (0 'Bu)e and RN3 are monomeric in solution but exist as imido-bridged 
dimers in the solid state.

In addition, three chelating compounds were synthesised; viz: the 

know n [M o (S 2 C N E t 2 ) 2 (N ^ B u )2 ] (4 ee ) and the new com pounds 
[Mo(S2PPh2)2(N^Bu)2] (4ff) and [Mo(S2PPh2)2(2 ,6 -NC6H3'Pr)2] (4gg).

Cl

^  I ^  diethyl ether

O I N*Bu rt, 24hr
01

, S —  Mo — S

4aa 4ee

For these dithiocarbamate and dithiophosphinate complexes the bisimido dme 
adduct was first prepared and the introduction of the desired chelating ligands 
effected by stirring with the sodium or ammonium salt of the required ligand in 
diethyl ether overnight.
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R
iNtt N

I ZNaESzPPhg] \ \ / /
9' . NR N NR

Mo^  I ^  diethyl ether ^ ^  S
O 1 NR rt, 24hr PhgP ^  ppu,Q| o  s  — KKhg

R:^Buor2,6-’PrCeH3 4 ff /4 g g

They were readily characterised showing straightforward and 3 ip nmr 
spectra and clear fragmentation in the mass spectra. For example, the nmr 
spectrum of 4 ff shows a peak at 1.17 ppm assigned to the ^butyl protons and 
multiplets at 7.43 and 7.96 ppm arising from the phosphine protons.

A number of other reactions were attempted probing the behaviour of the 
[Mo0 2 (S2CNEt2)2] compounds with isocyanates and amines but inseparable 
mixtures of products were obtained. These reactions were repeated using the 
dithiophosphinate complexes but the nmr spectra merely confirmed the 
complexity of the mixture generated. No clear evidence for the formation of rings 
or squares, as a result of bis(diimido) formation at the metal centres, was seen.

This chapter describes the successful synthesis of a range of monoimido 
molybdenum complexes. The formation of diimido species was not generally 
observed due to the deactivation of the second amine towards deprotonation 
and reaction with second metal centre. This deactivation provides evidence of 
the existence of the strong Ti-conjugation through the phenylimido group as a 

result of binding to the high-valent metal centre.
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CHAPTER FOUR: 

RHENIUM COMPLEXES AND COUPLING REACTIONS

4.1 Results and Discussion

Having established synthetic routes to tungsten diim ido and 
molybdenum monoimido systems, we were interested in binding a third type of 
metal centre to the bridging ligands prepared. Maatta^ has demonstrated the 
utility of phosphorimines in achieving diimido linkages between rhenium 
centres through an organic bridge, but the same rhenium complex he 

employed, namely [ReOCl3(PPh3)2], has been known to react in a similar 
manner with anilines^ for some time.

2 ReOCl3(PPh3)2

P h 3 P N ^  NPPh3

01—Re=N N=Re-CI

P: PPhs

Much of the early work in ascertaining the nature of the imido moiety was 
carried out on rhenium complexes by Chatt^ and others. More recently these 
high-valent rhenium compounds containing imido groups have been the 
subject of further study^ because of interest in their physico-chemical properties 
and reactivity patterns. The reaction of oxotrichlororhenium(V) complexes with 
anilines is thus still widely employed^, although an excess of amine, high 
temperatures and long reaction times are sometimes required®. The monoimido 
chlorophosphine complexes are often green, like the precursor oxo complex, 
but the diimido product reported by Maatta is brown and only marginally soluble 
in organic solvents.

Our aim was to react a number of the diamines prepared with 
[ReOCl3(PPh3)2] to generate a third series of diimido complexes. The rhenium 
complex was straightforwardly prepared from the metal by the literature 
procedure^. Hydrogen peroxide was added to the metal to form HRe0 4 . It was 
found to be important to reduce the volume considerably before adding 
concentrated hydrochloric acid and excess triphenylphosphine. The green 
product exhibited a Re=0 band in the ir spectrum at 968 cm'^ and a single peak 
in the ®V nmr spectrum at 19.6 ppm.
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î  ^CI

HRe04 — Ü 5L- C l - R e - O
a c e to n e  |

P : PPhs

The diimido complex [{ReCl3(PPh3)2}2(NC6H4N)], 5a, was successfully 
prepared by heating two equivalents of [ReOCl3(PPh3)2] with phenylene diamine 
and triphenylphosphine in toluene. After three hours the product was isolated 
as an air-stable brown solid. This was identified as being identical to the 
reported compound, possessing a singlet in the nmr spectrum at 6.52 ppm 
attributed to the four equivalent phenylene protons. A single peak was seen in 
the nmr spectrum at 20.6 ppm. The mass spectrum was poor but gave a 
reasonable fragmentation pattern showing sequential loss of chlorine and 
phosphine.

Î—0 + HoN— ( (  I )— NHo ►Cl Re—N ( (  ) )  N—Re-CI2 Cl— Re—O +H 2 N— ((  ) ) — NH2  XV y/
cî  ^— ' c f  ^—  cî  p

P : PPh3 ^  5  a

The product was found to be difficult to dissolve even in chlorinated 
hydrocarbon solvents, dim ethylform am ide and dim ethylsu lfoxide. This 
precluded effective purification or crystallisation, although extensive washing 
removed excess diamine and triphenylphosphine oxide. While the complex was 
obtained in moderate yield, there is an intrinsic problem in improving the yield 
of these reactions of rhenium with diamines. Where other workers have 
generated monoimido species, excess amine may be used as noted above. 
However, the use of excess diamine leads to the possibility of each molecule of 
the rhenium precursor complex only reacting with one diamine forming 
monoimido complexes. This was initially thought to be the case when 
tetramethylphenylene diamine (1e) was reacted in the same way in the hope of 
giving a more soluble product. The reaction of the rhenium complex with the 
diamine gave a less soluble brown product which was clearly shown by the 
clear fragmentation pattern of the mass spectrum to contain a species of the 
formulation required for a monoimido complex. T h e ^V  nmr of both this product 
5e and the 2,3-dimethylphenylene derivative 5c (from a similar reaction with 
the diamine 1c) possessed only one peak indicating a single product and the 
mass spectrum of 5c shows the anticipated fragmentation of a diimido complex. 
This fragmentation includes a strong peak at 915 which in the absence of
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higher peaks could be assigned to chloride loss from a monoimido complex. 
The lack of high molecular weight fragments in the spectrum of 5e may thus be 
a consequence of the technique employed.

QR e = 0  + H2 N - R e = N - - / ( ^ W2 Cl

P : PPhs 5 0

It should be remembered that samples are dissolved before injection into the 
apparatus and species which are more soluble would thus be expected to be 
seen more clearly. Additionally, these rhenium compounds do not in general 
volatilise well in the mass spectrometer and the large molecular weight of the 
diimido complex would compound this problem. The nmr exhibits single 
peaks as before but no meaningful nmr spectra were obtained due to the 
poor solubility of the complexes compared with residual phosphine and 
phosphine oxide. Since there is no apparent reason for the marginal solubility 
of a hypothetical monoimido rhenium(V) complex, it is proposed that the colour 
and insoluble nature of the product, coupled with the absence of Re=0 
stretches in the ir spectrum indicate the formation of a diimido complexes 5c 
and 5e in a similar fashion to 5a. The reaction was also attempted using 
dimethoxybiphenylene diamine (1g) but thermolysis of the diamine appeared to 
occur as the reaction proceeded and a dark insoluble oily solid was obtained. 
This was also observed when xylene was used as a solvent in a number of 
other reactions.

With these three successful reactions, loss of the Re=0 stretch was seen 
in the ir spectrum and a peak corresponding to triphenylphosphine oxide at 28 
ppm was observed in the nmr spectrum of the reaction mixture. This 
unequivocally demonstrates the cleavage of the rhenium-oxygen double bond, 
leading to the formation of the strong P=0 bond, and the preparation of 5a 
shows that the intended reaction indeed occurs. The structure proposed by 
Maatta is consistent with the spectroscopic data and is supported by the already 
established metal coordination environments^®of the three monoimido 
complexes shown:

p

C I - R i ^ R
Y  I R: Ph, toi, C6H 4(O M e)

Cl p
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The second amine was thus not deactivated towards imido formation, as was 
seen with the molybdenum(Vi) system, and in spite of the lack of spectroscopic 
evidence for the formation of a diimido complex of the tetramethylphenylene 
derivative this is the proposed product. The lack of deactivation of the second 
amine is ascribed to the less electron-deficient rhenium(V) centre, which does 
not induce such extensive delocalisation of the amine lone-pair into the 
conjugated E-system thus rendering it unreactive. The insolubility of these 

complexes is clearly a stumbling block to their purification and additionally 
makes them unattractive for both electrochemical experiments.

It was, however, possible to isolate a monoimido rhenium(V) complex in 
good y ie ld , nam ely the p a r a - i o d o p h e n y l i m i d o  d e r i v a t i v e  
[R eC l3 (PPh3)2 (NC 6H4 l)], 5t, as a green toluene soluble material mildly air- 
sensitive in solution. A threefold excess of p-iodoaniline was used and the 
reaction carried out in toluene. Two doublets assigned to the phenylene 
resonances are observed at 6.48 and 7.13 ppm in the^H nmr spectrum. The 
mass spectrum shows a parent ion peak at 1034 units and a diagnostic 
fragmentation pattern showing sequential loss of chlorine and phosphine. The 
structure is proposed to be similar to those of the para-arylim idorhenium (V) 
complexes established (vide supra). This complex, 5t, is the third p a ra -  
iodophenylimido prepared in the course of this work.

C l— R é=N01— Re—O + HoN
c r i

4.2 New S yn th e tic  S tra tegy

Thus far, the synthetic strategy for the formation of complexes where 
metal centres are linked by a highly E-conjugated organic bridge has been to 

preform the bridging group and then react the terminal functional groups, be 
they isocyanate or amine, with the metal centre to generate the imido linkage(s). 
This approach is summarised diagramatically below, (A).
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LnM + N ~  2 ^  N + U M

. n M = N   N L„M

B

LnM: N N = M L ,

One drawback of this method is the reliance on the availability of the requisite 
organic precursors. The synthesis of such compounds, where necessary, 
involving additional preparative steps and limiting the overall applicability of the 
method. An alternative synthetic strategy involves the formation of carbon- 
carbon bonds to link a variety of metal imido fragments, (B). Such bond 
formation is extensively employed in organic chemistry and requires the 
preparation of a number of metal imido compounds with suitable p a ra -  
substituents.

4.3 C oup ling  R eactions

Cu /  dmf

- 2Cul

The coupling of aryl-halides has been long established as an effective 
procedure based on the Ullman® coupling reaction, lodo and bromoaryl 
compounds have been found to give the highest yields and a wide range of 
preparative conditions have been used^°.

N iC l2(bpy)

PbB r2 /  AI
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This approach was also felt to potentially facilitate the formation of asymmetric 
diimido complexes by using different mononuclear fragments.

L '„ M '= N ----- ( +  j-----N = M "L "n

The pam-iodophenylim ido complexes [WCl2(PMePh2)2(CO)(p-NC6H4 l)], 
3t, and [MoCl2(S2CNEt2)2(p-NC6H4 l)], 4t, were used as they had been prepared 
in high yields as described earlier and were not anticipated to form dinuclear 
complexes with which solubility problems might be encountered. Using the 
standard Ullman coupling conditions, 3t was dissolved in dimethylformamide 
(dmf) and treated with activated elemental copper at elevated temperatures. 
The solution darkened and brown intractable sticky oils were generated which 
could be washed off the copper iodide formed. The nmr spectra indicated the 
presence of unreacted 3t, but the ^̂ P nmr spectra showed other small peaks 
within 5 ppm of that of the main species. While interpretation of mass spectra 
are to be related to stable species with caution, this technique was found to be 
the most useful probe of these reactions. Peaks at around 1565 and 1170 can 
only be interpreted as corresponding to ditungsten systems. The ir spectra 
indicated the absence of carbonyl ligation and although the peaks seen could 
be assigned to bis(phosphine)trichlorotungsten(V) species, oxidation would 
appear unlikely under the reducing conditions employed. The available data 
thus point to the form ation of coupled com plexes of the type 
[{WCl2(PMePh2)3}2(NC6H4C6H4N}] in low yield, although it should be noted that 
this assignment is very tentative. The use of pyridine as a solvent at lower 
temperatures gave similar results but with retention of the carbonyl group. Again 
the mass spectrum showed peaks corresponding to sequential loss of chloride 
and phosphine.

^  Cu /  dmf
I ..'C l

C 1 ~ ^ W = N — I dark red solution

C C  ^  Cu /  pyridine

The molybdenum complex, 4t, was treated in the same way. The bright yellow 
complex was dissolved in dmf on heating to give red solutions, which again 
gave oily solids on attempted removal of the solvent. Reactions were also tried 
using pyridine, but this was found to form an adduct with the complex; e.g. with 
[MoOCl2(S2CNEt2)2] a complex identified by nmr and mass spectrometry as 
[MoOCI(S2CNEt2)(py)] was generated. The mass spectrum strongly indicates
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the formation of monoimido species, where cleavage has occurred at the 
second metal centre leaving a pendant amine functionality. Although the yields 
in the molybdenum coupling reactions seemed to be higher, no single product 
could be isolated. Comparison of the molecular envelopes of peaks assigned to 
species such as [MoCl2 (S2C N Et2)3 (NG 6H4G6H4NH 2)] lends support to this 
proposition. Reactions between 4t and iodoaniline gave rise to similar spectra.

2 Cl Mo— N

C u /d m f
M o=N NH

1 hr
Cl

Notwithstanding the lack of well characterised products, coupling 
reactions were also attempted between the iodophenylimido complexes and 
^a ra -d uo dob enzene . These reactions should in princip le yield the 
terphenylene complexes 3i and 41 described earlier. With tungsten, peaks were 
indeed seen in the mass spectrum which would support the formation of a 
terphenylene ditungsten species and fragmentation thereof, but the^H a n d ^V  
nmr spectra indicated a number of other compounds in the reaction mixture 
which could not be extracted. The reaction of IG6H 4 I with 4t surprisingly 
exhibited a peak at 1116 units implying a terphenylene dimolybdenum species, 
(after loss of two chlorides). There were also peaks similar to those observed 
before corresponding to monoimido species.

These studies highlight the difference in reactivity between free aryl 
iodides and those bound to high-valent metal centres. A preliminary cyclic 
voltammametric study of 4t indicated that an irreversible reduction occurs at a 
value similar to the copper(0)-copper(l) couple, (Epc = 0.7 V), which implies that 
a reductive process could occur in competition with the coupling reaction. Since 
the conditions employed in the coupling of alkynes with aryl halides^ ̂  are often 
less severe, being less reducing and proceeding at lower temperatures, the 
coupling of 3t with phenylacetylene was attempted under the conditions used in 
Ghapter Two. Yellow solids were isolated but shown to exhibit numerous peaks
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in the phenylene region of the nmr spectrum and the products were 
inseparable.

A final attempt was made to form ring compounds. The preparation of 
bis(imido) molybdenum complexes from Na2Mo0 4  and primary amines was 
discussed in the previous Chapter. Two such complexes exhibiting bromides in 
a para-configuration to the imido bond were prepared in high yield, i.e. 
[MoCl2(NC6H2-2 ,5 -Me2Br)2(dme)] (4hh) and [Mo(S2CNEt2)(NC6H2-2 ,5 -Me2Br)2] 
(4ii).

Br

)

dme, 70°C, 18h
Mo

NEts /  8 TMSCI

Br4 h h

2[NH4][S2CNEt2]

diethyl ether 

r.t., 24h

411

Both brown compounds were characterised by^H nmr and ir spectroscopy and 
the latter by elemental analysis. The orf/70-methyl groups ensure a linear-linear 
arrangement of the imido ligands. The angle at the metal in these complexes 
has been shown to be around 1 0 0 ° and this would enable them to form the 
corner of a square or other larger system.
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N = M oM o=N

M o =N N = M o

On reacting [Mo(S2CNEt2)(NC6H2-2 ,5 -M0 2 Br)2] with activated copper in dmf a 
new minor species was formed as indicated by the doubling of the resonances 
in the^H nmr spectrum. Regrettably separation of the complexes could not be 
achieved, and the reaction did not proceed to completion.

The coupling of organometallic acetylenic complexes has been reported 
by other w orkers^H ow ever, the systems employed are low-valent and thus the 
metal centre does not provide a second site for reaction by reduction. The clean 
coupling of high-valent metal centres is thus less straightforward and a more 
subtle synthetic strategy may be necessary to accomplish it successfully.
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CHAPTER FIVE: EXPERIMENTAL

5.1 General Experimental

All manipulations were carried out under an inert atmosphere of dinitrogen 
using standard vacuum line, Schlenk vessel and glove box techniques unless 
otherwise sta ted\ The glove box used was a Vacuum Atmospheres HE-493 box 
in which the atmosphere was continuously circulated through R311 catalyst and 
5 A  molecular sieves to remove oxygen and moisture. The atmosphere was 
monitored using a toluene solution of [(Cp2TiCl2)2Zn] which remained green in 
the absence of oxygen.

Solvents and other materials
All solvents apart from those used for crystallisations in air were stored over 
activated 4 A  molecular sieves or sodium films in ampoules having been 
distilled under dinitrogen from the drying agents as below and thoroughly 
degassed. Toluene was distilled from sodium, THF from potassium / 
benzophenone, diethyl ether, 40/60 petroleum ether, pentane and heptane from 
a 1:3 alloy of sodium / potassium, methanol and ethanol from calcined calcium 
oxide and dichloromethane from calcium hydride.
All of the phenylenediisocyanate and phenylenediamine compounds described 
are 1,4-phenylenediisocyanates and 1,4-phenylenediam ines, the p a ra - 
configuration is hereafter assumed (unless otherwise stated) and omitted for 
clarity. Phenylenediisocyanate and phenylenediam ine were purified by 
sublimation in vacuo using a tube furnace. Other diisocyanates and diamines 
were used as supplied by Aldrich, Lancaster and Carbolabs without further 
purification. Sodium amalgam was prepared as needed in the glove box, the 
oxidised surface of the alkali metal having been removed.

Electrochemistry
Cyclic voltammetric studies were undertaken in a dichloromethane solution of 
["B u 4 N ][B p 4] (0.5 M). The working electrode used was a platinum bead 
electrode, and a platinum rod auxiliary electrode and a platinum wire quasi
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reference electrode completed the cell. Oxidation and reduction potentials are 
quoted relative to £ 1/2 [(C5H5)2Fe]ô + = +0.46 V.

Chromatography
Chromatography columns, typically 40 cm x 3 cm^, were wet packed with 40/60 

petroleum ether using alumina deactivated by the addition of 6 % (w/w) distilled 
water as the stationary phase. The solution of the mixture to be separated was 
added to alumina (3-5 g) and the solvent removed under reduced pressure. The 
resulting solids were then deposited on top of the prepared column, covered 
with a shallow layer of sand and separation effected by elution with 
progressively more polar solvents. Anaerobic columns were prepared as above 
by passing 2-3 column lengths of degassed petroleum ether prior to using 
degassed solvents for subsequent elution.

Instrumentation 

Infrared Spectra
All infrared spectra were recorded between 4000 and 400 cm'^ on a Nicolet 205 
FTIR spectrometer. The solid state spectra were recorded as potassium bromide 
discs and the solution spectra using a cell fitted with calcium fluoride plates, 
subtraction of the solvent absorptions being achieved by computation. Data 
reported in c m '\

Nuclear Magnetic Resonance Spectra
All NMR spectra were recorded on Varian XL-200 (^H) or VXR-400 (^H, 
spectrometers at University College London and are internally referenced to 
residual chloroform in the case of and ^^0 , and externally referenced to 
(MeO)3P for Data given as ô x.xx (multiplicity, J, assignment).

Mass Spectra
The mass spectra were recorded on VG 7070 high resolution and VG Analytical 
ZAB2F mass spectrometers at University College London.

Microanalysis
Elemental analyses were performed by the staff of the analytical laboratory in 
this department. Elemental analytical data are presented as % found, (% 
calculated).
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5.2 Experimental for Chapter 2 - Synthesis of Amines 

Synthesis of p-Ethynylaniline (1q)^

Purification of /?-lodoaniline
P-lodoaniline (15.35 g) was dissolved in a minimium amount of ether and was 
poured onto a chromatography column packed with silica and a 4:1 ratio of 40 / 
60 petroleum / diethyl ether eluent with whch it was then eluted. A yellow and a 
colourless band were collected leaving pink and purple impurities behind. Both 
fractions were evaporated to dryness on a rotary evaporator. 7.68 g of yellow 
needles and 4.70 g of colourless needles were obtained and both were shown 
to be p-iodoaniline by comparison of the nmr spectra.

Protection of iodoaniline trifluoroacetic anhvdride (1y1
Yellow needles of p-iodoaniline (7.68 g, 0.035 mmol) were put into a one 
necked 250 cm^ round bottom flask which was then flushed with nitrogen from a 
balloon and dried thf (50 cm^) added with a syringe. The mixture was stirred 
under a slight pressure of nitrogen from filled balloon until all the solid had 
dissolved. Trifluoroacetic anhydride (14.73 g, 10 cm^, 0.07 mmol) was added 
dropwise via a syringe over 20 minutes in a fumehood. The reaction mixture 
was left stirring at room temperature overnight. The mixture was spotted on a tic 
plate and examined under a UV light to check that the reaction had gone to 
completion. The mixture was rotary evaporated until an off-white solid was 
obtained and washed with 2 x 1 2 0  cm^ of water and filtered and dried under 
vacuum overnight. The product (1y) was obtained as off-white flakes, 10.58 g 
(96 % yield). The melting point was 141.5-141.7°C as compared with 141- 
142°C reported in the literature.

nmr (C D C y ô (ppm): 7.34 (d, 7hh9 Hz, 2 H, Ar), 7.76 (d, 7hh9 Hz, 2 H, Ar), 7.84 

(bs, 1H, NH)

Synthesis of arylacetylene (1z) via the coupling of aryl iodide (1z) 
Dichlorobis(triphenylphosphine)palladium (0.15 g, 0.21 mmol) was weighed out 
in a glove box. N -(trifluoroacetyl)-4 -iodoaniline (27.92 g, 0.09 mol), 
triphenylphosphine (0.56 g, 2.14 mmol), copper(l)iodide (0.15 g, 0.79 mmol) 
and 2-methyl-3-butyn-2-ol (18.95 g, 0.2 mol) were placed into a two-necked 250 
cm^ round bottom flask with 150 cm^ of dried triethylamine. One of the necks 
was stoppered while the other was connected via  an air-condenser and a 
bubbler to a nitrogen-vacuum line. The reaction mixture was deaerated and
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stirred in an oil bath at 50°C under a nitrogen atmosphere. The palladium 
catalyst was then added. The reaction mixture was left stirring at 50°C for 20 
minutes under nitrogen and was refluxed for another 20 minutes. It was cooled 
to room temperature and a yellow solution with copious precipitate obtained. 75 
cm^ of diethylether was added to the mixture and the liquid was filtered off 
leaving a white residue behind. The solid was washed again with another 75 
cm^ of diethylether and the filtrates were combined and dried on a rotary 
evaporator. Since the product was fairly viscous, it was further dried under 
vacuum overnight. The product was crystallised from hot toluene and a yellow 
solid was obtained which was dissolved in 380-400 cm^ of dichloromethane. As 
the solid was not very soluble, the mixture was left stirring for 3 hours. The 
organic layer was then extracted with 3 x 120 cm^ of water. Dried MgS0 4  was 
added to the organic layer, the mixture was filtered and the filtrate was 
evaporated to dryness under vacuum. The yellow solid obtained, (1z), 13.08 g, 
(54% yield).

nmr (CDCI3) ô (ppm): 1.60 (s, 9H, tRu), 7.42 (d, 7hh9 Hz, 2 H, Ar), 7.53 (d, 7hh9 

Hz, 2H, Ar)

The deprotection of the acetylene and the amine (1q)
Potassium hydroxide pellets (7.60 g, 0.14 mol) and a magnetic stirrer bar were 
added to 150 cm^ of'PrO H in a flask connected to a water-condenser. The 
mixture was refluxed in an oil bath. 4-{N-(trifloroacetyl)anilin-4-yl}-2-methyl-3- 
butyn-2-ol (13.08 g, 0.05 mol) was added to the refluxing solution. The mixture 
continued to reflux for 2.5 hours. It was then cooled to room temperature and 
evacuated to dryness. The brown solid obtained was washed with 2 x 80 cm^ of 
cold hexane and was purified by flash chromatography. The column had an ice- 
cold water jacket and was packed with silica using CH2CI2 as the eluent. The 
brown solid was dissolved in CH2CI2 but was not very soluble and was stirred 
for (at least) 1 hour. The brown mixture was poured into the column and was 
eluted with CH2CI2 until the eluent was colourless. Yellow and an orange bands 
were collected separately and the solvent was pumped to dryness under 
vacuum. A fine yellow powder and a sticky orange solid were obtained. They 
were the same compound (as identified by ^H nmr) and were stored in the 
freezer. The product (1q) obtained weighed 3.00 g (51% yield).

Ir (KBr): 2098 (C=C), 3260, 3389, 3486 (NH) cm"'
'H  nmr (CDCI3) S (ppm): 2.95 (s, 1 H, CM), 3.79 (bs, 2 H, NH;), 6.60 (cI,7hh9 Hz , 

2 H, Ar), 7.30 (cI,/hh9 Hz, 2 H, Ar)
Mass Spectrum (E.I.): 117 (M^)
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Synthesis of diphenylacetylene diamine (11)

A similar method was followed using p-iodoaniline (0.78 g, 3.56 mmol), 
copper(l) iodide (0.01 g, 0.06 mmol), p-ethynylaniline (1q) (0.50 g, 4.27 mmol), 
dichlorobis(triphenylphosphine)palladium (0.05 g, 0.07 mmol) and 40 cm^ of 
dried trie thylam ine. The extract from the reaction was put onto a 
chromatography column that was packed with alumina and a 3:2 ratio 
hexane/benzene eluent. The column was first eluted with CH2CI2 to collect a 
pale yellow band, then it was eluted with acetone to collect a yellow band. The 
fractions were evaporated to dryness under reduced pressure and only the 
pale-yellow solid obtained was the expected product as identified by nmr. 
The product weighed 0.21 g (28% yield). The yellow powder was further 
recrystallised from hot benzene to afford yellow needles.

