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ABSTRACT
The Chemistry of n-Cycloheptatrienyl Derivatives of
Molybdenum and Tungsten

Kee-Pui Dennis Ng D. Phil.
Balliol College Trinity Term, 1993

This thesis describes the synthetic, structural and reactivity studies of m-
cycloheptatrienyl-molybdenum and -tungsten chemistry.

Chapter 1 presents an overview of the chemistry of n-cycloheptatrienyl
derivatives of transition metals, in particular group 6 metals. The functional group

properties of the n-cycloheptatrienyl ligand are also discussed.

Chapter 2 describes the synthesis of [Mo(1-C7H7)(n5-C7Ho)] from MoCls or
[MoCly(thf),], which provides a convenient route to n-cycloheptatrienyl-molybdenum
compounds, such as [Mo(n-C;H7)LX3] and [Mo(n-GH7)L,X], where L = tertiary
phosphines or acetonitrile and X = halogen, [NBus}[Mo(n-C7H7)I3], [Mo(n-C7H7)(n-
CsH4R)] (R = H or Me) and [Mo(n-C7H7)(n5-CgH7)]. The X-ray crystal structures of
[Mo(n-C7H7)(MeCN)L,], [NBugl[Mo(n-C7H7)Is] and [Mo(n-C7H7)(n-CsHsMe)] are
presented. The compound [Mo(n-C7H7)(MeCN)I;], mixed with Me3SiCH,MgCl, is a

catalyst for ring-opening polymerisation of norbornene giving trans polymer exclusively.

The electron-transfer complexes [Mo(1-C7H7)(n-CsHyMe)l[tene] and {[Mo(n-C7H7)(0-

CsHs)12ltcnq] } and the intercalation compound {ZrS;[Mo(Mm-C7H7)(n-CsHyMe)]o 22} are

also described.
An extension of these synthetic pathways to tungsten is described in chapter 3.

Reduction of WClg with sodium amalgam in the presence of cycloheptatriene gives [W(n-
C;H7)(m3-C7Hy)], which is a precursor to the compounds [W(n-C;H7)(MeCN)1,;], [W(n-
C7H7)(PMe3)X;] (X = Br or I), [W(n-C7H7)(dmpe)I], [W(n-C7H7)(n-CsH4R)] (R =H
or Me) and [Mo(1-C7H7)(n5-CoH7)]. The [W(n-C;H7)(MeCN)I;] / Me3SiCH,MgCl

system is an active catalyst for ring opening polymerisation of norbornene. The electronic



structures of [W(n-C7H7)(n-CsH4R)] (R= H or Me) are discussed on the basis of their He

I and He II photoelectron spectra. The intercalation of [W(n-C7H7)(n-CsHsMe)] into ZrS,
is also described.
The magnetic properties of the 17-electron compounds [Mo(n-C7H7)(MeCN)I;],

[Mo(n-C7H7)(PMe3)I,], [W(n-C7H7)(MeCN)I,], [W(n-C7H7)(PMes3)l,] and [W(N-
C4H7)(PMe3)Br;] are discussed in chapter 4. They behave as one-dimensional

antiferromagnets which was suggested by magnetic model fittings and the crystal structure
of [Mo(n-C7H7)(MeCN)I,].
Chapter 5 comprises of two parts. The first part describes a new series of

binuclear thiolato-bridged molybdenum complexes [(n-C7H3R!4)Mo(i-SR2)3sMo-

(m-C7H3R14)][BF4] (R! = H or Me; R2 = Et, Pr, Bu, Ph or CH,Ph). Dynamic NMR

studies reveal that all of these complexes (except for R2 = Ph) are fluxional due to

inversion at the pyramidal sulfur centre. Cyclic voltammetric studies show that they
undergo two reversible one-electron reductions. Second part of this chapter describes the

new bridging-imido compound [(M-C7H7)Mo(pu-NAr);Mo(n-CsH7)] (Ar = 2,6-
diisopropylphenyl).

Chapter 6 discusses the n-1,2,4,6-tetramethylcycloheptatrienyl-molybdenum
system. The new n-tetramethylcycloheptatriene molybdenum compounds [M’(n-GHsMe4-
1,3,5,7)], [M’(m-C7HsMe4-1,2,4,6)] and [M’(n-C7H4Me4-1,3,4,6)], M’ = Mo(CO)s,
and new m-tetramethylcycloheptatrienyl-molybdenum compounds [M”(CO)s3]+,
[M”(CO),Cl], [M”(dmpe)Cl], [M”(n-C¢HsMe)]+ and [M”(acac)(PPh3)], M” = Mo(n-

CsH;Mey-1,2,4,6), and [Mo(n3-C7H3Me;s-1,2,4,6)(dmpe)(CO),Cl] are described.

Chapter 7 gives the experimental details for the work described in preceeding
chapters. Appendix A presents characterising data for all the new compounds and
previously unreported data for known compounds. Crystallographic details for the X-ray
structure determinations and X-ray powder diffraction data are listed in Appendix B and
C respectively.
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CHAPTER ONE

Introduction



1.1 General

Organotransition metal chemistry has continued to grow rapidly during the past
decade. A rich abundance of new metal complexes with a variety of ligands have been
synthesised and structurally characterised; they have contributed to the development of

areas such as homogeneous catalysis,! organic synthesis, ! new materials2 and biological
sciences.3
Among the ligands being studied, the n-cyclopentadienyl group (n-CsRs) is one of

the most common classes of ligand encountered in organotransition metal chemistry.
Complexes of this ligand class are known for all the transition metals. There are many

methods for preparing n-cyclopentadienyl-metal complexes# but perhaps the most general

one is the treatment of substitution-labile metal halides with salts of the CsRs anion. The

Nn-CsHs ligand and its substituted derivatives, such as 1-CsH4Me and n-CsMes, are

normally inert and behave as spectator ligands during reactions at the metal centre.

The chemistry of benzenoid-metal complexes has also been studied extensively3.6
since the first preparation of [Cr(n-Ce¢Hs)2] by Fischer and Hafner.7 The recent advances
in metal vapour synthesis technique stimulated the development in this area and many
M(mn-arene) complexes which as yet cannot be prepared by other methods can be
synthesised by means of co-condensation techniques.8

Although n-cycloheptatrienyl-