Ir (KBr): 3195, 3295, 3405 (NH) cm"'
'H  nmr (CDCI3) S (ppm): 3.78 (bs, 4M, NH;), 6.63 (d,7HH8 Hz, 4H, Ar), 7.31 (d,7HH 

8  Hz, 4M, Ar)
Elemental analysis (%): C: 79.80 (80.77); H: 5.75 (5.77); N: 13.06 (13.46)
Mass Spectrum (E.I.): 208 (M"̂ )

Synthesis of Triphenyldiacetylenediamine (1m)

When the same procedure was adopted for 1m using p-ethynylaniline (1q) 
(0.58 g, 4.96 mmol), 1,4 diiodobenzene (0.68 g, 2.06 mmol), copper(l) iodide 
(0.01 g, 0.06 mmol), dichlorobis(triphenylphosphine)palladium (0.058 g, 0.08 
mmol) and 40 cm^ of dried triethylamine; the product precipitated as a cream 
solid. This was redissolved and the orange extract was poured onto a 
chromatography column that was packed with alumina and 40 / 60 petroleum 
ether. The column was then eluted with CH2CI2 and the yellow band moved 
down the column very slowly. Acetone was therefore used to elute the column. 
The yellow fraction collected was evaporated to dryness under reduced 
pressure. The orange solid weighed 0.70 g (55 % yield). The orange solid was 
further recrystallised from hot benzene in a fumehood to afford orange needles.

Ir (KBr): 2206 (C=C), 3361 (NH) cm '
'H  nmr (C D C y 5 (ppm): 3.8 (br, 4H, NH;), 6.65 (d,7HH8 Hz, 4H, Ar), 7.35 (cI,7h h 8 

Hz, 4H, Ar), 7.45 (s, 4H, Ar)
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Elemental analysis (%): C: 85.12 (85.71); H: 5.65 (5.19); N: 6.82 (9.09) 
Mass Spectrum (E.I.): 308 (M'")

Attempted synthesis of diphenyldlyne diamine (In) '̂"*

A magnetic stirrer bar and some molecular sieves were put into a three necked 
250 cm^ round bottom flask connected to an oxygen cylinder, water condenser 
and dropping funnel. The flask was immersed in a 30-35°C water bath. Dried 
pyridine (50 cm^) was transferred into the flask in a fumehood and the CuCI 
(0.013 g, 0.13 mmol) was added at the same time. Oxygen was then bubbled 
into the solution at a reasonably rapid rate while stirring vigourously for 15 
minutes. P-Ethynylaniline (1q) (0.31 g, 2.65 mmol) was dissolved in dried 
pyridine (10 cm^) and was poured into the dropping funnel. This brown solution 
was added dropwise to the yellow solution in the flask. The reaction mixture 
was then left stirring at 30-35°C with oxygen bubbling through for six hours. The 
dark red solution was decanted and the reaction vessel was washed with dried 
pyridine. The combined filtrate was pumped to dryness under vacuum and the 
sticky brown solid was washed with water. The product obtained was an orange 
powder (0.42 g).

Ir (KBr): 2206, 2137, 2097 (C=C) cm ’

’ H nmr (CDCI3) 8  (ppm): 3.86 (bs, 4H, NHg), 6.60 (cI./hhS Hz, 4M, Ar), 7.25 (cI,/hh 
8  Hz, 4M, Ar)
Mass Spectrum (E.I.): 232 (M^)

Synthesis of diphenylacetylene amine (1r)^

P-lodoaniline (2.00 g, 9.13 mmol), copper(l) iodide (0.02 g, 0.09 mmol) and 
phenylacetylene (1.17 g, 0.011 mol) were placed in a schlenk tube. Dried 

triethylamine (40 cm^) was poured into the schlenk and the whole degassed. 
Dichlorobis(triphenylphosphine) palladium (0.128 g, 0.183 mmol) was added to 
the yellow solution and the reaction mixture was left stirring at room temperature 
overnight. The solvent was removed under reduced pressure after 16 hours and 
benzene ( 1 0 0  cm^) was used to extract the product from the yellow-brown solid. 
The orange liquid was put onto a chromatography column packed with alumina 
and a 1:1 ratio 40 / 60 petroleum ether / CH2CI2 eluent. The column was eluted 
with CH2CI2 and an orange solution was obtained. The solvent was evaporated 
to dryness under reduced pressure and a yellow-orange solid (1 r) was
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obtained which weighed 1.27 g (72% yield).

Ir (PhMe): 2 2 1 1  (CsC), 3381, 3476 (NH) cm"'

'H  nmr (CDCI3) (ppm): 3.82 (br, 2 H, NH2), 6.65 (cI,7hh8 Hz, 2 H, Ar), 7.34 (m, 5H, 

Ar), 7.50 (d,7HH 8  Hz, 2H, Ar)
Elemental Analysis (%): C: 86.75 (87.05); H: 5.63 (5.70); N: 7.16 (7.25)
Mass Spectrum (E.I.): 193 (M^)

5.3 Experimental for Chapter 2 - Synthesis of Isocyanates

Attempted preparation of biphenyl diisocyanate

In an 100 cm^ round bottomed flask, white biphenyl-4,4’-dicarboxylic acid (0.28 
g, 1.15 mmol) suspended in toluene (30 cm^) was treated with two equivalents 
of PO(N3)(OPh)2 (0.5 cm^, 0.64 g, 2.32 mmol) from a glass syringe. No evolution 
of gas was observed after five minutes and triethylamine (-0.33 cm^, 0.23 g, 
2.27 mmol) was added and reaction mixture heated to around 80°C over 2 0  

mins. Samples (0.5 cm^) were removed from the flask periodically during this 
time and the solution ir spectra recorded. After one hour at elevated 
temperature the suspension was allowed to cool, a last sample taken from 
which the solvent was removed under reduced pressure, the solution decanted 
and final ir spectra recorded. The last sample was submitted for mass spectral 
analysis and the absence of strong bands between 1800-2300 cm'^ noted.

Preparation of 3 ,3 -dim ethoxybipheny 1-4,4 '-d iisocyanate (3,3 - 
dianisidine-4,4’-diisocyanate) (2g)

Great caution was exercised when handling triphosgene in spite of its relatively 
low volatility. All manipulations, including weighing, were carried out in a well- 
ventilated fume-cupboard and exit gases from the reaction and work up were 
passed through a strong sodium hydroxide solution.

The procedure described by Eckert and Forster was adapted.^ Triphosgene, 
(0.20 g, 0.68 mmol) was swiftly added all at once to a reddish solution of 3,3’- 
dimethoxybiphenyl-4,4’-diamine (0.25 g, 1.03 mmol) in 1,2-dichlorobenzene 
(30 cm^). A reflux condenser with a bubbler fitted was attached to the flask and 
the solution became clearer and less red. A fter two minutes a dense
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suspension of bluish hue formed and the mixture was warmed to reflux over 40 
minutes. A colourless solution with some brown solid was seen after five 
minutes and after 90 minutes the reaction allowed to cool. A sample (1 cm®) was 
taken and after removal of the solvent under reduced pressure the ir spectrum 
recorded revealing an intense band at 2274 c m '\  The bulk solution was 
decanted from the small amount of solid and vigourously purged for one hour. 
The solvent was removed in vacuo by warming the flask in a water bath giving 
a solid white product, 3,3’-dimethoxybiphenyl-4,4’-diisocyanate (0.26 g), in 85% 
yield.

Ir (KBr): 2280 (N=C=0) cm’'
nmr (CDCI3), Ô (ppm): 3.99 (s, 6 H, MeO); 7.04 (m, 4H, Ar); 7.14 (m, 2 H, Ar)

Preparation of 2,3-dlmethyiphenylene-1,4-diisocyanate (2c)

The procedure described by Eckert and Forster was adapted. 2,3- 
Dimethylphenylene-1,4-diamine (0.25 g, 1.84 mmol) was dissolved in dried 1 ,2 - 
dichlorobenzene (30 cm®) forming a red solution. Upon the brisk addition of 
triphosgene, (0.36 g, 1.22 mmol) the solution became cloudy. A reflux 
condenser with T-joint bubbler fitted was attached to the round bottomed flask 
and on warming to a gentle reflux the solution became clearer and dark purple. 
After 20 minutes a yellowish solution with some flocculant brown solid was seen 
and after 30 minutes the reaction allowed to cool. The solution was vigourously 
purged with dinitrogen for 45 minutes then decanted from the small amount of 
solid. After washing with 1,2-dichlorobenzene (10 cm®) the solvent was 
removed under reduced pressure by warming the flask in a water bath (-40 °C). 

The solid white product, 2,3-dimethylphenylene-1,4-diisocyanate (0.15 g), was 
obtained by sublimation onto a cold finger (-0.05 mmHg) in 43% yield.

Ir (KBr): 2285 (N=C=0) cm’'
nmr (CDCI3), 8  (ppm): 2.25 (s, 6 H, Me); 6.91 (s, 2H, Ar)

Elemental Analysis (%): C: 63.74 (63.83); H: 4.27 (4.26); N: 14.51 (14.89)
Mass Spectrum (El), m/z: 188, (M ^; 173, (M^ - Me); 160, (M^ - CO); 146, (M^ - 
NOG); 132, (M+ - CO,Me)

Preparation of 2,5-dimethylphenyiene-1,4-diisocyanate (2d)

The procedure described immediately above for 2c was followed using 2,5-
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dimethylphenyIene-1,4-diamine (0.50 g, 3.97 mmol) in 1,2-dichlorobenzene (40 
cm^). The amine did not completely dissolve before the triphosgene (0.73 g, 
2.45 mmol) was added. The brilliant white product was sublimed from a green / 
brown sludge, 0.44 g (59% yield).

Ir (KBr): 2264 (N=C=0) cm '
nmr (CDCI3), Ô (ppm): 2.24 (s, 6 H, Me); 6 . 8 8  (s, 2H, Ar)

Elemental Analysis (%): C: 63.76 (63.83); H: 4.19 (4.26); N: 14.86 (14.89)
Mass Spectrum (El), m/z: 188 (M^); 173 (M^ - Me); 159 (M"" - CO); 146 (M^ - 

NOG); 133 (M+ - CO,Me)

Preparation of 2,3,5,6-tetramethylphenylene-1,4-diisocyanate (2e)

A similar method was followed with 2,3,5,6-tetramethylphenylene-1,4-diamine 
(0.5 g, 3.04 mmol) in 1,2-dichlorobenzene (30 cm^) and triphosgene (0.60 g,
2.03 mmol) yielding 0.50 g (75%) of white product.

Ir (KBr); 2285 (N=C=0) cm '
1H nmr (CDCI3), Ô (ppm): 2.26 (s, 12H, Me)

Elemental Analysis (%): 0: 66.57 (66.67); H: 5.54 (5.56); N: 12.91 (12.96)
Mass Spectrum (El), m/z: 216 (M+); 201 (M" - Me); 188 (M^ - CO); 174 (M^ - 
NCO)

Preparation of 3 ,3 ’,5 ,5 ’-tetram ethylbiphenylene-4,4’-diisocyanate  
(2f)

A similar method was followed with 3,3’,5,5’-tetramethylphenylene-4,4’-diamine 
(0.23 g, 0.96 mmol) in 1,2-dichlor 
0.64 mmol) yielding 0.25 g (90%).
(0.23 g, 0.96 mmol) in 1,2-dichlorobenzene (30 cm^) and triphosgene (0.19 g,

Ir (KBr): 2274 (N=C=0) cm '
'H  nmr (C D C y, 5 (ppm): 2.38 (s, 1 2 H, Me); 7.22 (s, 4H, Ar)

Elemental Analysis (%): C: 73.67 (74.00); H: 5.36 (5.48); N: 9.50 (9.59)
Mass Spectrum (El), m/z: 292 (M^); 277 (M" - Me); 264 (M^ - CO); 249 (M^ - 
CO,Me); 234 (M^ - C0,2Me)

Preparation of naphthalene-1,5-diisocyanate (2h)
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A similar procedure to that described for 2c above was used. Naphthalene-1,5- 
diamine (0.40 g, 2.53 mmol) in 1 ,2 -dichlorobenzene (40 cm^) was treated with 
triphosgene (0.50 g, 1.69 mmol) forming a pink/purple cloudy solution. After 
heating, filtering while still warm and removing the solvent under reduced 
pressure; the white product 0.12 g (23%) was sublimed with difficulty from an 

orange solid.

Ir (KBr): 2270 (N=C=0) cm '
nmr (CDCI3), Ô (ppm): 7.36 (d, /hh4  Hz, 2H, 4-Ar); 7.49 (t, 7hh8 Hz, 2H, 3-Ar); 

7.96 (d,/HH4Hz, 2 H, 2-Ar)
Elemental Analysis (%): C: 68.57 (67.02); H: 2.86 (2.68); N: 13.33 (12.87)
Mass Spectrum (El), m/z: 210 (M"); 182 (M^ - CO); 169 (M+ - NCO); 154 (M" - 
200); 140 (M+ - 2NC0)

Preparation of terphenyl-4,4’-diisocyanate (21)

A similar procedure was followed using terphenyl-4,4’-diamine (0.33 g, 1.27 
mmol) in 1,2 -dichlorobenzene (40 cm^). Some diissolution was observed 
forming a yellow ochre suspension. Triphosgene (0.25 g, 0.85 mmol) was 
added and the mixture became paler as it was warmed to approximately 160 °C 

for 180 minutes. The solution was decanted after cooling and the solvent 
removed in vacuo yielding 0.08 g (20%). Attempts were made to extract further 
product from the remaining grey solid (0.41 g) with hot toluene but with little 
success.

ir (KBr): 2265 (N=C=0) cm '
1H nmr (CDCI3), Ô (ppm): 7.26 (d, 7hh8 Hz , 4H, Ar); 7.58 (d, 7hh4 Hz , 4H, Ar); 

7.63 (s, 4H, Ar)
Mass Spectrum (El), m/z: 312 (M^); 283 (M^ - CO); 256 (M^ - 2C0); 228 (M^ - 
2NC0)

Preparation of diphenylmethylene-4,4'-diisocyanate (2j)

A sim ilar procedure to that described for 2c above was followed. 
D iphenylm ethylene-4,4 ’-diam ine (0.50 g, 2.53 mmol) in undried 1,2- 
dichlorobenzene (30 cm^) was treated with triphosgene (0.50 g, 1.69 mmol). 
After work up, the white product was isolated, 0.55 g (89%) and shown to be
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identical to a commercial sample.

Ir (KBr): 2240 (N=C=0) cm '
Mass Spectrum (El), m/z: 250 (M*); 2 2 2  (M'" - CO); 194 (M* - 2 0 0 ); 166 (M^ 

2NC0)

The synthesis of diphenylacetylene diisocyanate (21)

Diphenylacetylene diamine (11) (0.29 g, 1.39 mmol), dried triethylamine (0.42 g, 
4.16 mmol) and dried toluene (40 cm^) were warmed gently to help the diamine 
dissolve. Triphosgene (0.28 g, 0.94 mmol) was added as above. The obtained 
yellow solid weighed 0.16g (80% yield). The product was further purified by 
sublimation.

Ir (KBr): 2266 (N=G=0) cm '
'H  nmr (ODOy 8 (ppm): 7.07 (d, 7hh 8  Hz, 4M, 3-Ar), 7.47 (d, 7hh 8  Hz, 4H, 2-Ar) 

Mass Spectrum (E.I.): 260 (M'")

Synthesis of triphenyldiacetylene diisocyanate (2m)

Triphenyldiacetylene diamine (1m) (0.20 g, 0.65 mmol), dried triethylamine 
(0.59 g, 5.84 mmol) and dried toluene were warmed gently to assist in the 
dissolution of 1m. Triphosgene (0.13 g, 0.43 mmol) was added to the partially 
dissolved diamine and the reaction mixture was left refluxing for 2.5 hours 
under nitrogen. The obtained yellow solid weighed 0.04 g (17% yield).

Ir(KBr): 2293, 2285 cm""
nmr (CDCI3) ô (ppm): 7.11 (d, /h h 8  Hz, 4M, 3-Ar), 7.45 (d, 7hh8 Hz, 4H, 2 -Ar), 

7.51 (s, 4H, Ar)
Mass Spectrum (E.I.): 360 (M"̂ )

Synthesis of diphenylacetylene isocyanate (2r)

Phenylacetylene amine (Ir) (0.33 g, 1.71 mmol), dried triethylamine (0.52 g, 
5.13 mmol) and dried toluene (40 cm^) were placed in a small round bottom 
flask which was connected through an air-condenser to a bubbler. The solvent 
was deaerated and the vessel was filled with nitrogen. Triphosgene (0.17 g.
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0.57 mmol) was weighed out in a fumehood and was immediately added to the 
dissolved amine and the reaction mixture was left refluxing for 2  hours under 
nitrogen. The reaction mixture was then purged with nitrogen for an hour. It was 
then filtered and washed with toluene. The combined filtrates were evaporated 
to dryness under reduced pressure. The obtained orange-brown solid weighed 
0.29 g (77% yield). The product was further purified as a white powder by 
sublimation.

Ir (KBr): 2264 (NCO), 2324 (0=0) cm"' 

nmr (ODgOO) (ppm): 7,2-7.6 (m, 9H, Ar)
Mass Spectrum (E.I.): 219 (M"")

Preparation of azobenzene-4-isocyanate (2v)

A similar procedure to that described for 2c above was used. Azobenzene-4- 
amine (0.50 g, 2.54 mmol) in undried 1,2-dichlorobenzene (40 cm^) was treated 
with triphosgene (0.25 g, 0.85 mmol) giving rise, initially, to a deep red solution 
and then to a yellowish solution with black solids. The product was recovered 
by sublimation at around 100 °C as a bright orange solid, 0.45 g (80%).

Ir (KBr): 2244 (N=0=0) cm’'
1H nmr (ODOI3), 8  (ppm): 7.23 (d, 7hh4.5 Hz, 2 H, Ph); 7.52 (m, 3H, Ph); 7.92 (d, 

/hh4.5 Hz, 4H, Ph)
Elemental Analysis (%): 0 : 69.44 (70.00); H: 3.99 (4.04); N: 18.82 (18.83)
Mass Spectrum (El), m/z: 223 (M ^; 194 (M'" - 0 0 ); 180 (M* - NOG); 166 (M+ - 
200); 166 (M* - 2N 00); 146 (M* - Ph); 118 (M* - PhNN); 105 (M* - PhNOO)

Preparation of azobenzene-4,4’-diisocyanate (2w)

An identical procedure to that described immediately above for 2v was 
employed. Azobenzene-4,4’-diamine (0.30 g, 1.42 mmol) in undried 1 ,2 - 
dichlorobenzene (40 cm^) was treated with triphosgene (0.28 g, 0.94 mmol) 
yielding a deep orange product, 0.32 g (85%).

Ir (KBr); 2246 (N=0=0) cm"'
’ H nmr (ODOI3), 5 (ppm); 7.22 (d, 7hr4 Hz, 4H, Ph); 7.88 (d, 7hh4 Hz, 4H, Ph) 

Mass Spectrum (El), m/z: 264 (M ^; 236 (M* - 0 0 ); 2 2 2  (M+ - NOO); 208 (M* - 
200)
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Preparation of iodophenyl-4-isocyanate (2t)

4-lodoaniline (1.00 g, 4.57 mmol) dissolved in toluene (30 cm^) and 
triethylamine (1 cm^) was treated with a solution of phosgene in toluene (24 
cm^, 46 mmol) from a syringe. Some cloudiness was seen and the mixture was 
heated to reflux for 30 minutes. The solvent was removed under reduced 
pressure and the white product sublimed onto a cold finger, 0.62 g (55%).

Ir (KBr): 2258, 2283 (N=C=0) cm"'
'H  nmr (C D C y, 5 (ppm): 6.85 (d, / hh4 Hz , 2H, Ph); 7.64 (d, 7hh4 Hz , 2H, Ph) 

Mass Spectrum (El), m/z: 245 (M+); 118(M ^-1); 90 (M* -1 ,00)

Preparation of 2,6-dichlorophenylene-1,4-diisocyanate (2xx)

A sim ilar procedure to that described for 2c above was used. 2,6- 
dichlorophenylene-1,4-diamine (0.25 g, 1.41 mmol) in 1,2-dichlorobenzene (30 
cm^) was treated with triphosgene (0.28 g, 0.95 mmol) forming a dense 
precipitate in a red/purple solution. An orange product was isolated, 0.20 g 
(63%).

Ir (KBr): 2259 (N=C=0) cm '
nmr (CDCI3), ô (ppm): 7.61 (s, 2 H, Ar)

Mass Spectrum (El), m/z: 229 (M"); 201 (M^ - CO); 173 (M^ - 20 0 ); 144 (M^ - 
2NC0)

5.4 Experimental for Chapter 2 - Synthesis of Tungsten Complexes 

Preparation of [WCU]x

[WGIe] (21.4 g, 54.0 mmol) and [W(C0)6] (9.74 g, 27.7 mmol) were dissolved in 
chlorobenzene (220 cm^). The solution was stirred mechanically under reflux for 
16 hours. The mixture was filtered and the resultant solids washed with purified 
chlorobenzene (2 x 50 cm^) and hexane (4 x 50 cm^). The product was dried 
under vacuum for 18 hours. [WOUJx was isolated as a grey / green powder 
(25.48 g, 98.5%)
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Preparation of [WCl4(PM ePh2)2] I

Methyldiphenylphosphine (10.3 g, 51.4 mmol) was added to a stirred solution of 
[WCU]x (7.10 g, 2 1 . 8  mmol) in dichloromethane (70 cm^) at 0 °C. After stirring for 
2 0  hours and warming to room temperature, the volatiles were removed 
yielding a brown oil. The oil was washed with petroleum ether ( 2  x 100 cm^) 
and the resulting solid extracted with dichloromethane using a soxhlet. Removal 
of the solvent under reduced pressure gave an orange solid identified as the 
product by comparison of the nmr spectrum with literature values (5.57 g, 35 
%).

Preparation of [WCl4 (PMePh 2 )2 ] II

Methyldiphenylphosphine (6.4 g, 39 mmol) was dissolved in toluene (20 cm^) 
and added to a suspension of [WCUJx (5.0 g, 13 mmol) in toluene (100 cm^) held 
in a Schlenk-tube fitted with a reflux condenser. The reaction mixture was 
stirred magnetically and brought to reflux under nitrogen. Fast stirring enabled 
the dissipation of a viscous oil which formed after 20 minutes. After 4 hours the 
volume of the mixture was reduced and concentrated under reduced pressure 
to roughly 2 0  cm^ and the slurry filtered in air and washed with reagent grade 
acetone until the washings no longer ran green, ( 8  x 40 cm^) affording 6.3 g, 
(65%).

Preparation of [WCl2 (PMePh 2 )4 ]

Sodium amalgam (0.4%, 0.16 g, 7.0 mmol Na) was added to a suspension of 

methyldiphenylphosphine (1.4 g, 7.0 mmol) and [WCl4(PMePh2)2] (2.52 g, 3.47 
mmol) in toluene ( 1 0 0  cm^) and stirred vigorously overnight yielding a dark 
orange solution with brown solids. This was allowed to settle and the solution 
decanted and filtered through Celite (1 cm) on a frit with Schlenk-type 
attachments. The volume was reduced by half and petroleum ether (-10 cm^) 
added. Bright orange crystals were obtained after three hours at -5 C (1.4 g, 69 
%).
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Preparation of [{WCl2(C O )(P M eP h2)2}2(N C 6H4N)] (3a)^

Orange dichlorotetra(methyldiphenylphosphine)tungsten(VI) [WCl2(PMePh2)4] 
(2.00 g, 1.90 mmol) and phenylene-1,4-diisocyanate (0.15 g, 0.95 mmol) were 
weighed out and placed in a schlenk tube in a glove box. Toluene (30 cm^) was 
added via  a cannula and the reaction mixture stirred magnetically at room 
temperature for 3 hours. The initially orange solution progressively darkened to 
deep green/brown and the solids dissolved. The volume was reduced in vacuo 
and 40 /60 petroleum ether (30 cm^) added. Brown and green solids 
precipitated and the liquids were removed. After washing with 40 /60 petroleum 
ether (10 cm^) dichloromethane (5 cm^) was added to dissolve the solids as a 
dark green solution. This was layered with methanol (10 cm^) and the resulting 
green powder isolated by filtration. Yield: 1.50 g (93 %).

Ir (KBr): 1960vs (C=0), 455w, 504m, 693s, 742s, 846w, 890s, IIOOw, 1346w, 
1432m, 1438m, 1486m cm'^
1H nmr (CDCI3), ô (ppm): 2.31 (t, 7ph4 Hz, 1 2 H, PMePh2), 6.80 - 7.67 (m, 42H, 

NC6 H4 N, PMeP/?2)
■̂'P nmr (CDCI3), Ô (ppm): 2.3 (s, 7wp 292 Hz)

Mass Spectrum (FAB^,m-nitrobenzyl alcohol): 1442 (M^ - CO); 1414 (M^ - 2 0 0 )

Synthesis of [{WCl2 (CO)(PMePh 2 )2 } 2 ( 2 -NC 6 H3 MeN)] (3b)

This was prepared by a procedure similar to that employed for 3a, using 
[WCl2(PMePh2)4] (6 . 1 0  g, 1.16 mmol) and 2 -methylphenylene diisocyanate (0 .1  

g, 0.58 mmol) in toluene (35 cm^). Yield 0.73 g, (85 %). Crystals suitable for X- 
ray analysis were grown from dichloromethane / methanol mixtures.

Ir (KBr): 1968vs (C=0), 507m, 693s, 738m, 891s, 1098w, 1435s, 1483w cm'^
1H nmr (CDCI3), 6  (ppm): 2.29 (t. 7ph4 Hz , 1 2 H, MePh), 2.33 (t, /ph4 Hz , 3H, Me), 

5.74 (m, 1H, NCeHaMeN), 5.94 (d. 7hh4 Hz , 1H, NCgHaMeN), 6.14 (d, 7hh4 Hz , 

1H, NCsHslVleN), 6.96 (m, 6 H, MePh), 7.32 (m, 22H, MeP/i), 7.50 (m, 4H, MeP/?), 
7.60 (m, 4H, MePh), 7.76 (m, 4H, MeP/?)
13C nmr (CDCI3), 6 (ppm): 13.7 (t, Jpc 15 Hz, M eP h2 ), 18.6 (t, Jpc 15 Hz, 

/We),122.5 (s, Ph), 126.0 (m, Ph), 127.8 (m, Ph), 128.3 (m, Ph), 129.5 (s, Ph),
130.1 (m, Ph), 131.9 (t, 7hc 5 Hz, Ph), 132.1 (t, Jpc 5 Hz, Ph), 132.4 (t, 7hg 5 Hz, 
Ph), 133.4 (t, 7pc 5 Hz, Ph), 134.2 (m, Ph), 135.5 (m, Ph), 150.6 (s, NPh), 151.9 
(s, NPh), 239.4 (s, CO), 243.2 (s, CO)
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P nmr (CDCI3), Ô (ppm): 2.06 (s, /pw 290 Hz), 3.43 (s, 7pw 145 Hz).

Elemental Analysis (%): [W2C6iH58N2CU02P4.Me0H] C: 49.10 (49.08); H: 3.90 
(3.83); N: 1.86 (1.85)
Mass Spectrum (FAB''’ ,m-nitrobenzyl alcohol): 1455 (M'*' - CO), 1227 (M"^ - 0 0 , 
PMePhs), 1026 (IVI+ - CO, 2 PMePh2), 827 (M"^ - 0 0 , SPMePhg)

Synthesis of [{WCl2(CO)(PMePh2)2}2(2,3-NC6H2Me2N)] (3c)

So was synthesised, using [WCl2(PM ePh2)4] (0.12 g, 0.12 mmol) and 2,3- 
dimethylphenylene diisocyanate (0.011 g, 0.06 mmol) in toluene (30 cm^). Yield 
0.035 g, (40 %).

Ir (PhMe): 1965vs (0=0) cm '
m  nmr (CDCI3), 8  (ppm): 2.30 (t, / rh 4  Hz, 18H, NCeHzMezH, PMePh), 6.80 - 7.67 

(m, 42H, NC6/-/2Me2N, PMeP/7)
31P nmr (GDCI3), 5 (ppm): 2.3 (s, Jwp 292 Hz)

Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 1499 (M'*'), 1274 (M"*" - 0 0 , 
PMePhj), 1074 (M"'' - CO, 2 PMePh2), 1036 (M’'" - 2 0 0 , 2 PMePh2)

Synthesis of [{WCi2(C0)(PMePh2)2}2(2,5-NCgH2Me2N)] (3d)

3d was synthesised using [WCl2(PiViePh2)4 ] (0.45 g, 0.43 mmol) and 2,5- 
dlmethylphenylene dllsocyanate (0.04 g, 0.21 mmol) In toluene (25 cm^) Yield 
(0.23 g, 74 %).

Ir (KBr): 1954vs (0=0) cm '
'H  nmr (ODOI3), 8  (ppm): 2.28 (t, 7 rh4  Hz, 18H, N0 gH2Me2N,PMePh), 6 . 0 2  (s, 

2H, NOeH2Me2N), 7.06 (m, 12H, PUePh), 7.35 (m, 1 2 H, PMePh), 7.50 (m, 8 H, 
PMePh), 7.57 (m, 8 H, PMePh)
3'P  nmr (ODOI3), 8  (ppm): 2 . 2  (s, 7wp 292 Hz)

Mass Spectrum (FAB‘'',m-nltrobenzyl alcohol): 1470 (M'*’ - 0 0 ), 1242 (M"*" - 
2 0 0 , PMePh2), (M+ - 20 0 , 2 PMePh2), 842 (M+ - 2 0 0 , OPMePha)

Synthesis of [(WCi2(C0)(PiViePh2)2}2(2,3,5,6-NCgMe4N)] (3e)

3e was synthesised using [W0 l2 (P M e P h 2)4 ] (0.43 g, 0.40 mmol) and 2-
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methylphenylene diisocyanate (0.034 g, 0.20 mmol) in toluene (40 cm^). The 
reaction was carried out overnight until all traces of the isocyanate band in the ir 
spectrum had disappeared. Yield 0.20 g, ( 6 6  %).

Ir (PhMe): 1963vs; (KBr): 1956vs (C=0) cm'^
nmr (CDCI3), ô (ppm): 2.29 (t, 7ph4 Hz, 24H, NC6M64N,PMePh), 7.08 (m, 12H, 

PMePh), 7.34 (m, 12H, PMePh), 7.40 (m, 8 H, PMePh), 7.60 (m, 8 H, PMePh)
31P nmr (CDCI3), 6 (ppm): 2.8 (s, 7wp 292 Hz)

Mass Spectrum (FAB"'',m-nitrobenzyl alcohol): 1498 (M"^ - CO), 1270 (M"^ - 
2 0 0 , PMePhz), 1098 (M"  ̂- 0 0 , 2 PMePh2), 1070 (M+ - 2 0 0 , 2 PMePh2), 8 6 8  (M+ 

- 2 0 0 , 3PMePh2)

Synthesis of [{WCl2(CO)(PMePh2)2}2(3,3’,5,5’-N(C6H2Me2)(C6H2Me2)N 

)] (3f)

3f was synthesised using [WOl2(PMePh2)4] (0.43 g, 0.41 mmol) and 3,3’ ,5,5’- 
tetramethyldiphenylene diisocyanate (0.06 g, 0.21 mmol) in toluene (40 cm^) 
yielding the green product, (0.19 g), in 56 % yield.

Ir(KBr): 1953 (0=0) cm""
1H nmr (ODOI3), 8 (ppm): 2.31 (t, 7ph4 Hz , 24H, N0 6 H2Me2 PMePh2), 6.74 (m, 4H, 

NOeH2Me2), 7.08 (m, 12H, PMePh), 7.36 (m, 20H, PMePh), 7.69 (m, 8 H, PMePh) 
31P nmr (ODOI3), 8 (ppm): 2.2 (s, 7wp 293 Hz)

Elemental Analysis (%): [W2O70H68CI4O2N2P4.2 OH2OI2] 0 : 48.66 (48.76); H: 3.91 
(4.06); N: 1.52 (1.58)
Mass Spectrum (FAB"^,m-nitrobenzyl alcohol): 1574 (M'*' - 0 0 ), 1346 (M"*" - 
20 0 , PMePh2), 1146 (M"^ - 20 0 , 2PMePh2), 946 (M"  ̂- 2 0 0 , 3PMePh2), 672 (M+ 
- 200, 201, 4PMePh2)
Ph), 126.2 (s, Ph), 125.9 (m, Ph), 129.8 (m, Ph), 132.3 (t, 7hc 5 Hz, Ph), 133.1 (t, 

Jpc 5Hz, Ph), 134.6 (t, 7pc 21 Hz, Ph), 135.8 (t, 7pc 23 Hz, Ph), 155.5 (s, Ph),
241.2 (s, 0 0 ).

Synthesis of [{WCl2(CO)(PMePh2)2}2{3,3’-NC6H3(MeO)C6H3(MeO)N}] 
(3g)

3 ,3 ’-D im ethoxyd iphenylene d iisocyanate  (0.10 g, 0.33 mmol) and 
[WOl2(PMePh2)4] (0.71 g, 0.68 mmol) were loaded into a schlenk and toluene 
(30 cm^) added. A very deep green solution was formed and some green solid
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was observed to precipitate. The isolation of the product (0.48 g, 8 8  % yield) 
was effected as above and crystals suitable for X-ray diffraction studies 
identified.

Ir (KBr): 1975vs (C=0); 506m, 692s, 731 sh, 742m, 805m, 889s, 1021m, 1100 m, 
1241w, 1283w, 1392w, 1435s, 1483m, 1545w, 1591m cm'^
1H nmr (CDCI3), ô (ppm): 2.31 (t, 7ph4 Hz, 1 2 H, MePh), 3.56 (s, 6 H, MeO), 6.54 

(m, 6 H, NCeHa), 7.24 (m, 12H, MeP/?), 7.35 (m, 12H, MeP/?), 7.60 (m, 8 H, MeP/?), 
7.69 (m, 8 H, MeP/?)
13C nmr (CDCI3), 6  (ppm) 13.5 (t, Jpc 15.3 Hz, /WePhg), 54.5 (s, MeO), 125.1 (s, 

Ph), 126.2 (s, Ph), 125.9 (m, Ph), 129.8 (m, Ph), 132.3 (t, 7hc 5 Hz, Ph), 133.1 (t, 
Jpc 5Hz, Ph), 134.6 (t, Jpc 21 Hz, Ph), 135.8 (t, Jpc 23 Hz, Ph), 155.5 (s, Ph),
241.2 (s, CO)

P nmr (CDCI3), 5 (ppm): 3.2 (s, /wp 292 Hz)

Elemental Analysis (%): 0 : 50.87 (50.81); H: 4.18 (3.99); N: 1.85 (1.74).
Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 1578 (M"^ - 0 0 ), 1378 (M"^ - 0 0 , 
PMePhs), 1348 (M+ - CO, MeO, PMePhg), 1150 (M+ - 2 0 0 , aPMePhj), 950 (M’̂  - 
20 0 , SPMePhz)

Synthesis of [{WCl2(CO)(PMePh2)2}2{1,5-N(CioHe)N}] (3h)

1,5-naphthalene diisocyanate (0.025 g, 0.12 mmol) and [W0 l2(PMePh2)4] (0.025 
g, 0.024 mmol) were reacted in toluene (20 cm^) as described above. Isolation 
of the product free of phosphine was accomplished by two recrystallisations 
from MeOH / OH2OI2. Recovered yield, 0.10 g, 55 %.

Ir (KBr): 1964(0=0) cm"'
'H  nmr (ODOI3), 8  (ppm): 2.31 (t, /p h 4  Hz, 6 H, PMePh), 6.94 - 7.83 (m, 46H, 

Oioffst PMePh, OioPfi)
3ip nmr (ODOy, 8  (ppm): 3.0 (s, 7wp 292 Hz)

Elemental Analysis (%): [W2O64H58N2OI4O2P4 O.5 OH2OI2] 0 : 49.22 (49.54); H: 
3.83 (3.78); N; 1.76 (1.79)
Mass Spectrum (FAB"'",m-nitrobenzyl alcohol); 1492 (M"*" - 0 0 ), 1262 (M"*" - 

2 0 0 , PMePh2), 1092 (M"'" - 2 0 0 , PMePh;), 1065 (M"'" - 2 0 0 , 2PMePh;)

Synthesis of [{WCl2(C0)(PMePh2)2}2{N(CeH4)3N}] (31)

31 was synthesised using [W0 l2 (P M e P h 2)4 ] (0.41 g, 0.39 mmol) and
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terphenylene diisocyanate (0.06 g, 0.19 mmol) in toluene (30 cm®). Some green 
product precipitated from solution and the combined solids yielded 0.25 g of the 

product, (80 %).

ir(KBr): 1954 (0=0) cm"'
'H  nmr (CDCis), 5 (ppm): 2.34 (t, 7 rh4  Hz, 6 H, PMePh), 6.51 (d, 7hh4 Hz, 4H, 

NG6H4N), 7.17 (d, 7hh4 Hz, 4H, NCsH^N), 7.31 (m, H, PMePh), 7.38 (m, H, 
PMePh), 7.50 (s, 4H, NCgH,N), 7.61 (m, H, PMePh), 7.78 (m, H, PMePh)
'3Q nmr (CDCig), § (ppm): 13.6 (t, 7pc 15.3 Hz, MePhg), 125.6 (m, Ph), 126.6 (m, 

Ph), 127.2 (s, Ph), 128.3 (m, Ph). 130.0 (m, Ph), 132.2 (t, 7hc 5 Hz, Ph), 133.2 (t, 
Jpc 5Hz, Ph), 134.2 (m, Ph), 135.5 (m, Ph), 137.8 (s, Ph), 139.2 (s, Ph), 153.9 (s, 
Ph), 240.2 (s, 0 0 )
3'P nmr (ODOig), 5 (ppm): 3.1 (s, 7wp 292 Hz)
Elemental Analysis (%): 0 : 50.77 (53.27); H: 3.73 (3.95); N: 1.70 (1.73).
Mass Spectrum (FAB'*’ ,m-nltrobenzyl alcohol): 1594 (M'*' - 0 0 ), 1366 (M'*’ - 
20 0 , PMePhz), 1165 (M+ - 2 0 0 , 2 PMePh2), 965 (M+ - 2 0 0 , 3PMePhz)

Synthesis of [{WCl2 (CO)(PMePh 2 )2 }2 {(NC 6 H4 )CH 2 (C 6 H 4 N)}] (3j)

The procedure established for dimido preparations was used as above. 4,4’- 
Methylenediphenyiene diisocyanate (0.03 g, 0.12 mmol) and [W0 l2(PMePh2)4] 
(0.25 g, 0.24 mmol) were reacted in toluene (20 cm®) to give the product as a 
pink crystalline soiid in 85 % yield, (0.16 g).

Ir (KBr): 1962(0=0) cm"’
'H  nmr (ODOI3), 5 (ppm): 2.31 (t, 7ph4 Hz, 6 H, PMePh), 3.57 (s, OHg), 6.35 (d, 7hh 

4 Hz, 4H, NO6H4), 6.58 (d, 7hh4 Hz, 4H, NO6H4N), 7.22 (m, 12H, PMePh), 7.34 
(m, 12H, PMePh), 7.56 (m, 8 H, PMePh), 7.72 (m, 8 H, PMePh)
« 0  nmr (ODOI3), 6  (ppm):13.5 (t, 7pc 15 Hz, PMePhg), 41.4 (s, OH;), 125.1 (s, Ph), 128 

, Ph), 240.2 (s, 0 0 )
3'P nmr (ODOI3), 5 (ppm): 3.2 (s, 7wp 292 Hz)

Elemental Analysis (%): 0 : 51.60 (51.54); H: 4.16 (3.97); N; 1.86 (1.80)
Mass Spectrum (FAB'"',m-nitrobenzyl alcohol); 1532 (M"*" - OO), 1332 (M'*' - 0 0 , 

PMePh;), 1304 (M+ - 2 0 0 , PMePh;), 1104 (M+ - 2 0 0 , 2 PMePh;), 904 (M+ - 
2 0 0 , 3PMePh;)

Synthesis of [{WCl2 (CO)(PMePh 2 )2 }2 {(NC 6 Hio)CH2 (C 6 HioN)}] (3k)
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The procedure employed was that described immediately above. 4,4'- 

Methylenedicyclohexyl diisocyanate (0.04 g, 0.15 mmol) and [WCl2(PMePh2)4] 
(0.32 g, 0.31 mmol) were reacted in toluene (20 cm^) to give the product as a 
pink powder in 90 % yield, (0.21 g).

Ir(KBr): 1961 (C=0) cm"'
m  nmr (C D C y, 5 (ppm): 0.52 (m, 4H, NCeHio), 0.84 (m, 8 H, NCgHio), 1 . 2 0  (m, 

8 H, NCeHio), 2.31 (t, 7rh4 Hz, 12H, PMePh), 3.46 (q, 7hh8 Hz, 2H, CHj), 7.38 (m, 
24H, PMePh), 7.60 (m, 8 H, PMePh), 7.88 (m, 8 H, MePh).
31P nmr (CDCy, ô (ppm): 3.2 (s, 7wp 292 Hz)

Elemental Analysis (%): C: 50.59 (51.15); H: 4.63 (4.71); N: 1.76 (1.78)
Mass Spectrum (FAB‘‘',m-nitrobenzyl alcohol): 1543 (M"^ - CO), 1344 (M"^ - CO, 
PMePhg), 1308 (M+ - 20 0 , PMePhj), 1144 (M+ - 0 0 , 2 PMePh2)

S yn thes is  o f [{W C l2(C O )(P M eP h 2)2} 2{N (C 6 H4)C =C(C 6 H4)N}] (31)

Diphenylacetylene diisocyanate (21) (0.05 g, 0.19 mmol) and [WCl2(PPh2Me)4] 
(0.40 g, 0.38 mmol) were weighed out in a glove box and allowed to stir in 
toluene (20 cm^) at room temperature under nitrogen for two nights. Most of the 
solvent was removed under reduced pressure and 40 / 60 petroleum ether was 
added to the mixture to precipitate out the product. The residue was dissolved 
up in a minimum amount of dried CH2CI2 and layered with dried methanol 
yielding the product as a green powder. (Yield 0.17 g, 0.57 %)

Ir (CH2CI2): 1965 (CO) cm '
1H nmr (CDCI3), Ô (ppm): 2.31 (t, /ph 4 Hz, 6 H, MePh), 6.80 - 7.67 (m, 48H, 

NC6H4, PMeP/72)
31P nmr (CDCI3), ô (ppm): 3.0 (s, /wp 292 Hz)

Mass Spectrum (FAB"'",m-nitrobenzyl alcohol): 1540 (M"*" - CO), 1502 (M'*’ - 
2C0, Cl)

S yn thes is  o f [{W C l2(C O )(P M eP h 2)2} 2{N (C 6H4)C =C (C 6 H4)C =C (C 6H4)N }] 

(3 m )

Toluene (40 cm^) was added to a mixture of triphenyldiacetylene diisocyanate 
(2m) (0.05 g, 0.19 mmol) and [WCl2(PPh2Me)4] (0.40 g, 0.38 mmol). Because of 
the relative insolubility of the diamine, the reaction mixture was allowed to stir at 
room temperature under nitrogen for three days. Since there was some solid in
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the solution, the liquid was filtered off and most of it was removed under 
reduced pressure. Petroleum ether was added to this filtrate to afford the green 
product, 0.14 g (44 %).

Ir (CH2CI2): 1966 (CO) cm"’
1H nmr (CDGI3), S (ppm); 2,31 (t, 7ph 4 Hz, 6 H, MePh), 6.87 - 7.73 (m, 52H, 

NC6H4 , PMePha)
31P nmr (CDCI3), Ô (ppm): 3.0 (s, /wp 292 Hz)

Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 1642 (M*^ - CO), 1414 (M'*' - 

20 0 , PMePhs), 1213 (M+ - 20 0 , 2 PMePh2), 1016 (IVI+ - 2 0 0 , 3 PMePh2)

Synthesis of [WCl2(C0)(PMePh2)2N(CeH4)C=C(Ph)] (3r)

Toluene (30 cm®) was added to diphenylacetylene Isocyanate (0.066 g, 0.30 
mmol) and [WCl2(PPh2Me)4] (0.313 g, 0.30 mmol) in a schlenk tube and the 
reaction mixture was allowed to stir at room temperature overnight. A small 
sample of the reaction mixture was taken out, evaporated under reduced 
pressure and dissolved in very small amount of CH2CI2 . The ir spectrum showed 
a strong peak at 1966 c m '\ The dark green solution was filtered off and was 
evaporated to dryness under reduced pressure to afford a viscous paste. The 
residue was dissolved up in a minimum amount of dried CH2CI2 and layered 
with dried methanol effecting the precipitation of the green product Some 
decomposition of the solution was observed in air. (Yield 0.15g, 57%)

Ir (KBr): 1966 (0 0 ) cm '
'H  nmr (O D O y, 8  (ppm): 2.31 (t, 7ph 4 Hz, 6 H, MePh), 6.81 - 7.64 (m, 42H, 

N0eH4, PMeP/72)
31P nmr (CDCI3), 6  (ppm): 3.0 (s, /wp 292 Hz)

Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 845 (M"*" - 0 0 ), 810 (M"*" - 0 0 , 
01), 647 (l\1+ - 0 0 , PMePh;)

Preparation of [WCl2 (CO)(PM ePh 2 )2 (NPh)] (3s)^

The procedure described by Mayer was used with slight adaptations. Phenyl 
isocyanate (0 . 1 1  cm^, 1 .0 1  mmol) was syringed into a suspension of 
[WOl2(PMePh2)4] (0.72 g, 0.68 mmol) in toluene (60 cm^) and stirred for four 
hours whereupon a deep purple solution was formed. The volatiles were
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removed under reduced pressure, diethyl ether ( 2  cm^) added to dissolve the 
pink residue and 40/60 petroleum ether added to precipitate the product. This 
was isolated and washed with further 40/60 petroleum ether before being dried 
under dynamic vacuum to give [WCl2(CO )(PM ePh2)(NPh)] (0.50 g) in 95 % 

yield.

Ir (PhMe): 1961 (C=0); (KBr) 1964, 505s, 690s, 696sh, 737m, 746m, 770m, 
893s, 906m, 1101m, 1281w, 1342w, 1435s, 1481m cm"'
'H  nmr (C D C y, 8  (ppm): 2.34 (t, 7ph4 Hz, 6 H, MePh), 7.03 (m, 5H, NPh), 7.27 

(m, 6 H, MePh), 7.38 (m, 6 H, MePh), 7.58 (m, 4H, MePh), 7.73 (m, 4M, MePh)
13C nmr (CDCy, 6  (ppm):13.59 (t, 7hc 15.3 Hz, MePhg), 125.1 (s, Ph), 126.2 (s, Ph), 12 
3'P nmr (C D C y, 8 (ppm): 3.0 (s, 7wp 292 Hz)

Mass Spectrum (FAB''',m-nitrobenzyl alcohol): 747 (M'*' - CO), 712 (M'*' - GO,

Cl), 547 (M+ - CO, PMePhz).

Synthesis of [WCl2 (CO)(PMePh 2 )2 (NC 6 H 4 l)] (3t)

In a glove box a schlenk was charged with iodophenylisocyanate (0.10 g, 0.45 
mmol) and [WCl2(PMePh2)4] (0.43 g, 0.45mmol). Toluene (40 cm^) was added 
and the whole stirred for three hours whereupon a deep purple solution was 
formed. The volatiles were removed under reduced pressure, diethyl ether (2 
cm^) added to dissolve the pink residue and then 40/60 petroleum ether added 
to precipitate the product. After isolation and washing with further 40/60 
petroleum  ether th is was dried under dynam ic vacuum  to give 

[WCl2(CO)(PMePh2)2(NC6H4 l)], (0.37 g), in 91 % yield.

Ir (PhMe): 1967 (C=0)
1H nmr (CDCI3), ô (ppm): 2.32 (t, / r h 4  Hz, 6 H, MePh), 6.13 (d, /hh 4 Hz, 2 H, 

NC6H4I), 7.23 (d, /hh4  Hz, 2H, NC6H4I), 7.31 (m, 6 H, MeP/?), 7.40 (m, 6 H, MeP/?),
7.58 (m, 4H, MeP/?), 7.73 (m, 4H, MeP/?)
13C nmr (CDCI3), ô (ppm):13.6 (t, Jpc 15 Hz, MePh2), 126.4 (s, Ph), 128.4 (s, Ph), 130.2 
31P nmr (CDCI3), 6  (ppm): 2.8 (s, /pw 290 Hz)

Elemental Analysis (%): C: 43.14 (44.00); H: 3.22 (3.33); N: 1.44 (1.55)
Mass Spectrum (FAB"‘’ ,m-nitrobenzyl alcohol): 873 (M'*’ - CO), 836 (M*  ̂ - 0 0 ,
Cl), 673 (M+ - CO, PMePhz)

Synthesis of [WCl2 (CO)(PMePh 2 )2 (NC 6 H 4 Br)] (3u)
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A schlenk was charged with bromophenylisocyanate (0.05 g, 0.25 mmol) and 
[W Cl2 (PMePh2)4] (0.27 g, 0.26 mmol). Toluene (30 cm^) was added and the 
suspension stirred for three hours forming a deep purple solution. The volatiles 
were removed under reduced pressure, diethyl ether (2 cm^) added to dissolve 
the pink residue and 40/60 petroleum ether added to precipitate the product. 
After isolation and washing with further 40/60 petroleum ether this was dried 
under dynamic vacuum to give [WCl2(CO)(PMePh2)2(NC6H4Br)] (0.19 g) in 88 % 
yield.

Ir(PhMe): 1961 (C=0) cm"'
1H nmr (CDCI3), 8 (ppm): 2.31 (t, /rh  4 Hz, 6H, MePh), 6.24 (d, 7hh4 Hz, 2H, 

NCgH^Br), 7.02 (d, 7hh 4 Hz, 2H, NCgH^Br), 7.32 (m, 6H, MePh), 7.40 (m, 6H, 
MePh), 7.58 (m, 4H, MePh), 7.71 (m, 4H, MePh)
31P nmr (CDCI3), Ô (ppm): 3.1 (s, /pw 290 Hz)

Elemental Analysis (%): C: 47.00 (46.42); H: 3.50 (3.52); N: 1.54 (1.64)
Mass Spectrum (FAB‘‘‘ ,m-nitrobenzyl alcohol): 825 (M"^ - CO), 790 (M"^ - 0 0 , 
Cl), 625 (M+ - CO, PMePhs)

Attempted preparation of [WCl2(CO)(PMePh2)2(NC6H4)N=N(Ph)] (3v)

Azobenzene-4-isocyanate (0.05 g, 0.22 mmol) was added as above and the 
solution swiftly darkened. The volatiles were removed under reduced pressure 
leaving a brown mass which was incompletely soluble in CH2CI2 . Repeated 
attempts at separation failed and decomposition was observed in solution in air.

Ir (KBr): 1967 (C=0) cm '
31P nmr (CDCI3), 6  (ppm): 2.58 (s, /pw 290 Hz), 2.87 (s, /pw 290 Hz), 3.33 (s, /pw 

290 Hz), 17.21 (s, /pw 145 Hz), 18.54 (s), 18.90 (s), 20.39 (s), 33.32 (s), 33.90 
(s), 36.41 (s), 50.77
Mass Spectrum (FAB"'’ ,m-nitrobenzyl alcohol): 851 (M'*’ - CO), 814 (M'*’ - CO, 
Cl), 651 (M+ - CO, PMePhg).

Reaction of [WGl2(CO)(PMePh2)2(NPh)] with Chlorine

Chlorine gas was passed slowly through a solution of 3r (0.10 g, 0.12 mmol) in 
dichloromethane. After a few seconds the solution became orange and 
subsequently pale green. The volatiles were removed in vacuo leaving a 
green oil. Crystals were obtained by evaporation of a toluene solution but no
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structure was conclusively assigned.

nmr (CDCI3), Ô (ppm): 2.47 (s, MePh), 2.54 (s, MePh), 6.89 (t, /hh 8  Hz, 

NCeHs), 7.31 (d, /hh4 Hz, NCgHs), 7.45 - 7.75 (m, MeP/?), 7.98 (m, MeP/?).
Mass Spectrum (FAB'‘‘ ,m-nitrobenzyj alcohol): 895; 826; 762; 626; 560

Reaction of [{WCl2 (CO)(PMePh 2 )2 }2 (NC 6 H4 N)] with Li[C=CPh]

[Li^Bu] in pentane (0.033 cm^, 0.055 mmol) was added by syringe to a solution 
of phenylacetylene (0.055 g, 0.054 mmol) in toluene (10 cm^) at -78 C. A white 
precipitate was formed, Li[C=CPh], and used without further purification. The 

slurry was transfered by cannula to a green solution of 3a (0.20 g, 0.136 mmol) 
and stirred whereupon a red colouration developed and strengthened in 
intensity. An oil was formed on removing the volatiles and a sample was 
observed to decompose in air and chlorinated solvents very rapidly.

Ir (KBr):1959 (C=0); 694m, 758w, 802s, 879m, 1026s, 1101s, 1262s, 1384s, 
1436m, 1486s, 1594m, 1660vs, 2963m cm""
Mass Spectrum (FAB“̂ ,m-nitrobenzyl alcohol): 895; 826; 762; 626; 560

5.5 Experimental for Chapter 3 - Synthesis of Molybdenum  
Complexes

Preparation of Bis(diethyldithiocarbam ato)bisoxomolybdenum (VI) 
[Mo02(S2CNEt2)2]

Hydrochloric acid (33 cm^, 0.6 molar) was added in a slow stream to a 
colourless stirred solution of sodium molybdate(VI) dihydrate (1.45 g, 6.0 mmol) 
and sodium diethyldithiocarbamate trihydrate (1.6 g, 7.1 mmol) in distilled water 
(35 cm^). A yellow/orange precipitate was immediately formed and after stirring 
for one hour this was filtered off, washed with water (60 cm^), acetone ( 1 0  cm^) 
and diethyl ether ( 2 0  cm^) and dried in vacuo at room temperature overnight to 
give bis(diethyldithiocarbamato)bisoxomolybdenum(VI) (1.40 g, 93% yield).

Ir (KBr): 878s, 913s (Mo=0) cm'^
1H nmr (CDCI3), ô (ppm): 1.30 (t, /hh 4  Hz, 12H, CHaMe), 3.80 (q, /h h 6  Hz, 8 H, 

CHzMe).
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Elemental Analysis (%): C: 28.43 (28.30); H: 4.68 (4.72); N: 6.50 (6.60)

Preparation of Bis(dimethyldithiocarbamato)bisoxomolybdenum(VI) 
[ IVIo 0 2 ( 8 2 0  NIVI 6 2 )2 ]

A solution of sodium molybdate(VI) dihydrate (2.42 g, 10 mmol) and sodium 
dimethyldithiocarbamate (3.58 g, 20 mmol) in distilled water (35 cm^) was 
slowly acidified with hydrochloric acid (35 cm^, 1.4 molar) resulting in the 
formation of a copious yellow precipitate that was filtered off, washed with 
distilled water (50 cm^), acetone (30 cm^) and diethyl ether (30 cm^) and then 
d r i e d  in vacuo  at room te m p e ra tu re  o v e rn ig h t to y ie ld  
bis(dimethyldithiocarbamato)bisoxo molybdenum(VI) (3.62 g, 97% yield) as a 
yellow powder.

Ir (KBr): 880s, 912s (Mo=0) cm'^

P re p a ra tio n  of B is c h lo ro b is (d le th y ld ith io c a rb a m a to )o x o -  
molybdenum(VI) [MoOCl2 (S2 CNEt2 )2 ]

Addition of concentrated hydrochloric acid (1 cm^) to an orange solution of 
bis(diethyldithiocarbam ato)bisoxom olybdenum (VI) (1.4 g, 3.30 mmol) in 
acetone (30 cm^) caused an immediate colour change to light yellow and solid 
began to precipitate from solution. After stirring for 20 minutes diethyl ether (60 
cm^) was added to precipitate all of the product which was isolated by filtration, 
washed with cold acetone (20 cm^) and diethyl ether (40 cm^) and then dried in 
v a c u o  at room  te m p e ra tu re  o v e rn ig h t to y ie ld  y e llo w  
bischlorobis(diethyldithiocarbamato)oxomolybdenum(VI) (1.55 g, 98% yield).

Ir (KBr): 947 (Mo=0) cm'^
nmr (CDCI3), 6  (ppm): 1.43 (t, 7hh 4 Hz, 1 2 H, CHgMe), 3.79 - 4.01 (m, 8 H, 

CH2Me)

P re p a ra t io n  of B is c h lo ro b is (d im e th y ld i th io c a r b a m a to ) -  
oxomolybdenum(VI) [IVIoOCl2 (S2 CN 1̂ 6 2 )2 ]

Concentrated hydrochloric acid ( 2  cm^) was added to a suspension of yellow 
bis(dimethyldithiocarbam ato)bisoxom olybdenum (VI) ( 2  g, 5.43 mmol) in
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dichloromethane (60 cm^) and the resulting mixture stirred for 72 hours until the 
0X0 stretches in the ir spectra of samples taken indicated no persistence of the 
starting material. The solvent was removed under reduced pressure to give 
analytically pure bright yellow bischlorobis(dim ethyldith iocarbam ato)oxo 
molybdenum(VI). (Yield 1.9g, 83 %)

Ir (KBr): 949 (Mo=0); 1164bm, 1244m, 1403vvs, 1411sh, 1566vs cm'^
Elemental Analysis: C: 17.0 (16.8), H: 3.0 (2.9), N: 6.7 (6 .6 )

Preparation of Diphenyldithiophosphinic Acid [HS(S)PPh2 ]®

A mixture of benzene (140 cm^, 1.7 mois) and phosphorus pentasulphide 
(P4S10) (36 g, 0.081 mol) a 50 °C was stirred rapidly and treated with anhydrous 

aluminium chloride (90 g, 0.7 mois) over a period of one hour at such a rate that 
the temperature remained between 60-63 °C. The yellowish mixture was then 
refluxed (80-90 °C) for four hours, allowed to stand overnight and poured onto 

crushed ice with vigourous stirring to dissipate the heat evolved. Benzene (40 
cm^) was added and the green solution washed with water (3 x 150 cm^), dried 
over anhydrous magnesium sulfate, filtered and concentrated under reduced 
pressure. The dark green viscous liquid was dissolved in sodium hydroxide 
solution (80 cm^, 10%), washed with benzene (2 x 30 cm^), acidified with 
hydrochloric acid (120 cm^, 6 M), collected by filtration and dried on the filter. 
The solid was then recrystallised thrice from isopropanol to give large white 
crystals of diphenyldithiophosphinic acid. (Yield: 45g, 55 %)

Ir (KBr): 480s, 543s, 613m, 638s, 689s, 708vs, 743s, 754m, 998w, 1098vs, 
1309w, 1435s cm'^

nmr (CDCI3), 6  (ppm): 7.52 (m, 6 H, Ph), 7.98 (m, 4H, Ph)
31P nmr (CDCI3), Ô (ppm): 55.0 (s)

Preparation of Sodium Diphenyldithiophosphinoate [NaS(S)PPh2 ]

Diphenyldithiophosphinic acid (1.00 g, 4.00 mmol) was dissolved in diethyl 
ether (50 cm^) and sodium (0.092 g, 4.00 mmol) fragments were added against 
a counterflow of dinitrogen. Gas was evolved and a white precipitate formed. 
The suspension was stirred for three hours by which time all of the sodium had 
reacted. The solvent was removed under reduced pressure and the product
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used without further purification. (Yield 1.04 g, 95%)

Ir (KBr): 480s, 580s, 615m, 637s, 650m, 710vs, 742m, 754m, 884vs, 1096vs, 
1301w, 1452bvs cm'^

nmr (CDCI3), Ô (ppm): 7.49 (m, 6 H, Ph), 7.82 (m, 4H, Ph)
31P nmr (CDCI3), 5 (ppm): 65.0 (s)

P re p a ra t io n  of B is (d ip h e n y ld i th io p h o s p h in a to )b is o x o -  
molybdenum(VI) [Mo0 2 (S2 PPh2 )2 ]®

A colourless solution of diphenyldithiophosphinic acid (4 g, 16 mmol) in ethanol 
(50 cm^) was added to a stirred solution of ammonium molybdate(VI) 
tetrahydrate (1.5 g, 1.2 mmol) in distilled water (70 cm^) a yellow precipitate was 
immediately formed. After addition was complete the mixture was stirred for 20 
minutes and the solid was isolated by filtration, washed with distilled water (30 
cm^), ethanol (40 cm^) and diethyl ether (30 cm^) then dried overnight in vacuo.

Ir (KBr): 449w, 488m, 560vs, 611m, 629m, 687s, 709vs, 749s, 895vs, 927vs, 
998w, 1105s, 1160w, 1185w, 1307w, 1436s, 1482w, 3054w cm'^
1H nmr (CDCI3), 6  (ppm): 7.51 (m, 6 H, Ph), 7.80 (m, 4H, Ph)
31P nmr (CDCI3), 6  (ppm): 61.9 (s)

Elemental Analysis (%): C: 45.92 (46.01); H: 2.91 (3.19)

Reaction of MoOCl2 (S 2 CNEt2 ) 2  with Phenylenediisocyanate

To a suspension of [MoOCl2(S2CNEt2)2] (0.4 g, 0.84 mmol) in toluene (30 cm^) 
was added a suspension of phenylenediisocyanate (0.07 g, 0.42 mmol) in 
toluene ( 1 0  cm^) and the resulting mixture was stirred overnight and then under 
reflux for a further three days with no observed change in appearance. The 
unreacted diisocyanate was recovered, after removal of the solvent under 
reduced pressure, by sublimation in vacuo.
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Preparation of [MoCl2(S2C N Et2)2(N C 6H4NH2)] (4a)

A solution of phenylenediamine (0.045 g, 0.42 mmol) in methanol (15 cm^) was 

added to a stirred suspension of [MoOCl2(S2CNEt2)2] (0.20 g, 0.42 mmol) in 
methanol (20 cm^). The solution became faintly orange within seconds and 
darkened to a deep red over a period of ten minutes. After stirring at room 
temperature for four hours there was no remaining yellow solid and the solvent 
was removed under reduced pressure at -40  °C. A very small amount of excess 

phenylenediamine was observed to sublime onto the wall of the schlenk and 
the red solid formed was dissolved in dichloromethane and recrystallised three 
times from dichoromethane/40/60 petroleum ether mixtures to give analytically 
pure bischlorobis(diethyldithiocarbamato)4-aminophenylimidomolybdenum(VI). 
(Yield 0.15 g. 63 %)

Ir (KBr): 476w, 553w, 600w, 840m, 1006w, 1076m, 1158s, 1207m, 1278s, 
1345s, 1380sh, 1442s, 1521 vs, 1589vs, 1623s, 2978m, 3199m, 3311m, 3421 sh 
cm'^
1H nmr (CDCI3), Ô (ppm): 1.31 (t, 7hh3.5 Hz, 12H, CH2Me), 3.69 (m, 8 H, CH2Me), 

4.27 (br, 2H, NH2), 6.45 (d, 7hh 4.5 Hz, 2 H, NC6H4N), 7.38 (d, /hh 4.4 Hz, 2H, 
NC6H4N)
13C nmr (CDCI3), 5 (ppm): 12.5 (CH2 Me), 42.8 (CH2Me), 43.7 (CH2Me), 113.8 (m- 

NC6H4), 131.1 (0 -NC6H4), 144.7 (P-NC6H4), 152.0 (/PSO-NC6H4), 198.0 (SgCN) 
Elemental Analysis (%): C: 33.72 (33.74); H: 4.28 (4.56); N: 9.57 (9.90); Cl:
1 2 . 8 6  (12.48); S: 22.53 (22.50)
Mass Spectrum (FAB"'‘ ,m-nitrobenzyl alcohol): 543 (M"*" - 01), 498 (M'*’ - 201)

Preparation of [MoCl2 (S 2 CNM 0 2 )2 (NC 6 H 4 NH 2 )] (4a’)

Phenylenediamine (0.026 g, 0.236 mmol) in methanol (20 cm^) was added to a 
stirred suspension of [MoOOl2(S2 0 NEt2)2] (0.10 g, 0.236 mmol) in methanol (20 
cm^) and stirring was continued for five hours until all of the yellow solid had 
dissolved. The solution was then filtered, the solvent removed under reduced 
pressure and the solid redissolved with difficulty in dichloromethane (15 cm^) 
and recrystallised from dichloromethane / 40/60 petroleum ether mixtures as an 
orange powder. (0.05 g, 42 %)

Ir (KBr): 837w, 1162s, 1340m, 1400m, 1551s, 1590vs, 1620m, 3342w cm'^
1H nmr (ODOI3), Ô (ppm): 2.73 (t, /hh5  Hz, 12H, NMe), 4.24 (br, 2 H, NH2), 6.46 

(d, /hh4.5 Hz, 2H, NO6H4N), 7.43 (d, /hh4.5 Hz, 2H, NO6H4N)
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Mass Spectrum (FAB ,m-nitrobenzyl alcohol): 478 (M - Cl)

Preparation of [MoCl2 (S2 CNEt2 )2 (2 -NC 6 H 3 MeNH 2 )] (4b)

A solution of 2-methylphenylenediamine sulfate (0.018 g, 0.082 mmol) was 
added to a stirred suspension of [MoOCl2(S2CNEt2)2] (0.039 g, 0.082 mmol) in 
methanol (30 cm^) and after stirring for one hour at ambient temperatures with 
no observed colour change, three drops of triethylamine were added and the 
solution was warmed gently overnight. The solvent was then removed under 
reduced pressure, the red solid dissolved in the minimum amount of 
dichloromethane ( 6  cm^) with some precipitation (removed by filtration) and 
recrystallisation attempted from dichloromethane, 40/60 petroleum ether and 
chlorobenzene mixtures. (Yield 0.02 g, 47 %)

Ir (KBr): 472w, 1159s, 1206m, 1277m, 1345s, 1443m, 1523s, 1590s, 1624s cm'^ 
nmr (CDGI3), Ô (ppm): 1.30 (t, 7hh7 Hz, 12H, CH2Me), 1.75 (s. Me), 3.69 (m, 

8 H, GH2 Me), 4.30 (br, 2H, NH2), 6.55 (s, 1H, NCgF/gMeN), 7.41 (m, 2 H, 
NGgF/gMeN)
Mass Spectrum (FAB""",m-nitrobenzyl alcohol): 545 (M'*’ - Gl), 510 (M'*’ - 2GI)

Preparation of [MoCl2 (S2 CNEt2 )2 (2 ,3 -NC 6 H 2 M 0 2 NH 2 )] (4c)

A solution of 2,3-dimethyl-1,4-phenylenediamine (0.012 g, 0.088 mmol) in 

methanol (20 cm^) was added to a suspension of [MoOGl2(S2GNEt2)2] (0.04 g, 
0.084 mmol) in methanol (30 cm^) and the mixture was stirred for 30 seconds 
before a orange tint was observed in the solution. Stirring was continued for 
four hours after which time the solvent and excess 2,3-dim ethyl-1,4- 
phenylenediamine were removed at 50 °G in vacuo. The dark red solid was 

dissolved in dichloromethane ( 1 0  cm^) and recrystallised three times from 
dichloromethane/40/60 petroleum ether mixtures to give analytically pure 
bischlorobis(edtc)(4-amino-2,3-dimethylphenylim ido)molybdenum(VI). (Yield 
0.03 g, 61 %)

Ir (KBr): 841 w, 1159s, 1343m, 1400m, 1521s, 1590vs, 1623m, 3311wcm'^
nmr (GDGI3), ô (ppm): 1.33 (t, 7hh 7 Hz, 1 2 H, CH 2 Me), 1.97 (s, 3H, 

NG6H2Me2N), 2.54 (s, 3H, NG6H2Me2N), 3.74 (m, 4H, GH2Me), 3.84 (m, 4H, 
GH2Me), 4.14 (br, 2H, NH2), 6.38 (d, 7hh4 Hz, 1H, NGgH^N), 7.57 (d, /hh 4 Hz,
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1 H, NCg/V2^^G2N)
Elemental Analysis (%): C: 34.41 (36.18); H: 4.89 (4.69); N: 9.38 (8.36)
Mass Spectrum (FAB’̂ ,m-nitrobenzyl alcohol): 562 (M'*' - Cl), 526 (M'*' - 201)

Preparation of [MoCl2(S2CNEt2)2(2,5-NC6H2Me2NH2)] (4d)

2 ,5 -Dimethylphenyl0 nediamine (0.011 g, O.OBSmmol) in methanol (25 cm^) was 

added to a stirred suspension of [MoOCl2(S2CNEt2)2] (0.04 g, 0.083 mmol) in 
methanol (30 cm^) leading to the formation of a red solution over a period of 15 
minutes. The dark red solid obtained was dissolved in dichloromethane (10 
cm^) and recrystallisation was attempted from dichloromethane, 40/60 
petroleum ether and chlorobenzene mixtures eventually resulting in powders. 
(Yield 0.03 g, 61 %)

Ir (KBr): 841 w, 1160m, 1342m, 1551s, 1591 vs, 1620m, 3342vw cm'^
nmr (CDCI3), 6 (ppm): 1.40 (t, /hh  7 Hz, 12H, CH2/We), 1.99 (s, 3H, 

NC 6H2 /We2N), 2.43 (s, 3H, NCeH2 Me2 N), 3.69 (m, 4M, CH2Me), 3.91 (m, 4M, 
CH2Me), 4.02 (br, 2H, NH2), 6.29 (d, 7hh4 Hz, 1H, NG6H4N), 7.36 (d, /hh 4 Hz, 
1H, NO0Ay2Me2N)
Mass Spectrum (FAB"*',m-nitrobenzyl alcohol): 562 (M*^ - 01), 526 (M'*’ - 201)

Preparation of [MoCi2(S2CNEt2)2(2,3,5,8-NC6Me4NH2)] (4e)

Methanol (40 cm^) was added to 2,3,5,6-tetramethylphenylenediamine (0.028 g, 
0.17 mmol) and bischlorobis(edtc)oxomolybdenum (0.08 g, 0.17 mmol) and the 
resulting mixture stirred for ten hours to give a red solution. The red solid 
obtained was dissolved in dichloromethane (10 cm^) and layered with 40/60 
petroleum ether (25 cm^). Small crystallites were observed to form after two
weeks at -30 °0. (Yield 0.06 g, 56 %)

Ir (KBr): 475w, 839w, 1158s, 1344m, 1407m, 1534s, 1588s, 1621m cm'^
^H nmr (ODOI3), ô (ppm): 1.39 (t, /hh7  Hz, 12H, CH2 Me), 1.96 (s, 6 H, N0 6 Me4N),

2.66 (s, 6 H, N0 6 Me4N), 3.81 (m, 8 H, 0 H2Me), 4.08 (br, 2H, NH2)

Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 590 (M"^ - 01), 554 (M"*" - 201)
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Preparation of [MoCl2(S2CNEt2)2{3,3',5,5'-N(C6H2M02C6H2Me2)NH2}] 
(4f)

Methanol (40 cm^) was added to a mixture of 3,3'5,5'-tetramethylbiphenylene 
diamine (0.02 g, 0.084 mmol) and [MoOCl2(S2CNEt2)2] (0.040 g, 0.084 mmol) 
and the suspension stirred for ten hours.Attempts at recrystallisation from 
dichloromethane, 40/60 petroleum ether, diethyl ether, acetonitrile and 
chlorobenzene gave oils. (Yield 0.06 g, 56 %)

Ir (KBr): 837w, 1162s, 1340m, 1400m, 1551s, 1590vs, 1620m, 3342w cm'^ 
nmr (CDCy, 6 (ppm): 1.32 (t, 7hh7 Hz, 12H, CH2/We), 2.20 (s, 6H, NCeH2 Me2 ), 

2.77 (s, 6H, NC6H2/We2), 3.78 (m, 8H, CH2Me), 6.99 - 7.13 (m, 4M, NCeH2Me2) 
Mass Spectrum (FAB‘^,m-nitrobenzyl alcohol): 667 (M"^ - Cl)

Preparation of [MoCl2(S2CNEt2)2{3,3'-N{C6H3{MeO}C6H3{MeO})NH2}] 
(4g)

Methanol (40 cm^) was added to a mixture of 3,3'-dimethoxybiphenylene 
diamine (0.02 g, 0.082 mmol) and [MoOCl2(S2CNEt2)2] (0.040 g, 0.084 mmol) 
and the suspension stirred for ten hours. Attempts at recrystallisation from 
dichloromethane, 40/60 petroleum ether and chlorobenzene gave oils. (Yield 
0.027 g, 47%)

Ir (KBr): 837w, 1162s, 1340m, 1400m, 1551s, 1590vs, 1620m, 3342w cm'^ 
nmr (CDCI3), Ô (ppm): 1.33 (t, /hh 7 Hz, 12H, CH2Me), 3.69 (m, 8H, C/-/2Me),

3.86 (s, 3H, MeO), 3.89 (s, 3H, MeO) 6.73 (d, /hh4  Hz . 1H, NGsHaMeO), 6.89 - 
7.00 (m, 4H, NOeHaMeO), 7.65 (d, /hh4  Hz , 1H, NCgHaMeO)
Mass Spectrum (FAB""",m-nitrobenzyl alcohol): 670 (M"*" - 01), 634 (M"^ - 201)

Preparation of [MoCl2 (S2 CNEt2 )2 (NCioH6 NH 2 )} (4h)

Methanol (30 cm^) was added to a mixture of 1,5-naphthalene diamine (0.04 g, 

0.25 mmol) and [MoOOl2(S20NEt2)2] (0.12 g, 0.25 mmol). A purple solution was 
formed and this gave the desired product [MoOl2(S2 0 NEt2)2(NOioH6NH2)], 0.11 
g, in 72 % yield. A second symmetrical species was evident in the H nmr of the 
reaction mixture and the preparation is described below, (4h”). Recrystallisation 
of the purple solid was achieved from acetonitrile and diethyl ether. (Yield 0.084
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g, 54 %)

1H nmr (CDCI3), ô (ppm): 1.32 (t, 7hh7 Hz, 1 2 H, CHg/We), 3.77 (m, 8 H, CHsMe), 

6.69 (m, 2H, NCioHe), 7.29 (t, 7hh 4, 1 H, NCioHe). 7.75 (d, 7hh 4, 1 H, NCioHe), 7.84 
(d, /hh 4, 1 h, NCioHe), 8.06 (d, /hh 4, 1 H, NCioHe)
Mass Spectrum (FAB"*',m-nitrobenzyl alcohol): 585 (M"^ - Cl), 549 (M'*’ - 2 CI), 

434 (M"^ - 2 CI, SgCNEtz)

Preparation of [{MoCl2 (S2 CNEt2 )2 }2 (NCioH6 N)] (4h”)

1,5-naphthalene diamine (0.02 g, 0.13 mmol) and [MoOCl2(S2CNEt2)2] (0.12 g, 
0.25 mmol) were stirred in methanol (30 cm^). A purple solution was formed and 
this gave the desired product [{MoCl2(S2CNEt2)2}2(NCioHeN)], 0.11 g, in 78 % 
yield. Recrystallisation of the purple solid was achieved from acetonitrile and 
diethyl ether.

1H nmr (CDCI3), 6  (ppm): 1.32 (t, /hh7  Hz, 24H, CH2Me), 3.78 (m, 16H, CH2Me), 

7.48 (t. /hh4, 2H, NCioHe), 7.91 (d, /hh4. 2 H, NCioHe), 8.69 (d. /hh4, 2 H, NCioHe) 
Elemental Analysis (%): C: 33.83 (33.33); H: 4.60 (4.26); N: 7.48 (7.78)
Mass Spectrum (FAB'*',m-nitrobenzyl alcohol): 1046 (M'*' - Cl), 1010 (M"*" - 2CI), 
973 (M"^ - 3CI), 937 (M"^ - 4CI), 896 (M"^ - 2 CI, SCNEt2), 860 (M"^ - 2CI, S2CNEt2)

Preparation of [MoCi2 (S2 CNEt2 )2 {N(C 6 H 4 )3 NH 2 }] (4i)

Methanol (40 cm^) was added to a mixture of terphenylene diamine (0.02 g, 

0.084 mmol) and [MoOCl2 (S 2C N E t2)2] (0.040 g, 0.084 mmol) and the 
suspension stirred overnight. The diamine was also seen to be relatively 
insoluble in methanol. Attempts at recrystallisation in air from dichloromethane, 
40/60 petroleum ether and diethyl ether gave a mixture of products including 
the bisoxobisdithiocarbamate. Yield after precipitation under nitrogen, 0.024 g, 
40%.

Ir (KBr): 7 1 4 m ,  8 1 5 s ,  8 7 4 m ,  9 3 2 m ,  1 0 8 7 w ,  1 2 1 6 m ,  1 2 5 7 s ,  1 3 4 8 m ,  1 3 6 4 m ,  

1 4 4 0 s ,  1 5 2 1 s ,  154 6V S  cm'^

1H nmr (CDCI3), Ô (ppm): 1.34 (t, /hh 7  Hz , 12H, CH2Me), 3.84 (m, 8 H, CH2Me), 

6.45 (d, /hh4.5 Hz , 2H, NC6H4), 7.57 (s, 4H, CqH^)
Mass Spectrum (FAB‘̂ ,m-nitrobenzyl alcohol): 690 (M'*’ - Cl), 558 (M"*" - Cl,
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Preparation of [MoCl2(S 2C N Et2)2{N (C 6H4)C =C (C 6H4)N H 2}] (41)

Diphenylethynyl diamine (11) (0.05 g, 0.22 mmol) and [MoOCl2(S2CNEt2)2] (0.10 
g, 0.22 mmol) were treated as above. Most of the solvent was evaporated under 
reduced pressure and a reddish brown solid was precipitated out when dried 
diethylether was added. The solid was separated from the solution and 
minimum amount of dried CH2CI2 was added to dissolve up this solid. 40 / 60 
Petroleum ether was layered on top of the CH2CI2 solution to isolate the product. 
(Yield 0.07 g, 48 %)

Ir (KBr): 2090-2200 (C=C), 3195 (NH) cm’’
'H  nmr (C D C y 5 (ppm): 1.33 (t, 7hh7 Hz, 12H, CHzMe), 3.74 (m, 8H, CHaMe), 

6.64 (d, 7hh4.5 Hz, 2H Ar), 7.41 (m, 4H Ar), 7.80 (d, 7hh4.5 Hz, 2H Ar)
Mass Spectrum (FAB): 690 (M*)

Preparation of [MoCl2(S 2C N E t2)2{N (C 6H 4)C s C (C 6H 4)C = C (C 6H 4)N H 2}] 
(4m )

Triphenyldiacetylene diamine (1m) (0.12 g, 0.39 mmol) and [MoOCl2(S2CNEt2)2] 
(0.18 g, 0.40 mmol) were stirring at room temperature under nitrogen overnight 
in methanol (50 cm^). The solvent was evaporated to dryness under reduced 
pressure and a dark shiny solid was obtained. It was found that unreacted 
diamine was mixed with the product, so benzene was added to extract the 
diamine. The yellow extract was filtered off and the red shiny flakes were dried 
under vacuum. (Yield 0.12 g, 39 %)

Ir (KBr): 2090-2200 (CsC), 3195 (NH) cm"'
(CDCI3): 5 (ppm): 1.31 (t, 7hh 7 Hz, CHg/We), 3.74 - 3.89 (m, 8H, CHjMe), 4.04 

(bs, 2H, NH2), 6.60 (cI,7hh8 Hz, 2H, Ar), 6.65 (cI,7hh8 Hz, 2H, Ar ), 7.53 (m, 4H, 
Ar), 7.71 (m, 4H, Ar)

Mass Spectrum (FAB): 735 (M*- Cl), 700 (M+- 201), 558 (M'"- 201, SgONEtg), 410 
(M+- 201, 2S20NE12)

Attempted Preparation of [MoCl2(S 2CN Et2)2(N C 6H4C=CH)] (4q)
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P-Ethynylaniline (1q) (0.04 g, 0.33 mmol) and [MoOCl2(S2CNEt2)2] (0.16 g, 0.33 
mmol) were put into a schlenk tube. Dried methanol (50 cm^) was added and 
the reaction mixture was left stirring at room temperature under nitrogen 
overnight. A small sample of the reaction mixture was taken and evaporated 
under reduced pressure. The ir spectrum of this sample showed no peak at 
946cm'^ associated with the starting oxo complex. The solvent was evaporated 
to dryness under reduced pressure to afford an orange solid. Dried CH2CI2 was 
added to extract the product from the orange solid. The mixture was filtered and 
dried 40 / 60 petroleum ether was added to the filtrate. A yellow precipitate was 
formed immediately and was separated and dried under reduced pressure. This 
yellow-brown solid was not successfully further purified, a number of other 
methyl resonances being seen in the nmr spectrum (4q).

Ir (KBr): 2200 (C=C), 801s, 846m, 1028s, 1093vs, 1150s, 1203s, 1263vs, 

1355s, 1440s, 1457s, 1530vs cm'^
nmr (CDCI3): Ô (ppm): 1.41 (t, 7hh7 Hz, 12H, CH2Me), 3.84 (m, 8 H, C/-/2Me), 

7.41 (d, /hh 8  Hz, 2H, Ar), 7.46 (d, /hh 8  Hz, 2H, Ar)
Mass Spectrum (FAB): 553 (M^ - CCH), 544 (M^ - Cl), 509 (M" - 201)

P repara tion  o f [M oC l2(S2C N E t2)2(N C 6H4 l)] (4t)

lodoaniline (0 . 2 2  g, 1 . 0 0  mmol) in methanol ( 2 0  cm^) was added to a 
suspension of [MoOGl2(S2CNEt2)2] (0.50 g, 1.04 mmol) and the mixture stirred 
overnight. A yellow precipitate formed in the course of the reaction and the 
solution became orange. The product was isolated by filtra tion and 
recrystallised from concentrated dichloromethane solutions layered with 40/60 
petroleum ether. Crystals suitable for X-ray diffraction studies were thus grown. 

(Yield 0.46 g, 6 8  %)

Ir (KBr): 817m, 1002s, 1052w, 1148m, 1208m, 1278s, 1355m, 1381w, 1441m, 

1459s, 1521 vs, 1560s cm'^
^H nmr (CDCI3), ô (ppm): 1.34 (t, /nn 7.2 Hz, 6 H, CH2 Me), 1.35 (t, /nn 7.2 Hz, 6 H, 

CH 2 Me), 3.76 (m, 4H, CH2Me), 3.85 (m, 4H, CH2Me), 7.20 (d, /nn 4.0 Hz, 2H, 
NC6H4), 7.67 (d, /hh4.5 Hz, 2H, NC6H4)
13C nmr (CDCI3), 5 (ppm): 1 2 . 6  (CH2Me), 12.7 (CH2Me), 43.0 (CH2Me), 43.9 

( C H 2 Me), 129.1 ( m - N  C 6 H 4 ), 137.8 (0 - N C 6 H 4 ), 198.0 (S2 C N )
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Elemental Analysis (%): C: 28.38 (28.24); H: 3.51 (3.53); N: 6.11 (6.18)
Mass Spectrum (FAB"^,m-nitrobenzyl alcohol): 646 (M"^ - Cl), 611 (M'*’ - 201)

Preparation of [MoCl2(S2CNEt2)2{2-NC6H3(MeO)NH2}] (4uu)

Methanol was added to a mixture of 2-methoxyphenylenediamine (0.013 g, 

0.084 mmol) and [MoOGl2 (S 2C N E t2)2] (0.040 g, 0.084 mmol) and the 
suspension stirred overnight. The solvent was removed under reduced 
pressure and the solid redissolved in dichlorom ethane (10 cm^) and 
recrystallisation was attempted from dichloromethane diethyl ether mixtures. 
Very fragile fine crystals were obtained with much yellow powder. (Yield 0.03 g, 
60 %)

Ir (KBr): 784m, 812m, 984m, 1052w, 1137m 1278s, 1355m, 1441m, 1459s, 
2091 w, 3329w, 3421 w cm'^

nmr (CDCy, Ô (ppm): 1.31 (t, /hh7  Hz, 12H, CH2Me), 3.53 (s, 6H, MeO), 3.69 

(m, 8H, GH2Me), 4.27 (br, 2H, NH2), 6.45 (M, 3H, NG6H3(MeO)N)
Mass Spectrum (FAB“'',m-nitrobenzyl alcohol): 564 (M"^ - Gl), 528 (M'*’ - 2GI)

Preparation of [MoCl2(S2CNEt2)2{3-NC6H3(N02)NH2}] (4vv)

An orange solution of 3-nitrophenylene diamine (0.013 g, 0.084 mmol) in 
methanol (20 cm^) was added to a suspension of [MoOGl2(S2GNEt2)2] (0.040 g, 
0.084 mmol) and the mixture stirred for six hours to give a red solution. After 
removing the solvent under reduced pressure and warming in vacuo at 45 °C to 

removed excess substituted aniline the solid was redissolved in methanol (12 
cm^) and layered with diethyl ether in air. Orange/yellow powder was obtained, 
0.026 g, 50 % yield.

Ir (KBr): 853m, 1096m, 1148m, 1202m, 1280m, 1345s, 1284w, 1530vs, 2981m, 
3434s cm'^
1H nmr (GDGI3), 6 (ppm): 1.34 (t, 7hh7 Hz, 12H, CH2 Me), 3.79 (m, 8H, GH2Me),

6.88 (br, 3H, NH2 , NG6H3NO2N), 7.52 (d, /hh4.5 Hz, 2H, NG6H3NO2N), 8.19 (s, 
1H, NG6H3NO2N)
Mass Spectrum (FAB‘̂ ,m-nitrobenzyl alcohol): 579 (M"*" - Gl), 541 (M"*" - 2GI)
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Preparation of [MoCl2(S2C N Et2)2(N C 6H4NI\/le2)] (4ww)

A/,A/-Phenylene diamine (0.03 g, 0.22 mmol) in methanol (20 cm^) was added to 
a suspension of [MoOCl2(S2CNEt2)2] (0 . 1 0  g, 0 .2 1  mmol) and the mixture stirred 
overnight. The orange product was isolated by layering a concentrated 
dichloromethane solution with 40/60 petroleum ether but no crystals could be 
obtained. (Yield 0.06 g, 46 %)

Ir (KBr): 474.9w, 852m, 1096w, 1151w, 1205m, 1279m, 1345s, 1282w, 1528vs, 
3430bs cm'^

nmr (CDCI3), 5 (ppm): 1.33 (t, 7hh7Hz, 12H, CHzMe), 3.11 (s, 6 H, NMe), 3.74 

(m, 4H, CH2Me), 3.84 (m, 4H, CH2Me), 6.46 (d, /hh4.5 Hz, 2H, NC6H4), 7.49 (d, 
/hh4.5 Hz, 2H, NC6H4)
Mass Spectrum (FAB'*',m-nitrobenzyl alcohol): 565 (M'*' - Cl), 528 (M"  ̂ - 201)

Preparation of [MoCl2(S2CNEt2)2(2,6-Cl2NC6H2NH2)] (4xx)

A red solution of 2,6-dichlorophenylenediamine dihydrate (0.018 g, 0.085 
mmol) in methanol (20 cm^) was added to a suspension in methanol (25 cm^) of 
[MoOCl2(S2CNEt2)2] (0.040 g, 0.084 mmol). The mixture was stirred for six hours 
and powders were obtained a fte r severa l recrys ta llisa tions  from 
dichloromethane / 40/60 petroleum ether mixtures in 0.59 % yield, (0.03 g).

Ir (KBr): 475w, 794w, 871m, 1036m, 1078m, 1150m, 1208m, 1281s, 1358s, 
1441m, 1458m, 1524bvs, 1565w, 1611 vs 3349s cm'^
1H nmr (CDGI3), Ô (ppm): 1.34 (t, 7hh7 Hz, 12H, CH2Me), 3.76 (m, 4H, GH2Me), 

3.84 (m, 4H, CHzMe), 4.98 (br, 2H, NH2), 7.39 (s, 2H, NG6H2GI2N)
Elemental Analysis (%): G: 30.26 (30.09); H: 3.91 (3.76); N: 8.41 (8.78)
Mass Spectrum (FAB‘‘‘ ,m-nitrobenzyl alcohol): 603 (M'*’ - Gl), 568 (M*  ̂ - 2GI)

Preparation of [MoCl2(S2CNEt2)2(4-NC6H4N02)] (4yy)

An orange solution of 4-nitroaniline (0.012 g, 0.084 mmol) in methanol (20 cm^) 

was added to a suspension of [MoOGl2(S2GNEt2)2] (0.040 g, 0.084 mmol) and 
the mixture stirred for six hours. The solvent was removed under reduced 
pressure to give an orange/red solid which was redissolved in dichloromethane 
(7 cm^) and precipitated beige / yellow powder on layering with 40/60 petroleum 
ether. (Yield 0.027 g, 54 %)
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Ir (KBr): 852m, 1096w, 1151w, 1205m, 1279m, 1345s, 1282w, 1528vs, 3435bs 

cm'^
1H nmr (C D C y, 6  (ppm): 1.38 (t, 7hh7 Hz, 1 2 H, CHgMe), 3.80 (m, 8 H, CHsMe), 

7.59 (d, /hh4.5 Hz, 2H, NC6H4), 8.18 (d, 7hh4.8 Hz, 2H, NC6H4)
13C nmr (CDCI3), 5 (ppm): 12.5 (CHgMe), 42.8 (CHsMe), 43.7 (CHsMe), 113.8 (m- 

NC6H4), 127.3 (0 -NC6H4), 131.1 (P-NC6H4), 145.5 (/PSO-NC6H4)
Elemental Analysis (%): C: 30.05 (32.05); H: 3.85 (4.01); N: 7.56 (9.34)
Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 565 (M'*' - Cl), 528 (M'*’ - 201)

Preparation of [MoCl2 (S 2 CNEt2 )2 (NC 2 N 3 NH 2 )] (4zz)

Methanol (25 cm^) was added to a mixture of 1,2,4-triazole diamine (0.02 g, 
0.21 mmol) and [MoOCl2(S2CNEt2)2] (0.10 g, 0.21 mmol). A light orange solution 
was formed and this gave the desired product, after recrystallisation from 
dichloromethane and 40 / 60 petroleum ether, [MoCl2(S2CNEt2)2(NC2N3NH2)], 
0.07 g, in 62 % yield.

Ir (KBr): 841 w, 1160s, 1336m, 1400m, 1551s, 1587s, 3329b, 3437w cm'^
1H nmr (CDCI3), 6  (ppm): 1.41 (t, 7hh 7 Hz, 12H, CH2 Me), 3.83 - 4.05 (m, 8 H, 

GH2Me)
Mass Spectrum (FAB"'’ ,m-nitrobenzyl alcohol): 558 (M"^), 410 (M"*" - S2CNEt2)

5.6 Experimental for Chapter 3 - Attempted Preparation o f  
Bis(imido) Complexes

Reaction of Na2 [Mo 0 4 ] with Phenylenediamine

Triethylam ine (1.36 cm^, 9.0 mmol), trim ethylsily lchloride (2.49 cm^), 
phenylenediam ine (0.26 g, 2.43 mmol) were added sequentia lly to a 
suspension of Na2 [M o0 4 ] (0.5 g, 2.43 mmol) in dme (30 cm^). The solution 
rapidly darkened to a deep red before warming and after heating near reflux for 
two hours a mass of black insoluble material was produced. No interpretation 
could be placed on the ^H nmr of samples taken from the solution in the course 
of the reaction.
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Reaction of Na2[M o0 4 ] with Phenylenediamine and /so-Propylam ine

Triethylamine (1.36 cm^, 8  mmol), trimethylsilylchloride (2.49 cm^, ) , /so- 
propylamine (0.21 cm^, 0.143 g, 2.43 mmol) and 2,3-dimethylphenylenediamine 
(0.165 g, 1.21 mmol) were added sequentially to a suspension of Na2[Mo0 4 ] 
(0.5 g, 2.43 mmol) in dme (30 cm^). The initial yellow colour darkened rapidly on 
warming, ultimately yielding an insoluble black solid. The solution nmr 
indicated the sole formation of the bis(/so-propylimido) product.

Reaction of [MoCl2 (N*Bu)2 (dme)] with Phenylenediamine

Phenylenediamine (0.10 g, 0.92 mmol) in benzene (20 cm^) was added 
dropwise over 15 minutes to a solution of [MoCl2(N^Bu)2 (dme)] (0.74 g, 1.86 
mmol) in benzene (15 cm^). Immediate darkening of the yellow solution was 
noted and a black precipitate formed. This was isolated and after washing with 
benzene weighed 0.30 g. The solution was shown to contain feuNH2 by nmr 
spectroscopy.

5.7 Experimental for Chapter 3 - Synthesis of Bis(imido) Complexes 

Preparation of [MoCl2(N*Bu)2(dme)]^(4aa)

Triethylamine, (13.55 cm^, 97.2 mmol), trimethylsilylchloride (24.7 cm^, 194 
mmol) and ferf-butylamine (9 cm^, 48.6 mmol) were added sequentially to 
anhydrous sodium molybdate (5.00 g, 24.6 mmol) in dme (50 cm^) with 
formation of dense white clouds of ammonium chloride. A yellow solution was 
seen after heating to ~ 60 C overnight. The solids were allowed to settle and the 
solution and diethyl ether washings (2 x 40 cm^) were combined, the solvents 
removed under reduced pressure and the product recrystallised from 40 / 60 
petroleum ether at -20 C. Yield 9.40 g, (96%).

Ir (KBr): 5 0 8 w , 8 2 3 m , 841 w , 8 8 4 m , 1 2 9 7 w , 1 5 0 5 s , 1 5 9 4 m , 1 6 3 2 m , 2 5 9 0 w , 

28 9 2 s , 2979VS , 3 0 2 2 s , 3 2 2 2 m , 3 3 3 5 s , 3 4 2 2 s  cm""

1H nmr (CgDe), Ô (ppm): 1.42 (s, 18H, N^Bu), 3.24 (s, 4H, Me0 CH2CH2 0 Me), 3.45 

(s, 6 H, Me0 CH2CH2 0 Me)
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'3C nmr (CDCI3 ), 5 (ppm) 30.2 (s, NCMes), 62.3 (s, NCMes), 70.8 (s, dme)

Preparation of [MoCl2(2,6-N'Pr2C6H3)2(dme)] (4bb)

Likewise, triethylamine, (27.1 cm^, 194.4 mmol), trimethylsilylchloride (68 cm^, 
534.6 mmol) and 2,6-di/sopropylaniline (18 cm^, 97.2 mmol) were added 
sequentially to anhydrous sodium molybdate (10 g, 48.6 mmol) in dme (100 
cm^) with formation of dense white clouds of ammonium chloride. A yellow 
solution was seen after heating to ~ 70 C overnight. The solids were allowed to 
settle and the solution and diethyl ether washings (3 x 50 cm^) were combined, 
the solvents removed under reduced pressure. Yield 28.9 g, (98%).

1H nmr (CeDg), 8 (ppm): 1.31 (s, 9H, N^Bu), 1.32 (s, 18H, N^Bu), 3.41 (s, 6H, 

MeOCHgCHgOMe), 3.56 (s, 4H, MeOCHgCHgOMe), 3.64 (bs, CHIVIeg), 7.23 (4H, 
Ph), 7.30 (m, 2H, CHMeg)

Preparation of [Mo(0*Bu)2(N*Bu)2]® (4cc)

Diethyl ether (15 cm^) was added at -78 C to a mixture of [MoCl2(N^Bu)2(dme)] 
(0.5 g, 1.25 mmol) and KO^Bu (0.28 cm^, 2.5 mmol) and the solution stirred for 6 
hours as it warmed to room temperature. Filtration, then removal of the volatiles 
under reduced pressure gave the product which was identified by comparison 
with the published data and used unpurified. Yield: 0.24 g, (71%).

Preparation of [Mo(0*Bu)2(2,6-N'PrC6H3)2] (4dd)

Diethyl ether (15 cm^) was added at -78 C to a solid mixture of [MoCl2(2,6- 
N'Pr2C6H3)2(dme)] (1.06 g, 1.75 mmol) and KO^Bu (0.39 , 3.00 mmol) and the 
solution stirred for 8 hours as it warmed to room temperature. Filtration, then 
removal of the volatiles under reduced pressure gave an orange solid which 
was identified by comparison with the published data and used unpurified. 
Yield: 0.73 g, (69%).
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Preparation of [Mo(S2C N Et2)2(N*Bu)2] (4ee)

[MoCl2(N*Bu)2(dme)] (3.12 g, 7.82 mmol) and [NH4][S2CNEt2] ( 2.60 g, 15.64 
mmol) dissolved in diethyl ether (40 cm^) were stirred overnight. The solution 
was filtered off and combined with the diethyl ether washing ( 1 0 0  cm^) and the 
solvent removed. After recrystallisation from dichloromethane / methanol in air a 
crystalline brown solid was recovered, 4.01 g, (96%). Data identical with 
literature.

Preparation of [Mo(S2 PPh2 )2 (N*Bu)2 ] (4ff)

A similar procedure was followed using [MoCl2(N^Bu)2(dme)] (0.5 g, 1.25 mmol) 
and Na[(S2PPh2)2] (0.68 g, 2.51 mmol) in diethyl ether (40 cm^). The deep 
purple product [Mo(S2PPh2)2(N^Bu)2] was isolated in 0.79 g, (8 6 % yield).

Ir (KBr): 488m, 560s, 611m, 687s, 747s, 893s, 998w, 1105s, 1160w, 1307w, 
1440s, 1483w 2942w cm'^

nmr (CDCI3), 5 (ppm): 1.17 (s, 18H, N^Bu), 7.43 (m, 1 2 H, Ph), 7.96 (m, 8 H, Ph) 
P nmr (CDCI3), 5 (ppm): 63.5 (s)

Mass Spectrum (FAB) : 736 (M+), 664 (M^ - N^Bu), 592 (M" - 2N^Bu)

Preparation of [Mo(S2PPh2)2(2,6-N Pr2 C6 H 3 )2 ] (4gg)

Diethyl ether (60 cm^) was added to sodium diphenyldithiophosphinate (0.21 g, 
0.78 mmol) and [MoCl2(2 ,6 -N'Pr2C6H3)2(dme)] (0.20 g, 0.39 mmol) forming a 
deep red solution which was stirred for two hours. The solution was then filtered 
and the so lvent was removed under reduced pressure to give 
bis(diphenyldithiophosphinato)bis(2 ,6 -diisopropylphenylimido) as a deep red 
solid. (Yield: 0.35 g, 99%)

Ir (KBr): 485m, 557sh, 566vs, 612w, 638m, 689s, 708s, 744s, 891 w, 1099vs, 
1264m, 1436s, 1618w cm'^
1H nmr (CDCI3), ô (ppm): 1.18 (s, 1 2 H, CHMe2 ), 1 . 2 0  (s, 1 2 H, CHMe2), 4.48 

(sept, /hh 6  Hz, 2H, CHMe2), 7.09 (m, 6 H, NAr), 7.37 - 7.59 (m, 12H, Ph), 7.83 
(m, 8 H, Ph)
31P nmr (CDCI3), Ô (ppm): 62.7 (s)

Elemental Analysis (%): C: 60.67 (61.02); H: 5.63 (5.72); N: 2.81 (2.97)

150



Mass Spectrum (FAB) : 946 (M+), 772 (M" - SPPhg), 694 (M"̂  - SgPPhg), 520 (M" 
- SgPPhg, N’PfgCeHa)

Reaction of [Mo(O^Bu)2(2,6-N'Pr2C6H3)2] with Phenyienediamine

Phenylenediamine (0. 11 g, 0.102 mmol) was added to a solution of 

[M o(O^Bu)2 (2 ,6 -N 'P r2C 6H3)2] (0.05 g, 0.096 mmol) in benzene (10 cm^). 
Immediate precipitation occurred of a black material. This proved to be almost 
completely insoluble in common solvents. 2,6-D i-/so-propylan iline was 
identified in the solution by nmr studies.

Reaction of [MoCl2 (N*Bu)2 (dme)] with Phenylenediamine

Phenylenediamine (0.10 g, 0.92 mmol) in benzene (20 cm^) was added 
dropwise over 15 minutes to a yellow solution of [MoCl2(N^Bu)2(dme)] (0.74 g,
1.86 mmol) in benzene(15 cm^). Immediate darkening of the solution was 
observed on addition of 4  drops and black solid was formed after roughly 1 cm^ 
had been added. The ir spectrum of the solid and the nmr spectrum of the 
solution are given; indicating free amine and dme in solution.

Ir (KBr): 5 0 8 w ,  8 2 3 m ,  8 4 1 w ,  8 8 4 m ,  1 1 1 2 w ,  1 1 6 6 w ,  1 2 9 7 m ,  1 3 7 9 m ,  1 3 7 9 m ,  

1 40 3W , 1505V S , 1 5 1 8 s h ,  1 5 9 4 s ,  1 6 3 2 s ,  2 9 7 9 s  cm'"'
m  nmr (C D C y, 5 (ppm): 1 . 0 2  (s, ^BuNH2), 3.12 (s, Me0 CH2CH2 0 /We), 3.34 (s, 

4H, Me0CH2CH20Me)

Reactions of [Mo02(S2PPh2)2] with Phenylenediamine

Reaction of equimolar ratios

Phenylenediamine (0.017 g, 0.160 mmol) in methanol (20 cm^) was added to a 
stirred suspension of bis(diphenyldithiophosphinato)bisoxomolybdenum(VI) 
(0.1 g, 0.160 mmol) in methanol (20 cm^). A green solution was initially 
observed but a red solution formed on stirring with oxo stretches persisted in the 
ir spectrum of the remaining solid indicating the presence of bisoxo 
moieties.The red solution was filtered off, the solvent being removed under 
reduced pressure to give a green solid and the residual orange solid washed
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with methanol (2 x 20 cm^).

Reaction with a twofold excess of phenylenediamine

Phenylenediamine (0.035 g, 0.319 mmol) in methanol (25 cm^) was added to a 
stirred suspension of [Mo0 2 (S2PPh2)2] (0 .1  g, 0.160 mmol) in methanol ( 2 0  cm^). 
A green solution was seen at first but this immediately gave way to a yellow 
solution and the mixture was stirred for one hour. When all of the solid had 
dissolved the methanol was removed, but on allowing the solvent to wash down 
the sides of the flask a green colouration was observed. When all of the 
methanol was taken away a green solid remained.

Reaction of [Mo02(S2PPh2)2] with Phenyiene diisocyanate

Phenylene diisocyanate (0.026 g, 0.160 mmol) in toluene (20 cm^) was added 

to a suspension of [Mo0 2 (S2PPh2)2] in toluene (30 cm^) to give an immediate 
strong red colouration and on stirring for five hours a deposit of black solid. The 
solution was filtered off and the solid washed with toluene (3 x 30 cm^) but 
proved to be insoluble in common laboratory solvents.

5.8 Experimental for Chapter 4 - Synthesis of Rhenium Complexes 

Preparation of [ReOCl3 (PPh3 )2 ]̂

Hydrogen peroxide (100 vols, 17 cm^) was added dropwise to rhenium metal 
(1.00 g, 5.37 mmol) in a flask cooled by a dry ice / acetone slush. The mixture 
was stirred as it was allowed to reach room temperature and was then heated 
on a water bath to remove excess water until only about 2  cm^ of solution 
remained. Acetone (70 cm^), concentrated hydrochloric acid (10 cm^) and 
triphenylphosphine (10.00 g, 38.1 mmol) were added sequentially and the 
mixture refluxed for 2 hours. Yellow / green trichlorobis(triphenylphosphine)oxo- 
rhenium(V) was isolated by filtration and washed with copious amounts of cold 
ethanol then diethyl ether to remove excess phosphine and water.
(4.20 g, 94 %).

Ir (KBr): 969 (Re=0) cm'^
nmr (CDCI3), Ô (ppm): 7.34 - 7.49 (m, IBM, PP/73), 7.75 - 7.78 (m, 12H, PP/73).

152



31P nmr (CDCI3 ), Ô (ppm): -19.8 (s)

Preparation of [{ReOCl3 (PPh 3 )2 }2 (NC 6 H4 N)] (5a)

A round bottomed flask was charged with [ReOCl3(PPh3)2] (0.31 g, 0.37 mmol), 
phenylene diamine (0.02 g, 0.19 mmol) and triphenylphosphine (0.10 g, 0.38 
mmol). A reflux condenser, with a bubbler, was fitted and the whole degassed. 
Toluene (40 cm^) was added and the suspension brought swiftly to just below 
reflux. Over three hours the suspended solid darkened to brown and was 
isolated by filtration of the hot solution in air. The product was washed with 
toluene ( 3 x 5  cm^) and sparingly with dichloromethane (5 cm^). The yield of the 
dark brown product was 0.25 g, (78 %).

Ir (KBr): 522vs, 693vs, 748s, 1093s, 1369s, 1435m, 1569s, 2933m cm'^
1H nmr (CDCI3), ô (ppm): 6.52 (s, 4H, CqH^), 7.15 - 7.44 (m, 36H, PP/73), 7.62 - 
7.80 (m, 24H, PP/73)
31P nmr (CDCI3), ô (ppm): -20.9 (s)

Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 1702 (M""" - Cl), 1595 (M"^ - 401), 
1556 (M"^ - 501), 1475 (M+ - PPh3), 1441 (M"  ̂- 01, PPh3)

Preparation of [{ReOCl3(PPh3)2}2(2,3-NC6H2Me2N}] (5c)

[ReOOl3(PPh3)2] (0.25 g, 0.30 mmol), 2,3-dimethylphenylenediamine (0,02 g, 
0.15 mmol) and triphenylphosphine (0.04 g, 0.15 mmol) were refluxed in 
toluene (40 cm^) for two hours. The product was washed with toluene ( 3 x 5  
cm^) and sparingly with acetone (5 cm^). The yield of the dark brown product 
was 0.14 g, (53 %).

Ir (KBr): 522vs, 693vs, 748s, 1093s, 1369s, 1435m, 1569s, 2933m cm'^
31P nmr (ODOI3), ô (ppm): -20.2 (s)

Mass Spectrum (FAB‘‘’ ,m-nitrobenzyl alcohol): 1730 (M"‘‘ - 01), 1623 (M"*" - 401), 
1588 (M"^ - 501), 1503 (M"^ - PPh3), 1469 (M+ - 01, PPh3), 915 (M+ - 01, 

ReOl3(PPh3)2), 653 (M+ - 01, PPh3, ReOl3(PPh3)2)

Preparation of [{ReOCl3 (PPh 3 )2 }2 (NC 6 Me 4 N)] (5e)
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In a s im ilar fashion, [ReOCl3 ( P P h 3 )2 ] (0.05 g, 0.06 mmol), 2,3,5,6- 
phenylenediamine (0,01 g, 0.06 mmol) and triphenylphosphine (0.10 g, 0.38 
mmol) were reacted in toluene (15 cm^) for four hours. The product was washed 
with toluene ( 3 x 5  cm^) and dichloromethane (5 cm^). The yield of the dark 
brown product was 0.04 g, (74 %) based on rhenium.

Ir (KBr): 519 s, 693s, 748m, 1093m, 1316vs, 1434s, 1625, 3362s cm'^
31P nmr (CDCI3), 6  (ppm): -20.6 (s)

Mass Spectrum (FAB'‘',m-nitrobenzyl alcohol): 1793 (M'*'), 943 (M*  ̂ - Cl), 717 
(M+ - PPh3), 681 (M"  ̂- 01, PPh3), 645 (M"  ̂- 201, PPh3)

Preparation of [ReOCl3 (PPh 3 )2 (NC 6 H 4 l)] (5t)

In a similar fashion, [ReOOl3(PPh3)2] (0.19 g, 0.23 mmol), iodoaniline (0,15 g, 
0.70 mmol) and triphenylphosphine (0.18 g, 0.71 mmol) were reacted in toluene 
(35 cm^) for three hours. Some dark solid was removed by filtration. The product 
was precipitated from the solution as an oil on cooling with the addition of 40 / 
60 petroleum ether. It washed with the same (3 x 20 cm^). The yield of the green 
product was 0.14 g, (60 %).

Ir (KBr): 519 s, 695s, 746m, 1078m, 1433s, 1560m cm'^
1R nmr (ODOI3), 6  (ppm): 6.48 (d, 7hh 4 Hz, 2 H, CqH^), 7.13 (d, /hh 4 Hz, 2 H, 

O6H4), 7.23 - 7.50 (m, 18H, PPhs), 7.69 - 7.85 (m, 1 2 H, PP/73)
31P nmr (ODOI3), ô (ppm): -20.9 (s)

Elemental Analysis (%): 0 : 37.82 (37.14); H: 3.06 (2.90); N: 1.30 (1.35) 
Mass Spectrum (FAB'^,m-nitrobenzyl alcohol): 1034 (M'*'), 997 (M"*” ■ 
(M+ - 201), 772 (M+ - PPh3), 736 (M+ - 01, PPh3), 699 (M+ - 201, PPh3)

5.9 Experimental for Chapter 4 - Attempted Coupling Reactions

Activated copper was generated by precipitating the finely divided metal from 
copper(ll) sulphate with a slight excess of powdered zinc, washing with dilute 
hydrochloric acid until no further evolution of hydrogen was seen, then water, 
acetone and diethyl ether. After drying in vacuo the powder was immediately 
added to the reaction.
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Attempted coupling of [WCl2(PM ePh2)2(C O )(p-N C 6H4l)]

In a typical reaction activated copper [0,011 g, 0.16 mmol from Zn (0.011 g) and 
Cu(S0 4 )2 .5 H2 0  (0.03g)] was added to a pink/purple solution of 3t (0.5 g, 0.06 
mmol) in dmf (10 cm^). Upon heating to around 110 C the solution became 
orange / red and was held at this temperature for 15 minutes then allowed to 
cool. After filtering from the grey copper iodide formed a brown oily solid was 
obtained on removal of the volatiles under reduced pressure. A number of 
attempts were made to triturate this material with a range of solvents with no 
success, Some solubility was seen in chlorinated organic solvents.

Mass Spectrum (FAB^,m-nitrobenzyl alcohol): 1565; 1173; 1144; 939

Attempted coupling of [MoCl2 (S 2 CNEt 2 )2 (p-NC 6 H4 l)]

Following a similar method with 4t (0.10 g, 0.15 mmol) and copper (0.05 g, 0.74 
mmol) the yellow solution in dmf ( 2 0  cm^) turned bright red on heating but gave 
intractable oily solids when isolation of the product was tried.

Ir (KBr): 393m, 684m, 804s, 101s, 1025s, 1051sh, 1075sh, 1094s, 1147w, 
1203w, 1264s, 1436m, 1513m, 1644s, 2944w cm'^
Mass Spectrum (FAB'",m-nitrobenzyl alcohol): 759; 727; 698; 658; 646; 611 ; 
510

Attempted coupling of [WCl2 (PMePh 2 )2 (CO)(p-NC 6 H4 i)] with [iC6 H4 l]

Activated copper (0.04 g, 0.61 mmol) was added to a mixed solution of 3t (0.10 
g, 0.019 mmol) and p-diiodobenzene (0.055 g, 0.01 mmol) in dried pyridine (30 
cm^). A red solution was formed the precise nature of which eluded further 
elucidation.

Mass Spectrum (FAB^,m-nitrobenzyl alcohol): 1634; 1435; 1246; 1046; 875; 
855; 655; 463

Attempted coupling of [MoCl2 (S2 CNEt2 )2 (p-NC 6 H4 l)] with [iC6 H4 l]
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Activated copper (0.04 g, 0.61 mmol) was added to a mixed solution of 4t (0.14 
g, 0.021 mmol) and p-diiodobenzene (0.055 g, 0.01 mmol) in dmf (10 cm^). A 
red solution formed on heating.

Ir (KBr): 823w, 101m, 1204m, 1277s, 1355m, 1381w, 1439m, 1520vs, 1559m, 
1646s, 2922m cm'^
Mass Spectrum (FAB^,m-nitrobenzyl alcohol): 1116; 727; 657; 625; 510; 478; 
426; 394

Attempted coupling of [MoCl2 (S2 CNEt2 )2 (p-NC 6 H4 l)] with [PhC=CH]

Dichlorobis(triphenylphosphine)palladium (0.01 g, 0.014 mmol) was added to a 
solution containing 4t (0.58 g, 0.86 mmol), copper(l) iodide (0.003 g, 0.015 
mmol) and phenylacetylene (0.10 g, 0.99 mmol) in triethylamine (20 cm^). After 
stirring for 4 hours and removing the solvent in vacuo a yellow solid was 
obtained which decomposed in solution in air and exhibited a very large 
number of resonances between Ô 6.60 and 8.03 ppm. Separation of any single 

product proved impossible.

5.10 Expérimentai for Chapter 4 - Synthesis of Bisimido Complexes

Preparation of [MoCl2(2,6-NMe2C6H2Br)2(dme)] (4hh)

Triethylamine, (3.51 cm^, 25.2 mmol), trimethylsilylchloride (6.42 cm^, 50.4 
mmol) and 4-bromo-2,6-dimethylaniline (2.51 g, 12.52 mmol) were added 
sequentially to anhydrous sodium molybdate (1.29 g, 6.26 mmol) in dme (50 
cm^) with formation of ammonium chloride and some orange colouration in 
solution on stirring. A red solution was seen after heating to ~ 60 C overnight. 
The solids were allowed to settle and the solution and diethyl ether washings (2 
X 40 cm^) were combined and the solvents removed under reduced pressure. 
Yield 3.6 g, (8 8 %).

1H nmr (C D C y, 8  (ppm): 2.37 (s, 1 2 H, Me), 3.83 (bs, 6 H, MeOCHgCHgO/We), 

3.83 (bs, 4H, MeOCHgCHgOMe), 7.07 (s, 4H, Ar)

Preparation of [Mo(S2CNEt2)2(2,8-NMe2C6H2Br)2] (4ii)
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[MoCl2(2 ,6 -NMe2C6H2Br)2(dme)] (3,45 g, 5.28 mmol) and [NH4][S2CNEt2] (1.75 g, 
10.56 mmol) were dissolved in diethyl ether (40 cm^) and stirred overnight. The 
solution was filtered off and combined with the diethyl ether washing (500 cm^) 
and the solvent removed. After eluting from a chromatographic column 
crystallisation from dichloromethane / methanol in air a crystalline brown solid 
was recovered, 4.01 g, (96%).

Ir (KBr): 817s, 858w, 8 6 8 w, 953m, 1089w, 1147m, 1208m, 1247s, 1273s, 
1319s, 1356m, 1390m, 142s, 1457s, 1494vs, 2933w, 2974w cm'^ 
m  nmr (CDCI3), ô (ppm): 1.30 (t, 7hh7 Hz, 1 2 H, CH2Me), 2.30 (s, 1 2 H, Me), 3.84 

(bs, 8 H, CH2Me), 7.04 (s, 4M, Ar)
Elemental Analysis (%): C: 40.11 (39.59); H: 4.68 (4.57); N: 7.12 (7.11)
Mass Spectrum (FAB""",m-nitrobenzyl alcohol): 788 (M"^), 757 (M"*” - Et), 729 (M'*’ 
- 2Et), 591 ((M+ - NAr)

Attempted coupling of [Mo(S2CNEt2)2(2,6-NMe2C6H2Br)2]

The standard coupling procedure was used with [Mo(S2 C N E t 2 )2 (2 ,6 - 
NMe2C6H2Br)2] (0.19 g, 0.24 mmol) and copper (0.05 g, 0.74 mmol) the brown 
solution in dmf ( 2 0  cm^) became darker still on heating and gave inseparable, 
but soluble, solids when isolation of the product from the starting material was 
attempted.
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Appendix - Crystallographic Details

All measurements were made on a Nicolet R3mV four circle 
diffractom eter using Mo-Ka radiation {X = 0.71073 A). The solution and 
refinement of the data sets were carried out using the SHELXTL PLUS suite of 
programs on a MicroVAX II computer. Selected crystals were mounted on glass 
fibres and following inspection under a polarising microscope, rotation 
photographs were taken of those crystals which appeared to be well formed 
and single. At least 28 reflections were measured and used to determine the 
orientation matrix and the unit cell of the crystal. The dimensions of the unit cell 
were confirmed by taking axial photographs. Data were collected by co-20 scans 
(or 0) scans when one or more of the unit cell axes was greater than 23 A), with 
the range of 26 usually being 5 to 45°. The intensities of three standard 
reflections were remeasured at intervals of 97 reflections during the data 
collection. No significant crystal decay was observed for any of the presented 
structures. The data sets were corrected for Lorentz and polarisation effects, 
and empirical absorption corrections were applied. Structures were solved 
initially using either Patterson or direct methods, and the solutions developed 
using alternating cycles of difference Fourier syntheses and full matrix least- 
squares procedures. In the final solution, all non-hydrogen atoms were 
modelled anisotropically and, except in the case of 1q, hydrogen atoms were 
placed in idealised positions, with C-H bond lengths being fixed at 0.96 A and 
the isotropic thermal parameter {U) set to 0.08 A^.

The following definitions apply to the collection data tables:

R = I1IFol-IFcll/IlFol

,1/2
wR = [Xvv(IFol - \Fc\f /

Goodness-of-fit = [Z(IFol - IFcl)^ / I ( N r e i \ n s  - /Vparams)]
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Table A1.1 Crystallographic Collection Data for [HCSCC6H4NH2] (1q)

The data collection was routine, and the initial structure solution was obtained 
using direct metKods.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Absorption correction
Refinement method
Data / restraints / parameters
Goodness-of-fit on F^2
Final R indices [l>2sigma(1)]
R indices (all data)
Extinction coefficient 
Largest diff. peak and hole

str529 
C8 H7 N 
117.15 
293(2) K 
0.71073 A 
Orthorhombic 
Pman
a = 7.0734(14) A alpha = 90 deg 
b = 9.037(2) A beta = 90 deg. 
c = 10.335(3) A gamma = 90 d eg.
660.7(3) A"3
4
1.178 Mg/m"3 
0.070 mm''-l 
248
0.80 X  0.42 X  0.40 mm 
2.99 to 27.55 deg.
0<=h<=9, -ll<=k< = ll, -13 < = 1< = 13 
3007
821 [R(int) = 0.0477]
No
Full-matrix least-squares on F"2
815 / 0 / 49
1.047
R1 = 0.1396, wR2 = 0.4040 
R1 = 0.1667, wR2 = 0.4771 
no
0.353 and -0.936 e.A"-3
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Table A1.2 Fractional Atomic Coordinates (Â x 10^) and Equivalent 
Isotropic Displacement Parameters Ugq (A^ x 10^) for [HC=CC6H4NH2] (1q). 
Esds in Parentheses. Equivalent isotropic Ueq defined as one third of the trace 
of the orthogonalised Uy tensor

X y z U (eq)

N(l) 2500 2947(5) 74 (4) 115 (2)
C(l) 2500 3811(4) 1179(4) 85 (2)
C(2) 834(6) 4260 (3) 1740 (3) 87 (2)
C(3) 842(6) 5118(3) 2851 (3) 81(1)
C(4) 2500 5551 (3) 3426 (3) 70 (2)
C(5) 2500 6423 (4) 4588 (3) 76 (2)
C(6) 2500 7151 (4) 5536 (3) 93 (2)

Table A1.3 Bond Lengths (A) and angles (°) for [HC=CC6H4NH2] (1q). Esds
in Parentheses

N(l) -C(l 1.383(5)
C(l) -C(2 #1 1.375(5)
C(l) -C(2 1.375 (5)
C(2) -C(3 1.386(4)
C(3)-C(4 1.372 (4)
C(4) -C(3 #1 1.372(4)
C{4)-C(5 1.437(4)
C(5)-C(6 1.180(5)
C(2)#1-C 1) -C(2) 118.0 (4)
C(2)#l-C 1) -N(l) 121.0(2)
C(2) -C(l -N(l) 121.0(2)
C(l) -C(2 -C(3) 120.7 (3)
C(4) -C(3 -C(2) 121.5(3)
C(3) -C(4 -C(3)#l 117.5(3)
C(3)-C(4 -C(5) 121.2(2)
C(3)#l-C 4)-C(5) 121.2(2)
C(6)-C(5 -C(4) 179.4(3)

Symmetry transformations used to generate equivalent atoms 
#1 -x+l/2,y,z

161



Table A2.1 Crystallographic Collection Data for [{W Cl2(PM ePh2)2(CO )}2(NC-

6H3MeN)2] (3b)

The data collection was routine, and the initial structure solution was obtained 
using direct methods.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
z

Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Refinement method
Data / restraints / parameters
Goodness-of-fit on F"2
Final R indices [l>2sigma(D]
R indices (all data)
Largest diff. peak and hole

strSlS
C61 H60 C14 N2 02 P4 W2
1486.49
293(2) K
0.71073 A
monoclinic
P21/n
a = 18.257 (2) A 
b = 8 .855 (2) A 
c = 19.756 (4) A

alpha = 90 deg.
beta = 107.130(13) deg
gamma = 90 deg. 1

3052.0(10) A"3 
2

1.618 Mg/m"3
4.089 mm"-l 
1464
0.46 X  0.42 X  0.3 6 mm 
2.54 to 25.07 deg.
0<=h<=21, 0<=k<=10, -23<=1<=22
5567
5389 [R(int) = 0.0223] 
Full-matrix least-squares on F"2 
5382 / 0 / 343
1.035
R1 = 0.0305, wR2 = 0.0637 
R1 = 0.0406, wR2 = 0.0692 
0.425 and -0.853 e.A"-3
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Table A2.2 Fractional Atomic Coordinates (Â x 10^) and Equivalent 
I s o t r o p i c  D i s p l a c e m e n t  P a r a m e t e r s  Ueq ( A ^  x 1 0 ^ )  for

[{WCl2(PMePh2)2(CO)}2(NCeH3MeN)2] (3b). Esds in Parentheses. Equivalent 
isotropic U©q defined as one third of the trace of the orthogonalised Uy tensor

X y U(eq)

W(1) 2922 1) 2191 1) 393 1) 36 1)
Cl(l) 1712 1) 2907 2) 623 1) 67 1)
Cl{2) 2907 1) 4620 2) -223 1) 58 1)
P(l) 2030 1) 1212 2) -755 1) 45 1)
P(2) 3587 1) 3690 2) 1495 1) 43 1)
0(1) 2666 3) -601 6) 1269 3) 104 2)
N(l) 3746 2) 1367 5) 279 2) 40 1)
C(l) 2749 3) 428 8) 948 3) 62 2)
C(2) 4374 3) 662 6) 157 2) 38 1)
C(3) 4648 3) -751 6) 456 3) 44 1)
C(4) 5276 3) -1366 6) 296 3) 45 1)
C(5) 4282 7) -1569 13) 920 6) 62 3)
C(6) 1382 4) 2671 8) -1241 3) 68 2)
C(7) 3063 4) 5352 7) 1617 4) 68 2)
C(10) 2563 3) 593 6) -1354 3) 48 1)
C(ll) 3087 4) -571 8) -1179 3) 71 2)
C(12) 3557 4) -928 10) -1598 4) 84 2)
C(13) 3496 5) -110 11) -2191 4) 87 2)
C(14) 2989 4) 1022 10) -2381 4) 79 2)
C(15) 2523 4) 1373 8) -1972 3) 71 2)
C(20) 1393 3) -347 7) -694 3) 50 1)
C(21) 621 3) -102 10) -804 4) 79 2)
C(22) 144 4) -1225 12) -722 4) 101 3)
C(23) 424 5) -2645 11) -533 4) 92 3)
C(24) 1189 5) -2936 9) -422 4) 90 2)
C(25) 1669 4) -1760 8) -496 4) 78 2)
C(30) 4538 3) 4436 6) 1548 3) 46 1)
C(31) 4982 4) 5099 9) 2159 3) 80 2)
C(32) 5706 4) 5617 10) 2203 4) 94 3)
C(33) 5995 4) 5450 8) 1644 4) 80 2)
C(34) 5572 3) 4778 7) 1036 4) 63 2)
C(35) 4842 3) 4275 6) 994 3) 51 1)
C(40) 3795 3) 2653 7) 2321 3) 50 1)
C(41) 3549 4) 3103 9) 2885 3) 77 2)
C(42) 3747 5) 2301 12) 3510 4) 102 3)
C(43) 4177 4) 1041 11) 3567 4) 91 3)
C(44) 4430 5) 553 10) 3017 4) 91 2)
C(45) 4234 4) 1390 8) 2387 3) 71 2)
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Table A2.3 Bond Lengths (Â) and angles (°) for [{W Cl2(PM ePh2)2(CO)}2(NC-

6H3MeN)2] (3b). Esds in Parentheses

w 1) -N(l) 1.745 (4)
w 1)-C(l) 1.986(6)
w 1) -ci(l) 2.4648(13)
w 1) -CK2) 2.4677(14)
w 1)-P(l) 2.5243 (14)
w 1)-P(2) 2.5339(14)
p 1)-C(6) 1.821 6)
p 1)-c(io) 1.824 5)
p 1) -C(20) 1.831 6)
p 2)-C(7) 1.809 6)
p 2) -C(40) 1.812 6)
p 2) -C(30) 1.832 5)
0 1) -C(l) 1.144 7)
N 1) -C(2) 1.388 6)
C 2)-C(4)#l 1.390 6)
C 2)-C(3) 1.411 7)
c 3)-C{4) 1.388 6)
c 3)-C(5) 1.474 11)
c 4) -C(2)#l 1.390 6)
c 10) -C 11) 1.379 8)
c 10) -C 15) 1.386 8)
c 11) -C 12) 1.393 9)
c 12) -C 13) 1.353 11)
c 13) -C 14) 1.340 11)
c 14) -C 15) 1.371 9)
c 20) -C 25) 1.362 9)
c 20) -C 21) 1.380 8)
c 21) -C 22) 1.363 10)
c 22) -C 23) 1.367 12)
c 23) -C 24) 1.372 11)c 24) -C 25) 1.396 9)
c 30) -C 31) 1.373 8)
c 30) -C 35) 1.372 7)
c 31) -C 32) 1.378 9)
c 32) -C 33) 1.365 10)
c 33) -C 34) 1.359 9)
c 34) -C 35) 1.385 7)
c 40) -C 45) 1.359 9)
c 40) -C 41) 1.377 8)
c 41) -C 42) 1.377 10)
c 42) -C 43) 1.350 11)
c 43) -C 44) 1.369 11)
c 44) -C 45) 1.402 9)
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N(l) -W(l) -C(l) 
N(l)-W(l)-Cl(1) 
C(l) -W(l) -Cl(l) 
N(l) -W(l) -Cl{2) 
C(l)-W(l)-Cl(2) 
Cl(l)-W(l)-Cl{2) 
N(l) -W(l) -P(l) 
C(l) -W(l) -P(l)
C l (1)-W(l)-P(l) 
C l (2)-W(l)-P(l) 
N(l) -W(l) -P(2) 
C(l) -W(l) -P(2) 
Cl(l)-W(l)-P(2) 
Cl(2)-W(l)-P{2) 
P(l)-W(l)-P{2) 
C(6)-P(l)-C(IO) 
C(6) -P(l) -C(20) 
C(10)-P(l)-C(20) 
C{6) -P(l) -W(l) 
C(10) -P(l) -W(l) 
C(20) -P(l) -W(l) 
C(7) -P(2) -C(40) 
C(7) -P(2) -C(30) 
C(40)-P(2)-C(30) 
C(7) -P{2) -W(l) 
C(40) -P(2) -W(l) 
C(30) -P{2) -W(l) 
C(2) -N(l) -W(l) 
0(1) -C(l) -W(l) 
N(l) -C(2) -C(4)#l 
N(l) -C(2) -C(3) 
C(4)#l-C(2) -C(3) 
C(4) -C(3) -C(2) 
C(4) -C(3) -C(5) 
C(2) -C(3) -C(5) 
C(3) -C(4) -C(2)#l

91.5 (2) 
169.86(14)
78.7 (2) 

100.68 (14) 
167.7(2) 
89.24(5)
95.35 (13) 
93.5(2) 
82.99(5) 
86.86(5) 
96.70 (13) 
92.9(2) 
86.30(5) 
84.29(5)

166.19(4)
105.0 3)
104 .1 3)
106.6 2)
112 .1 2)
111.1 2)
117.0 2)
105.8 3)
103 .2 3)
100.8 2)
113 .7 2)
115.4 2)
116.3 2)
176 .6 4)
178 .3 6)
118.0 4)
122 .3 4)
119.6 4)
117.8 4)
120 .4 6)
121.8 6)
122.5 4)
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c 11 -C 10 -C 15) 116.5 6)
c 11 -C 10 -P 1) 121.7 5)
c 15 -C 10 -P 1) 121.4 5)
c 10 -C 11 -C 12) 121.5 7)
c 13 -C 12 -C 11) 119.0 8)
c 14 -C 13 -C 12) 121.1 7)
c 13 -C 14 -C 15) 120.1 7)
c 14 -C 15 -C 10) 121.6 7)
c 25 -C 20 -C 21) 117.6 6)
c 25 -C 20 -P 1) 121.6 4)
c 21 -C 20 -P 1) 120.7 5)
c 22 -C 21 -C 20) 121.7 8)
c 21 -C 22 -C 23) 120.2 7)
c 22 -C 23 -C 24) 119.8 7)
c 23 -C 24 -C 25) 118.9 8)
c 20 -C 25 -C 24) 121.7 6)
c 31 -C 30 -C 35) 118.2 5)
c 31 -C 30 -P 2) 120.6 5)
c 35 -C 30 -P 2) 121.1 4)
c 30 -C 31 -C 32) 120.3 7)
c 33 -C 32 -C 31) 120.3 7)
c 34 -C 33 -C 32) 120.6 6)
c 33 -C 34 -C 35) 118.6 6)
c 30 -C 35 -C 34) 121.8 6)
c 45 -C 40 -c 41) 119.0 6)
c 45 -C 40 -p 2) 117.6 4)
c 41 -c 40 -p 2) 123 .3 5)
c 42 -c 41 -c 40) 120.9 7)
c 43 -c 42 -c 41) 119.6 8)
c 42 -c 43 -c 44) 121.2 7)
c 43 -c 44 -c 45) 118.7 8)
c 40 -c 45 -c 44) 120.6 7)

Symmetry transformations used to generate equivalent atoms 
#1 -x+l,-y,-z
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Table A3.1 Crystallographic Collection Data for
[{WCl2(PMePh2)2(CO)}2{NC6H3(OMe)N}2] (3g)

The data collection was routine, and the initial structure solution was obtained 
using direct methods.

dentification code 
tnpirical formula 
ormula weight 
emperature 
avelength 
[rystal system 
pace group 
hit cell dimensions

olume

ensity (calculated) 
bsorption coefficient 
( 0 0 0 )

rystal size
heta range for data collection 
ndex ranges 
eflections collected 
ndependent reflections 
efinement method 
ata / restraints / parameters 
roodness-of-fit on F^2  

inal R indices [I>2sigma(I)] 
indices (all data)

str498
C68 H64 C14 N2 04 P4 W2
1606.59
293 (2) K
0.71073 A
Triclinic
PI
a = 11.326 (2) A 
b = 17.760(3) A 
C = 18.226(3) A

alpha = 99.32 0(12) deg 
beta = 102.220(13) deg 
gamma = 98.98 0(14) dec

3466.2(10) A"3 
2

1.539 Mg/m"3 
3.609 mm^-1 
1588
0.73 X  0.40 X  0.54 mm 
2.62 to 22.55 deg.
0<=h<=12/ -19<=k<=18, -19<=1<=18 
8997
8996 [R(int) = 0.7638] 
Full-matrix least-squares on F"2 
8994 / 0 / 757 
1.032
R1 = 0.0392, wR2 = 0.0907 
R1 = 0.0490, wR2 = 0.0983
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Table A3.2 Fractional Atomic Coordinates (A  x  10 )̂ and Equivalent 
Isotropic Displacement Parameters Ueq (A^ x  10^) for 

[{WGl2 (PMePh2 )2 (CO)}2 {NC6 H3 (OMe)N}2 ] (3g). Esds in Parentheses. Equivalent 
isotropic Ugq defined as one third of the trace of the orthogonalised Uy tensor

X y z U (eq)
W(l) 282 1) 2704 1) 2855 1) 37 1)W(2) 4846 1) 2505 1) 7999 1) 39 1)Cl(l) -378 2) 3565 1) 1972 1) 60 1)Cl{2) 2338 2) 3555 1) 3280 2) 65 1)Cl{3) 4916 2) 1226 1) 8353 1) 63 1)Cl(4) 2776 2) 1958 1) 7133 1) 55 1)
P(l) 1102 3) 2053 2) 1778 2) 74 1)
P(2) -398 2) 3630 1) 3798 1) 45 1)
P(3) 3564 3) 2744 2) 8953 2) 66 1)
P{4) 5623 2) 1994 2) 6863 1) 60 1)N(l) 394 6) 2012 3) 3439 3) 39 2)N(2) 6253 6) 3089 4) 8551 3) 44 2)0(1) -2397 7) 1810 4) 2018 4) 85 3)0(2) -1277 8) 705 4) 2884 4) 110 4)0(51) 4241 6) 3950 4) 7302 4) 71 3)0(52) 6865 6) 4404 4) 8092 5) 98 3)0(1) -1434 9) 2128 5) 2336 5) 53 4)0(2) 287 7) 1449 4) 3870 5) 43 3)0(3) 1021 9) 1546 5) 4608 6) 77 4)0(4) 906 9) 992 6) 5043 6) 80 4)0(5) 56 7) 304 5) 4763 5) 46 3)0(6) -707 8) 213 5) 4041 5) 57 4)0(7) -596 8) 758 5) 3598 5) 53 3)0(8) -2286 11) 92 6) 2569 7) 110 6)
0(9) 1793 14) 2741 7) 1269 8) 125 8)
0(10) 225 13) 4634 6) 3841 6) 90 6)
0(11) -91 13) 1388 7) 1027 7) 88 6)
0(12) -368 16) 634 9) 981 12) 148 10)
0(13) -1391 27) 166 14) 473 15) 218 18)0(14) -2044 28) 466 18) -68 13) 218 18)
0(15) -1811 28) 1213 15) -35 12) 239 17)
0(16) -830 22) 1678 10) 516 10) 182 13)0(21) 2252 12) 1482 6) 2028 9) 94 6)0(22) 3213 14) 1468 11) 1672 9) 135 9)0(23) 4099 15) 1026 14) 1903 12) 164 12)0(24) 3928 23) 583 10) 2397 16) 178 16)
0(25) 3118 23) 643 15) 2758 18) 272 24)
0(26) 2247 19) 1086 11) 2542 14) 219 17)0(31) 130 8) 3514 5) 4785 5) 47 3)0(32) -650 10) 3340 6) 5245 6) 71 5)0(33) -172 13) 3260 7) 5978 7) 90 6)0(34) 1089 14) 3374 9) 6263 7) 103 7)
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c 35) 1858 (12) 3573 10) 5826 6) 114 8)
c 36) 1378 (9) 3620 7) 5083 5) 79 5)
c 41) -2022 (11) 3576 10) 3655 6) 97 6)
c 42) -2768 (11) 2866 12) 3564 7) 131 9)
c 43) -4033 (16) 2806 21) 3424 11) 267 24)
c 44) -4477 (22) 3426 26) 3427 15) 258 29)
c 45) -3770 (23) 4241 20) 3488 13) 238 24)
c 46) -2562 (15) 4228 12) 3613 7) 144 10)
c 51) 4460 (7) 3421 5) 7559 5) 52 3)
c 52) 7305 (7) 3620 5) 8958 4) 51 3)
c 53) 8048 (12) 3486 8) 9603 6) 138 6)
c 54) 9084 (13) 4024 8) 10000 6) 168 8)
c 55) 9438 (8) 4708 6) 9784 4) 59 4)
c 56) 8692 (7) 4846 5) 9151 4) 45 3)
c 57) 7625 (7) 4313 5) 8732 5) 44 3)
c 58) 7154 (11) 5086 7) 7805 9) 154 8)
c 59) 2550 (9) 1877 6) 9032 6) 66 4)
c 60) 4678 (10) 1062 8) 6288 7) 110 6)
c 61) 2533 (18) 3415 7) 8737 10) 128 9)
c 62) 3025 (23) 4174 8) 8789 15) 236 18)
c 63) 2219 (30) 4675 13) 8543 20) 339 33)
c 64) 1024 (32) 4427 15) 8331 18) 337 32)
c 65) 519 (23) 3667 14) 8282 13) 224 18)
c 66) 1288 (18) 3171 10) 8492 10) 140 11)
c 71) 4475 (17) 3065 12) 9927 7) 144 9)
c 72) 4227 (17) 3634 14) 10442 10) 229 14)
c 73) 5041 (24) 3945 16) 11259 14) 281 19)
c 74) 5819 (34) 3315 17) 11394 12) 278 24)
c 75) 5988 (28) 2955 20) 10932 10) 331 26)
c 76) 5349 (24) 2744 14) 10209 9) 215 16)
c 81) 5595 (13) 2619 9) 6213 7) 92 6)
c 82) 4646 (16) 2465 14) 5527 9) 160 11)
c 83) 4642 (30) 3053 19) 5073 14) 221 22)
c 84) 5548 (38) 3744 19) 5320 19) 237 31)
c 85) 6430 (33) 3819 18) 5939 15) 240 22)
c 86) 6454 (17) 3240 9) 6389 9) 124 9)
c 91) 7145 (10) 1750 7) 7033 8) 82 5)
c 92) 7731 (13) 1579 9) 6445 9) 123 8)
c 93) 8814 (15) 1358 12) 6569 14) 160 12)
c 94) 9351 (17) 1227 15) 7277 16) 189 16)
c 95) 8792 (13) 1368 12) 7829 12) 161 12)
c 96) 7720 (10) 1659 8) 7754 8) 98 6)
* Equivalent i.sotropic U defined as one third of the
the orthogonal!zed Û j tensor
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Table A3.3 Bond Lengths (Â) for [{W Cl2(PMePh2)2(CO)}2{NC-

6H3(OMe)N}2] (3g). Esds in Parentheses

w 1) -Cl(l) 2.478 (3) W D - Cl(2) 2.463 (2)
w 1) -P(l) 2.536 (3) W D - P(2) 2.508 (2)
w 1) -N(l) 1.752 (7) w D - C(l) 2.001 (8)
w 2) -CK3) 2.468 (3) w 2)- Cl(4) 2.481 (2)
w 2) -P(3) 2.517 (3) w 2)- P(4) 2.510 (3)
w 2) -N(2) 1.760 (5) w 2)- C(51) 1.993 (10)
p 1) -C{9) 1.827 (16) p D - C(ll) 1.813 (11)
p 1) -C(21) 1.803 (14) p 2)- C(10) 1.794 (10)
p 2) -C(31) 1.828 (9) p 2)- C(41) 1.788 (13)
p 3) -C(59) 1.817 (10) p 3)- C(61) 1.824 (18)
p 3) -C(71) 1.804 (13) p 4)- C(60) 1.844 (12)
p 4) -C(81) 1.748 (15) p 4)- C(91) 1.818 (12)
N 1) -C(2) 1.374 (11) N 2)- C(52) 1.381 (9)
0 1) -C(l) 1.131 (11) 0 2)- C(7) 1.345 (11)0 2) -C{8) 1.397 (12) 0 51) -C(51) 1.153 (13)0 52)-C(57) 1.345 (11) 0 52) -C(58) 1.415 (16)
c 2) -C(3) 1.391 (12) C 2)- C(7) 1.400 (10)
c 3) -C(4) 1.368 (16) C 4)- C(5) 1.380 (11)
c 5) -C(6) 1.382 (12) C 5)- C(5A) 1.495 (18)
c 6) -C{7) 1.366 (14) c 11) -C 12) 1.310 (20)
c 11 -C 16) 1.340 (24) c 12) -C 13) 1.374 (28)
c 13 -C 14) 1.336 (40) c 14) -C 15) 1.300 (41)
c 15 -C 16) 1.377 (28) c 21) -c 22) 1.381 (23)
c 21 -C 26) 1.259 (29) c 22) -C 23) 1.405 (29)
c 23 -C 24) 1.313 (37) c 24) -C 25) 1.244 (43)
c 25 -C 26) 1.389 (35) c 31) -c 32) 1.376 (15)
c 31 -C 36) 1.374 (13) c 32) -C 33) 1.370 (16)
c 33 -C 34) 1.383 (20) c 34) -C 35) 1.344 (21)
c 35 -C 36) 1.370 (15) c 41) -C 42) 1.368 (24)
c 41 -C 46) 1.396 (28) c 42) -C 43) 1.385 (22)
c 43 -C 44) 1.280 (57) c 44) -C 45) 1.516 (52)
c 45 -C 46) 1.343 (32) c 52) -c 53) 1.372 (14)
c 52 -C 57) 1.379 (12) c 53) -C 54) 1.371 (16)
c 54 -C 55) 1.365 (18) c 55) -C 56) 1.359 (11)
c 55 -C 55A) 1.488 (16) c 56) -c 57) 1.398 (9)
c 61 -C 62) 1.356 (20) c 61) -C 66) 1.363 (27)
c 62 -C 63) 1.428 (38) c 63) -C 64) 1.309 (45)
c 64 -c 65) 1.362 (36) c 65) -C 66) 1.374 (34)
c 71 -c 72) 1.368 (29) c 71) -c 76) 1.274 (33)
c 72 -c 73) 1.538 (27) c 73) -c 74) 1.547 (46)
c 74 -c 75) 1.042 (39) c 75) -c 76) 1.324 (23)
c 81 -c 82) 1.423 (19) c 81) -c 86) 1.298 (21)
c 82 -c 83) 1.432 (40) c 83) -c 84) 1.412 (44)
c 84 -c 85) 1.312 (45) c 85) -c 86) 1.415 (37)
c 91 -c 92) 1.394 (22) c 91) -c 96) 1.384 (19)
c 92 -c 93) 1.331 (24) c 93) -c 94) 1.378 (37)
c 94 -c 95) 1.309 (35) c 95) -c 96) 1.381 (22)

170



Table A3.4 Bond angles (“) for [{W Cl2(PMePh2)2(CO)}2{NC6H3(OMe)N}2]

(3g). Esds in Parentheses

C 1 ( 1 ) - W ( 1 ) - C 1 ( 2 ) 8 9 . 4 1) C l ( 1 ) - W ( l ) - P ( l ) 8 5 . 1 1)
C l ( 2 ) - W ( l ) - P ( l ) 8 5 . 0 1) C l ( l ) - W ( l ) - P { 2 ) 8 3 . 4 1)
C l ( 2 ) - W ( l ) - P ( 2 ) 8 7 . 6 1) P ( l ) - W ( l ) - P ( 2 ) 1 6 6 . 4 1)
C l ( 1 ) - W ( l ) - N ( l ) 167 .2 2) C l ( 2 ) - W ( l ) - N ( l ) 1 0 3 . 0 2)
P ( l ) - W ( l ) - N ( l ) 9 9 . 1 2) P { 2 ) - W ( l ) - N ( l ) 9 3 . 8 2)
C l ( 1 ) - W ( l ) - C ( l ) 7 9 . 4 3) C l ( 2 ) - W ( l ) - C ( l ) 1 6 8 . 4 3)
P ( l ) - W ( l ) - C ( l ) 9 1 . 0 3) P ( 2 ) - W ( l ) - C ( l ) 9 4 . 0 3)
N ( l ) - W { l ) - C ( l ) 8 8 . 4 3) C 1 { 3 ) - W ( 2 ) - C 1 ( 4 ) 8 9 . 5 1)
C l ( 3 ) - W ( 2 ) - P ( 3 ) 8 7 . 4 1) C l ( 4 ) - W ( 2 ) - P ( 3 ) 8 1 . 3 1)
C l ( 3 ) - W ( 2 ) - P ( 4 ) 8 6 . 6 1) C l ( 4 ) - W ( 2 ) - P ( 4 ) 8 4 . 5 1)
P ( 3 ) - W ( 2 ) - P ( 4 ) 1 6 4 . 6 1) C l ( 3 ) - W { 2 ) - N ( 2 ) 1 0 3 . 3 2)
C l ( 4 ) - W ( 2 ) - N ( 2 ) 1 6 7 . 2 2) P ( 3 ) - W ( 2 ) - N ( 2 ) 9 8 . 2 2)
P { 4 ) - W ( 2 ) - N ( 2 ) 9 6 . 9 2) C l ( 3 ) - W ( 2 ) - C ( 5 1 ) 168 . 0 2)
C l ( 4 ) - W ( 2 ) - C ( 5 1 ) 7 8 . 5 2) P { 3 ) - W ( 2 ) - C ( 5 1 ) 9 1 . 9 3)
P ( 4 ) - W ( 2 ) - C ( 5 1 ) 9 1 . 2 3) N ( 2 ) - W ( 2 ) - C ( 5 1 ) 8 8 . 7 3)
W ( l ) - P { l ) - C ( 9 ) 1 1 3 . 2 5) W ( l ) - P ( l ) - C ( l l ) 1 1 3 . 0 5)
C { 9 ) - P ( l ) - C ( l l ) 1 0 3 . 6 6) W ( l ) - P ( l ) - C ( 2 1 ) 1 1 7 . 1 5)
C ( 9 ) - P ( l ) - C { 2 1 ) 104 .  6 7) C ( l l ) - P ( l ) - C ( 2 1 ) 1 0 4 . 0 6)
W ( l ) - P ( 2 ) - C ( 1 0 ) 1 1 3 . 6 4) W ( l ) - P ( 2 ) - C ( 3 1 ) 1 1 2 . 6 3)
C ( 1 0 ) - P ( 2 ) - C ( 3 1 ) 103 .1 4) W ( l ) - P ( 2 ) - C ( 4 1 ) 1 1 6 . 4 4)
C ( 1 0 ) - P ( 2 ) - C ( 4 1 ) 104 .  8 7) C ( 3 1 ) - P ( 2 ) - C ( 4 1 ) 105 .  0 5)
W ( 2 ) - P ( 3 ) - C ( 5 9 ) 1 1 4 . 3 4) W ( 2 ) - P ( 3 ) - C ( 6 1 ) 1 1 3 . 9 7)
C ( 5 9 ) - P ( 3 ) - C ( 6 1 ) 1 0 4 . 1 6) W ( 2 ) - P ( 3 ) - C ( 7 1 ) 1 1 3 . 0 6)
C { 5 9 ) - P ( 3 ) - C { 7 1 ) 1 0 1 . 1 7) C ( 6 1 ) - P ( 3 ) - C { 7 1 ) 1 0 9 . 4 9)
W ( 2 ) - P ( 4 ) - C ( 6 0 ) 113 .2 4) W ( 2 ) - P ( 4 ) - C ( 8 1 ) 1 1 2 . 3 5)
C ( 6 0 ) - P { 4 ) - C ( 8 1 ) 1 0 4 . 1 6) W ( 2 ) - P ( 4 ) - C ( 9 1 ) 1 1 8 . 4 4)
C ( 6 0 ) - P ( 4 ) - C ( 9 1 ) 1 0 0 . 6 5) C ( 8 1 ) - P ( 4 ) - C ( 9 1 ) 106 .  6 7)
W ( l ) - N ( l ) - C ( 2 ) 1 7 1 . 2 6) W ( 2 ) - N ( 2 ) - C ( 5 2 ) 173 .3 6)
C ( 7 ) - 0 { 2 ) - C ( 8 ) 1 1 9 . 9 9) C ( 5 7 ) - 0 ( 5 2 ) - C ( 5 8 ) 1 1 8 . 5 7)
W ( l ) - C ( l ) - 0 ( 1 ) 1 7 7 . 5 9) N ( l ) - C ( 2 ) - C ( 3 ) 1 2 1 . 8 7)
N ( l ) - C ( 2 ) - C ( 7 ) 1 2 1 . 6 7) C ( 3 ) - C ( 2 ) - C ( 7 ) 1 1 6 . 6 8)
C ( 2 ) - C ( 3 ) - C ( 4 ) 1 2 2 . 0 8) C ( 3 ) - C ( 4 ) - C ( 5 ) 1 2 1 . 1 9)
C ( 4 ) - C ( 5 ) - C ( 6 ) 1 1 7 . 4 9) C ( 4 ) - C ( 5 ) - C ( 5 A ) 120 .  8 9)
C ( 6 ) - C ( 5 ) - C ( 5 A ) 1 2 1 . 7 8) C ( 5 ) - C ( 6 ) - C ( 7 ) 1 2 2 . 1 7)
0 ( 2 ) - C ( 7 ) - C ( 2 ) 1 1 3 . 4 8) 0 ( 2 ) - C ( 7 ) - C ( 6 ) 1 2 5 . 9 7)
C ( 2 ) - C ( 7 ) - C ( 6 ) 1 2 0 . 7 7) P ( l ) - C ( l l ) - C ( 1 2 ) 1 2 4 . 7 12)
P ( l ) - C ( l l ) - C ( 1 6 ) 1 1 9 . 0 11) C { 1 2 ) - C ( l l ) - C ( 1 6 ) 1 1 6 . 0 13)
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C 11 - C( 1 2 ~C(13) 1 2 2 . 9 19) C 12 - C( 1 3 - C ( 1 4 ) 1 1 8 . 9 ( 2 3 )c 13 - C ( 1 4 - C ( 1 5 ) 1 1 9 . 4 22) C 14 - C ( 1 5 - C ( 1 6 ) 1 1 9 . 8 ( 2 4 )c 11 - C ( 1 6 - C ( 1 5 ) 1 2 2 . 2 18) P D-- C ( 2 D - -C(22) 1 2 1 . 3  ( 13)
p D-- C( 21) - C( 26) 1 2 2 . 6 15) C 22 - C ( 2 1 - C { 2 6 ) 1 1 6 . 1 ( 1 6 )c 21 - C ( 2 2 - C{ 2 3 ) 1 1 8 . 8 17) C 22 - C( 2 3 - C ( 2 4 ) 1 1 9 . 1 ( 2 0 )c 23 - C ( 2 4 - C ( 2 5 ) 1 2 1 . 2 25) C 24 - C ( 2 5 - C{ 2 6 ) 1 1 9 . 2 ( 2 9 )c 21 - C ( 2 6 - C { 2 5 ) 124 .  6 24) P 2 ) - - C ( 3 D - -C(32) 1 2 3 . 7 ( 7 )
p 2) - C ( 3 D - - C{36) 1 1 7 . 7 7) C 32 - C ( 3 1 - C ( 3 6 ) 1 1 8 . 6 ( 9 )c 31 - C ( 3 2 - C ( 3 3 ) 1 1 9 . 7 10) c 32 - C( 3 3 - C ( 3 4 ) 1 2 0 . 4 ( 1 3 )c 33 - C ( 3 4 - C ( 3 5 ) 1 2 0 . 3 12) c 34 - C { 3 5 - C ( 3 6 ) 1 1 9 . 3  (12)c 31 - C ( 3 6 - C ( 3 5 ) 1 2 1 . 7 11) p 2 ) - - C( 41)  --C(42) 1 1 8 . 8 ( 1 3 )
p 2 ) - - C ( 4 1 ) -- C( 46) 1 2 2 . 5 12) c 42 - C ( 4 1 - C ( 4 6 ) 1 1 8 . 7  (13)c 41 - C ( 4 2 - C ( 4 3 ) 1 1 9 . 8 22) c 42 - C ( 4 3 - C ( 4 4 ) 1 1 9 . 0 ( 2 7 )c 43 - C ( 4 4 - C ( 4 5 ) 1 2 6 . 7 24) c 44 - C ( 4 5 - C ( 4 6 ) 1 0 8 . 8 ( 2 8 )c 41 - C ( 4 6 - C ( 4 5 ) 126 .  8 21) w 2 ) - - C( 51) - 0 ( 5 1 ) 1 7 9 . 7  (7)
N 2 ) - - C ( 5 2 ) - - C( 53) 1 2 1 . 5 9) N 2 ) - - C ( 5 2 ) - -C(57) 1 2 0 . 5 ( 7 )c 53 - C ( 5 2 - C ( 5 7 ) 1 1 8 . 0 8) C 52 - C( 5 3 - C ( 5 4 ) 1 2 0 . 4  ( 12)c 53 - C ( 5 4 - C ( 5 5 ) 1 2 3 . 0 11) c 54 - C ( 5 5 - C ( 5 6 ) 1 1 6 . 5 ( 8 )c 54 - C ( 5 5 - C( 5 5A) 1 2 2 . 9 10) c 56 - C ( 5 5 - C( 55A) 1 2 0 . 6 ( 1 1 )c 55 - C ( 5 6 - C { 5 7 ) 122 .2 8) 0 52 - C{ 5 7 - C ( 5 2 ) 1 1 4 . 9 ( 6 )
0 52 - C ( 5 7 - C ( 5 6 ) 1 2 5 . 2 8) c 52 - C ( 5 7 - C ( 5 6 ) 1 1 9 . 9 ( 7 )
p 3 ) - - C ( 6 D - - C{62) 1 1 9 . 0 16) p 3 ) - - C ( 6 D - -C(66) 1 2 2 . 0 ( 1 1 )c 62 - C ( 6 1 - C ( 6 6 ) 1 1 8 . 9 18) c 61 - C{ 6 2 - C ( 6 3 ) 1 1 8 . 3 ( 2 1 )c 62 - C ( 6 3 - C ( 6 4 ) 1 2 1 . 0 23) c 63 - C { 6 4 - 0 ( 6 5 ) 1 2 1 . 0 ( 2 9 )c 64 - C ( 6 5 - C ( 6 6 ) 1 1 8 . 6 24) c 61 - C ( 6 6 - 0 ( 6 5 ) 1 2 2 . 0 ( 1 7 )
p 3) - - C( 71) - C( 72) 1 2 2 . 8 15) p 3) - C( 71) - 0 ( 7 6 ) 1 2 2 . 8 ( 1 5 )c 72 - C ( 7 1 - C ( 7 6 ) 1 1 4 . 3 14) c 71 - C ( 7 2 - 0 ( 7 3 ) 1 2 3 . 2 ( 2 0 )c 72 - C { 7 3 - C ( 7 4 ) 1 0 3 . 8 20) c 73 - C ( 7 4 - 0 ( 7 5 ) 1 2 0 . 5 ( 2 7 )c 74 - C ( 7 5 - C ( 7 6 ) 1 3 0 . 0 37) c 71 - C ( 7 6 - 0 ( 7 5 ) 1 2 3 . 1 ( 2 5 )
p 4 ) . - C( 81) - C{ 82) 1 2 1 . 3 13) p 4) - C( 81) - 0 ( 8 6 ) 1 1 7 . 6 ( 1 1 )
c 82 - C ( 8 1 - C { 8 6 ) 1 2 1 . 1 16) c 81 - C( 8 2 - 0 ( 8 3 ) 1 1 6 . 7 ( 1 8 )c 82 - C ( 8 3 - C ( 8 4 ) 1 1 9 . 9 24) c 83 - C { 8 4 - 0 ( 8 5 ) 1 1 9 . 3  ( 33)c 84 - C { 8 5 - C { 8 6 ) 1 2 1 . 4 28) c 81 - C ( 8 6 - 0 ( 8 5 ) 1 2 1 . 4 ( 1 8 )
p 4) - C( 91 ) - C( 92 ) 122 .4 10) p 4) - C( 91 ) -0(96) 1 2 0 . 2 ( 1 1 )c 92 - C ( 9 1 - C ( 9 6 ) 1 1 7 . 2 12) c 91 - C{ 9 2 - 0 ( 9 3 ) 1 2 1 . 9  (17)c 92 - C{ 9 3 - C{ 9 4 ) 1 2 0 . 7 22) c 93 - C ( 9 4 - 0 ( 9 5 ) 1 1 7 . 6 ( 2 0 )c 94 - C ( 9 5 - C ( 9 6 ) 1 2 4 . 4 20) c 91 - C ( 9 6 - 0 ( 9 5 ) 1 1 7 . 9 ( 1 5 )
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T a b le  A 4.1 Crystallographic Collection Data for

[{W Cl2(PMePh2)2(CO)}2(NCioH6N)] (3 h)

The data collection was routine, and the initial structure solution was obtained 
using direct methods.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
pace group 
hit cell dimensions

Volume
Z
Density (calculated)
^sorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Refinement method
Data / restraints / parameters
Coodness-of-fit on F"2
Final R indices [I>2sigma(I)l
R indices (all data)
Largest diff. peak and hole

str536
C65 H60 C16 N2 02 P4 W2
1605 .43
293(2) K
0.71073 A
Triclinic
Pl_
a = 11.865(3) A alpha = 99.56(3) deg
b = 16.051(5) A beta = 97.73(3) deg
c = 17.561(8) A gamma = 98.21(2) deg
3221(2) A"3
2

1.655 Mg/m"3 
3.961 mm"-l 
1580
1.05 X  0.32 X  0.05 mm 
2.61 to 24 . 05 deg.
0<=h<=13, -18<=k<=18, -20<=1<=19 
9406
8874 [R(int) = 0.0323]
Full-matrix least-squares on F"'2 
8871 / 0 / 715 
1 .484
R1 = 0.0798, wR2 = 0.1975 
R1 = 0.0987, wR2 = 0.2090 
6.034 and -3.184 e.A"-3
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Table  A 4.2 Fractional Atomic Coordinates (Â x 10^) and Equivalent 
Isotropic Displacement Parameters Ueq (A^ x 10^) for 

[{WCl2(PMePh2)2(CO)}2(NCioH6N)] (3h). Esds in Parentheses. Equivalent 
isotropic Ugq defined as one third of the trace of the orthogonalised Uy tensor

X U(eq)

W(1) 5097 1) 1297 1) 2661 1) 31 1)
P(2) 7236 3) 1851 2) 2828 2) 39 1)
P(l) 2991 3) 1044 2) 2853 2) 39 1)
Cl(l) 4720 4) 2632 2) 2225 2) 55 1)
Cl(2) 5349 4) 2006 3) 4032 2) 55 1)
N(l) 5073 10) 646 7) 1756 6) 35 3)
0(1) 5458 11) -281 8) 3442 8) 64 3)
C(l) 5366 13) 326 11) 3192 9) 44 4)
C(2) 5526 12) -699 9) 1165 7) 36 3)
C(3) 5163 14) 62 9) 1057 8) 40 3)
C(4) 4913 11) 304 8) 335 8) 31 3)
C(5) 4557 12) 1070 9) 245 8) 38 3)
C(6) 4292 16) 1247 9) -499 9) 55 5)
C(7) 2417 14) 2020 10) 3142 10) 59 5)
C(8) 7614 15) 2956 9) 3348 10) 60 5)
C(10) 1937 14) 446 9) 2027 8) 39 3)
C(ll) 805 13) 151 10) 2128 9) 48 4)
C(12) 13 17) -327 11) 1554 11) 66 5)
C(13) 304 18) -494 14) 802 12) 83 7)
C(14) 1373 17) -163 17) 692 12) 91 8)
C(15) 2209 16) 289 12) 1275 11) 68 5)
C(20) 2769 11) 406 10) 3601 9) 43 4)
C(21) 2659 16) -484 11) 3417 11) 61 5)
C(22) 2601 18) -947 15) 4021 15) 84 7)
C(23) 2667 19) -547 19) 4768 15) 88 7)
C(24) 2772 18) 302 20) 4933 13) 92 8)
C(25) 2798 15) 803 13) 4368 9) 60 5)
C(30) 7813 13) 1876 9) 1932 9) 42 3)
C(31) 7201 16) 2123 12) 1327 10) 62 5)
C(32) 7655 19) 2218 14) 656 11) 79 6)
C(33) 8768 19) 2099 14) 598 11) 79 6)
C(34) 9414 17) 1864 14) 1214 12) 78 6)
C(35) 8939 14) 1740 11) 1883 11) 57 5)
C(40) 8152 13) 1230 9) 3349 9) 44 4)
C(41) 8055 12) 376 11) 3107 9) 45 4)
C(42) 8761 13) -118 11) 3430 10) 49 4)
C(43) 9634 16) 272 13) 4035 10) 60 5)
C(44) 9785 14) 1155 13) 4300 10) 59 5)
C(45) 9089 15) 1620 10) 3950 9) 52 4)
W(2) 3076 1) 3479 1) 7477 1) 37 1)
P(3) 4870 3) 3271 2) 6880 2) 39 1)
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P(4) 1167 3) 3384 2) 7986 3) 46 1)
Cl(3) 3214 4) 2071 2) 7802 2) 52 1)
Cl(4) 1952 4) 2706 3) 6206 3) 65 1)
N(2) 3828 10) 4208 7) 8315 7) 42 3)
0(2) 2594 13) 4978 9) 6625 8) 79 4)
C(51) 2741 16) 4411 11) 6913 10) 55 4)
C(52) 4339 15) 5731 10) 8893 9) 53 4)
C(53) 4303 11) 4868 8) 8962 8) 34 3)
C(54) 4757 12) 4662 9) 9662 8) 40 3)
C(55) 4772 15) 3819 9) 9772 9) 53 4)
C(56) 5232 16) 3637 10) 10475 9) 56 4)
C(57) 4685 15) 2281 9) 6159 9) 55 4)
C(58) 136 15) 2418 10) 7563 12) 64 5)
C(60) 6019 13) 3165 10) 7631 10) 48 4)
C(61) 6321 16) 2421 12) 7742 12) 68 5)
C(62) 7115 21) 2336 17) 8345 15) 90 7)
C(63) 7679 18) 3080 22) 8901 16) 102 9)
0(64) 7361 20) 3797 20) 8797 13) 97 8)
0(65) 6538 17) 3922 12) 8151 11) 68 5)
0(70) 5493 13) 4095 10) 6396 9) 45 4)
0(71) 5491 16) 4979 10) 6705 10) 58 5)
0(72) 5963 16) 5595 11) 6347 13) 75 6)
0(73) 6426 16) 5394 12) 5685 11) 65 5)
0(74) 6390 17) 4579 13) 5369 11) 68 5)
0(75) 5952 15) 3912 10) 5721 9) 54 4)
0(80) 1306 13) 3424 11) 9026 10) 53 4)
0(81) 813 21) 3942 13) 9529 12) 82 6)
0(82) 965 28) 3948 15) 10316 15) 107 10)
0(83) 1508 22) 3416 18) 10594 14) 95 8)
0(84) 1970 23) 2814 25) 10147 17) 138 13)
0(85) 1857 24) 2830 20) 9339 14) 120 11)0(90) 444 12) 4247 10) 7838 10) 48 4)
0(91) -716 15) 4146 13) 7404 12) 69 5)
0(92) -1191 22) 4851 15) 7265 15) 103 9)
0(93) -603 22) 5643 16) 7480 13) 88 7)
0(94) 495 18) 5797 11) 7893 13) 70 5)
0(95) 986 17) 5109 10) 8065 11) 62 5)
0(100) 10239 48) 5796 31) 4642 29) 267 26)
01(5) 9462 13) 6001 9) 5253 8) 210 5)
01(6) 11277 17) 6796 12) 4517 11) 297 8)
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Table A4.3 Bond Lengths (Â) and angles (°) for

[{WCl2(PMePh2)2(CO)}2(NCioH6N)] (3h). Esds in Parentheses

w l)-N(l) 1.744(10)
w 1) -c(l) 1.99(2)
w 1) -CK2) 2.446 (4)
w 1) -ci(l) 2.470 (4)
w 1)-P{2) 2.527 (4)
w 1)-P(l) 2.551(4)
p 2) -C{30) 1.80 (2)
p 2)-C{8) 1.819(14)
p 2)-C{40) 1.83 (2)
p 1)-C(7) 1.82 (2)
p 1) -c(io) 1.82 (2)
p 1) -C(20) 1.82 (2)
N 1)-C{3) 1.44 (2)
0 1) -C(l) 1.15 (2)
c 2)-C(6)#l 1.40 (2)
c 2) -C(3) 1.39(2)
c 3)-C{4) 1.39 (2)
c 4)-C(5) 1.38 (2)
c 4)-C(4)#l 1.46 (3)
c 5)-C(6) 1.39 (2)
c 6) -C(2)#l 1.40 (2)
c 10)-C(15) 1.39(2)
c 10)-C(ll) 1.40 (2)
c 11)-C(12) 1.33 (2)
c 12)-C(13) 1.40 (3)
c 13)-C(14) 1.36 (3)
c 14)-C(15) 1.35 (2)
c 20)-C(25) 1.39(2)
c 20)-C(21) 1.39(2)
c 21)-C(22) 1.40 (2)
c 22)-C(23) 1.35 (3)
c 23)-C{24) 1.33 (3)
c 24)-C(25) 1.38 (3)
c 30) -C(31) 1.35 (2)
c 30)-C(35) 1.40(2)
c 31)-C(32) 1.38 (2)
c 32)-C(33) 1.37 (3)
c 33)-C(34) 1.38 (3)
c 34)-C(35) 1.40 (2)
c 40)-C(41) 1.35 (2)
c 40)-C{45) 1.42 (2)
c 41)-C(42) 1.37 (2)
c 42)-C(43) 1.38 (2)
c 43)-C(44) 1.39 (2)
c 44)-C(45) 1.34 (2)
w 2)-N{2) 1.763 (12)
w 2)-C(51) 1.98 (2)
w 2) -CK3) 2.444 (4)
w 2) -CK4) 2.472 (4)
w 2)-P(4) 2.539(4)
w 2)-P{3) 2.536 (4)
p 3)-C(70) 1.81(2)
p 3)-C(57) 1.825 (14)
p 3)-C(60) 1.81(2)
p 4)-C(90) 1.77(2)
p 4)-C(80) 1.80 (2)
p 4)-C{58) 1.81(2)
N 2)-C(53) 176 1.41(2)



0(2) -C(51) 1.13 2
C(52) -C 56)#2 1.36 2
C(52) -C 53) 1.41 2
C(53) -C 54) 1.38 2
C(54) -C 55) 1.40 2
C(54) -C 54)#2 1.46 3
C(55) -C 56) 1.38 2
C(56) -C 52)#2 1.36 2
C(60) -C 61) 1.33 2
C(60) -C 65) 1.40 2
C(61) -C 62) 1.36 3
C(62) -C 63) 1.43 3
C(63) -C 64) 1.29 3
C(64) -C 65) 1.45 3
C(70) -C 75) 1.38 2
C(70) -C 71) 1.43 2
C(71) -C 72) 1.35 2
C(72) -C 73) 1.36 3
C(73) -C 74) 1.33 2
C(74) -c 75) 1.39 2
C(80) -c 85) 1.38 3
C(80) -c 81) 1.36 2
C(81) -c 82) 1.37 3
C(82) -c 83) 1.26 3
C(83) -c 84) 1.37 4
C(84) -c 85) 1.41 3
C(90) -c 95) 1.41 2
C(90) -c 91) 1.45 2
C(91) -c 92) 1.38 3
C(92) -c 93) 1.33 3
C(93) -c 94) 1.37 3
C(94) -c 95) 1.38 2
C(IOO)-Cl(5) 1.53 5
C(IOO) -CK6) 1.94 5
N(l) -
N(l) -
C(l) -
N(l) -
C(l) -
Cl(2)
N(l) -
C(l) -
Cl (2
Cl(l
N(l)
C(l)
Cl (2
Cl(l
P{2)
C(30
C(30
C(8)
C(30
C{8) -
C(40
C(7)
C(7)
C(10
C(7)
C(10
C(20
C(3) -

W(l) - 
W(l) - 
W(l) - 
W(l) - 
W(l) - 
-W(l) 
W(l) - 
W(l) - 
-W(l) 
-W(l) 
W(l) - 
W(l) - 
-W(l) 
-W(l) 
W(l) - 
-P(2) 
-P{2) 
P(2) - 
-P(2) 
P(2) - 
-P{2) 
P(l) - 
P(l) - 
-P(l) 
P(l) - 
-P(l) 
-P(l) 
N(l) -

C(l)
Cl(2)
Cl{2)
Cl(l)
Cl(l)
-Cl(l)
P{2)
P(2)
-P(2)
-P(2)
P(l)
P(l)
-P(l)
-P(l)
P(l)
-C{8)
-C(40)
C(40)
-W(l)
W(l)
-W(l)
C(10)
C(20)
-C(20)
W(l)
-W(l)
-W(l)
W(l)

90.0(5) 
168.5(4) 
79.4(4)
99.8 (4) 

170.1(4) 
90.9(2) 
93.3(4) 
91.9(5) 
82.73 (14) 
88.98(14) 

103.0(4) 
89.3 (4) 
81.48(13) 
87.08(13) 

163.66(12) 
103.5(8) 
103.4(7) 
106.8 (8) 
115.4(5) 
112.2(6) 
114.6(5) 
103.9(8) 
106.1(7) 
101.9(7) 
114.2 (5) 
117.4 (5) 
112.0(4) 
172.9(10)
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0(1) -C(l)-W(l) 173 8 (14)
C(6)#l-C(2)-C(3) 117 2 (12)
C(2) -C(3)-C(4) 125 0 (12)
C(2) -C(3)-N(l) 116 2 (11)
C(4) -C(3)-N(l) 118 7 (11)
C(5) -C(4)-C(3) 123 7 (12)
C(5) -C(4)-C(4)#1 121 2)
C(3) -C(4)-C(4)#l 114 9(14)
C(6) -C(5)-C(4) 119 8 (12)
C(2)#l-C(6 ) -C(5) 121 4 (13)
C(15 -C(10 )-C(ll) 118 2)
C(15 -C(10 )-P(l) 121 6 (13)
C(ll -C(10 ) -P(l) 120 4 (11)
C(12 -C(ll )-C(IO) 123 2)
C(ll -C(12 )-C(13) 118 2)
C(14 -C(13 )-C(12) 119 2)
C(15 -C(14 )-C(13) 124 2)
C(14 -C(15 )-C(IO) 118 2)
C(25 -C(20 ) -C(21) 120 2)
C(25 -C(20 )-P(l) 120 2 (14)
C(21 -C(20 )-P(l) 120 1(12)
C(22 -C(21 ) -C(20) 119 2)
C(23 -C(22 )-C(21) 121 2)
C(22 -C(23 )-C(24) 120 2)
C(23 -C(24 )-C(25) 123 2)
C(24 -C(25 ) -C(20) 118 2)
C(31 -C(30 )-C(35) 119 2)
C(31 -C(30 )-P(2) 119 8 (13)
C(35 -C(30 )-P(2) 120 9(13)
C(30 -C(31 )-C(32) 121 2)
C(33 -C(32 ) -C(31) 121 2)
C(32 -C(33 )-C(34) 119 2)
C(33 -C(34 )-C(35) 120 2)
C(30 -C(35 )-C(34) 120 2)
C(41 -C(40 )-C(45) 116 2)
C(41 -C(40 ) -P(2) 120 7 (12)
C(45 -C(40 ) -P(2) 122 6(12)
C(40 -C(41 )-C(42) 124 2)
C(43 -C(42 )-C(41) 119 2)
C(44 -C(43 )-C(42) 120 2)
C(45 -C(44 )-C(43) 120 2)
C(44 -C(45 )-C(40) 122 2)
N(2) -W(2) -C(51) 92 7 (6)
N(2) -W(2) -CK3) 104 2 (4)
C(51 -W(2) -CK3) 163 1(5)
N(2) -W(2) -Cl(4) 169 0 (4)
C(51 -W(2) -CK4) 76 4 (5)
Cl(3 -W(2) -CK4) 86 8 (2)
N(2) -W(2) -P(4) 93 6(4)
C(51 -W(2) -P(4) 92 7 (5)
Cl(3 -W(2) -P(4) 87 57 (14)
Cl(4 -W(2) -P(4) 86 4(2)
N(2) -W(2) -P(3) 94 6 (4)
C(51 -W(2) -P(3) 94 0 (5)
Cl (3 -W(2) -P(3) 83 54 (13)
Cl (4 -W(2) -P(3) 86 9(2)
P(4) -W(2) -P(3) 169 14(13)
C(70 -P(3) -C(57) 104 5(8)
C(70 -P(3) -C(60) 105 3 (7)
C(57 -P(3) -C(60) 104 2 (7)
C(70 -P(3) -W(2) 118 4 (5)
C(57 -P(3) -W(2) 113 5(6)
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Table A5.1 Crystallographic Collection Data for
[{WGl2(PMePh2)2(CO)}2(NC6H4l)] (3t)

The data collection was routine, and the initial structure solution was obtained 
using direct methods.

Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions

Volume
Z
Density (calculated)
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection
Index ranges
Reflections collected
Independent reflections
Refinement method
Data / restraints / parameters
Goodness-of-fit on F^2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

str534
C33 H30 C12 I N 0 P2 W
900.17
293(2) K
0.71073 A
Orthorhombic
Pcan
a = 15.8427(13) A alpha = 90 deg
b = 17.674(2) A beta = 90 deg.
c = 24.198(5) A gamma = 90 deg.
6776(2) A"3
8

1.765 Mg/m"3 
4.600 mm"'-l 
3472
0.08 X  1.10 X  0.32 mm 
2.57 to 25.00 deg.
0<=h<=18, 0<=k<=21, 0<=1<=28 
5904
5889 [R(int) = 0.0763]
Full-matrix least-squares on F"2
5883 / 0 / 370
1.053
R1 = 0.0453, wR2 = 0.1100 
R1 = 0.0648, wR2 = 0.1257 
1.381 and -1.422 e.A"-3
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Table A5.2 Fractional Atomic Coordinates (Â x  10"̂ ) and Equivalent 
Isotropic Displacement Parameters Ueq (A^ x 10^) for 

[{WGl2(PMePh2)2(CO)}2(NC6H4l)] (3t). Esds in Parentheses. Equivalent isotropic 
Ueq defined as one third of the trace of the orthogonalised Ujj tensor

X y z U(eq)

W(1) 1658 1) 1908 1) 1388 1) 34 1)
1(1) 4597 1) 2618 1) -1244 1) 84 1)
N(l) 2173 4) 2119 3) 767 3) 40 2)
P(l) 1481 1) 3248 1) 1737 1) 37 1)
P(2) 1640 1) 508 1) 1189 1) 39 1)
CKl) 1269 2) 1562 1) 2340 1 ) 53 1)
CK2) 152 1) 1940 1) 1152 1) 49 1)
0(1) 3440 4) 1804 4) 1948 3) 68 2)
C(l) 2786 5) 1831 4) 1756 3) 42 2)
C(2) 2718 5) 2228 4) 312 3) 40 2)
C(3) 3580 5) 2232 5) 387 3) 48 2)
C(4) 4099 6) 2328 5) -59 4) 56 2)
C(5) 3776 6) 2451 5) -574 3) 50 2)
C(6) 2920 7) 2468 5) -658 4) 61 2)
C(7) 2385 6) 2345 5) -215 4) 55 2)
C(8) 540 5) 3414 5) 2138 4) 51 2)
CO) 836 5) -21 5) 1560 4) 57 2)
C(10) 2350 5) 3561 4) 2173 3) 36 2)
C(ll) 3146 5) 3637 5) 1947 4) 54 2)
C(12) 3844 6) 3814 6) 2264 4) 62 3)
C(13) 3755 7) 3899 6) 2828 5) 72 3)
C(14) 2979 7) 3798 7) 3062 5) 83 3)
C(15) 2280 6) 3639 6) 2739 4) 60 2)
C(20) 1413 5) 3972 4) 1204 3) 42 2)
C(21) 1130 6) 3788 5) 681 3) 53 2)
C(22) 1018 7) 4336 6) 279 4) 68 3)
C(23) 1181 6) 5086 6) 408 5) 68 3)
C(24) 1458 6) 5272 5) 917 5) 70 3)
C(25) 1572 5) 4724 4) 1318 4) 57 3)
C(30) 2631 5) 46 5) 1359 3) 46 2)
C(31) 2691 8) -540 8) 1713 6) 118 6)
C(32) 3494 11) -853 12) 1825 8) 177 11)
C(33) 4205 8) -566 9) 1587 7) 115 5)
C(34) 4146 6) 9 6) 1227 4) 67 3)
C(35) 3363 5) 307 5) 1112 4) 56 2)
C(40) 1470 5) 250 4) 464 3) 42 2)
C(41) 1732 7) -452 5) 260 4) 65 3)
C(42) 1575 7) -646 6) -276 5) 71 3)
C(43) 1177 6) -155 6) -619 4) 63 3)
C(44) 916 7) 528 6) -429 5) 73 3)
C(45) 1057 6) 736 5) 109 4) 55 2)
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Table A5.3 Bond Lengths (Â) and angles (') for 
[{WCl2(PMePh2)2(CO)}2(NC6H4 l)] (3t). Esds in Parentheses

w 1) -N(l) 1.752 (7)
w 1) -c(l) 2.000(8)
w 1)-Cl(2) 2.454 (2)
w 1)-Cl(l) 2.460(2)
w 1)-P(2) 2.521(2)
w 1) -P(l) 2.530 (2)
I 1)-c(5) 2.100(8)
N 1) -C(2) 1.412(10)
P 1) -C(8) 1.803 (8)
P 1) -C(20) 1.819(8)
P 1) -C(IO) 1.820 (8)
P 2) -C(30) 1.817 (8)
P 2) -CO) 1.817(9)
P 2)-C(40) 1.833 (8)
0 1) -C(l) 1.138(9)
c 2)-C(3) 1.379(11)
c 2)-C(7) 1.396(11)
c 3)-C(4) 1.366(11)
c 4) -C(5) 1.365(12)
c 5)-C(6) 1.370 (14)
c 6) -C(7) 1.385 (13)
c 10)-C(15) 1.382(11)
c 10)-C(ll) 1.381(11)
c 11)-C(12) 1.383 (12)
c 12)-C(13) 1.378(14)
c 13)-C(14) 1.37 (2)
c 14)-C{15) 1.385(13)
c 20) -C(21) 1.381(11)
c 20) -C(25) 1.380 (12)
c 21)-C(22) 1.384 (12)
c 22)-C(23) 1.38 (2)
c 23)-C(24) 1.35 (2)
c 24)-C(25) 1.382 (13)
c 30) -C(31) 1.347 (12)
c 30) -C(35) 1.385(12)
c 31)-C(32) 1.41(2)
c 32)-C(33) 1.36(2)
c 33)-C{34) 1.34(2)
c 34)-C(35) 1.375 (13)
c 40)-C(45) 1.380 (12)
c 40)-C(41) 1.399(12)
c 41) -C(42) 1.363(14)
c 42)-C(43) 1.358(14)
c 43)-C{44) 1.356(13)
c 44)-C(45) 1.370 (13)
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N(l) - 
N(l) - 
C(l) - 
N(l) - 
C(l) - 
Cl(2) 
N(l) - 
C(l) - 
Cl(2) 
Cl(l) 
N(l) - 
C(l) - 
Cl(2) 
Cl(l) 
P(2) - 
C(2) - 
C(8) - 
C(8) - 
C(20) 
C(8) - 
C(20) 
C(10) 
C{30) 
C(30) 
C O )  -  
C(30) 
C O )  -  
C(40) 
0 ( 1) -  
C(3) - 
C(3) - 
C(7) - 
C(4) - 
C(5) - 
C(4) - 
C(4) -

W(l) - 
W(l) - 
W(l) - 
W(l) - 
W(l) - 
-W(l) 
W(l) - 
W(l) - 
-W(l) 
-W(l) 
W(l) - 
W(l) - 
-W(l) 
-W(l) 
W(l) - 
N(l) - 
P(l) - 
P(l) - 
-P(l) 
P(l) - 
-P(l) 
-P(l) 
-P(2) 
-P(2) 
P(2) - 
-P(2) 
P(2) - 
-P(2) 
C(l) - 
C(2) - 
C(2) - 
C(2) - 
C(3) - 
C(4) - 
C(5) - 
C(5) -

C(l)
Cl(2)
Cl(2)
Cl(l)
Cl(l)
-Cl(l)
P(2)
P(2)
-P(2)
-P(2)
P(l)
P(l)
-P(l)
-P(l)
P(l)
W(l)
C(20)
C(10)
-C(IO)
W(l)
-W(l)
-W(l)
-CO)
-C(40)
C(40)
-W(l)
W(l)
-W(l)
W(l)
C(7)
N(l)
N(l)
C(2)
C(3)
C(6)
1 ( 1 )

8 8 ,
104. 
166. 
166.
77 . 
8 8 . 
92 . 
91. 
8 8 . 
8 6 . 
98. 
90. 
87. 
83 . 

168. 
169. 
102 .
105. 
104. 
115 . 
115
113 
105
103
104 
112
114
115 
177
119
120 
120
119 
121
120 
119

9(3)
3 (2)
8 ( 2 )
7 (2) 
9(2) 
8 6 ( 8 ) 
9(2)
6 ( 2 )
09 (7)
10 (7) 
0 ( 2 ) 
9(2) 
03 (7) 
89 (7) 
94 (7)
.5 
. 6  
.3 
. 0 
. 0 
.4 
. 2  
. 2 
.4 
. 0 
. 8 
. 8  
.4 
.3 
. 6 
.3 
.1 
.5 
. 0  
.7 
. 6

(6
(4
(4
(4
(3
(3
(2
(4
(4
(4
(3
(3
(3
(7
(7
(7
(7
(8
(9
(8
(7
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c 6)-C(5)-1(1) 119.7 6)
c 5)-C(6)-C(7) 119.2 8)
c 6)-C(7)-C(2) 119.9 8)
c 15) -C 10 -C(ll) 117 .2 8)
c 15) -C 10 -P(l) 123.0 6)
c 11) -C 10 -P(l) 119.3 6)
c 10) -C 11 -C(12) 122.1 9)
c 13) -C 12 -C(ll) 119.5 9)
c 14) -C 13 -C(12) 119.3 10)
c 13) -C 14 -C(15) 120.8 10)
c 10) -C 15 -C(14) 121. 0 9)
c 21) -C 20 -C(25) 117.9 8)
c 21) -C 20 -P(l) 120.3 6)
c 25) -C 20 -P(l) 121.6 7)c 20) -C 21 -C(22) 121.4 9)
c 21) -C 22 -C(23) 119.1 10)
c 24) -C 23 -C(22) 120.0 9)
c 23) -C 24 -C(25) 120.8 9)
c 24) -C 25 -C(20) 120.7 10)
c 31) -C 30 -C(35) 118.2 9)
c 31) -C 30 -P(2) 123.4 8)
c 35) -C 30 -P(2) 118.4 6)
c 30) -C 31 -C(32) 119.1 12)
c 33) -C 32 -C(31) 121.1 13)
c 34) -C 33 -C(32) 119.9 11)
c 33) -C 34 -C(35) 119.0 10)
c 34) -C 35 -C(30) 122 .7 9)
c 45) -C 40 -C(41) 118.2 8)
c 45) -C 40 -P(2) 120 .7 6)
c 41) -C 40 -P(2) 121.0 7)
c 42) -C 41 -C(40) 120.3 9)
c 41) -C 42 -C(43) 120.3 9)c 44) -C 43 -C(42) 120.3 10)
c 43) -C 44 -C(45) 120.7 10)
c 44) -C 45 -C(40) 120.1 8)

Symmetry transformations used to generate equivalent atoms
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Key to letters of Bridging Units

N N N N

MeO

OTQ
OMe

(m)

Me

NO
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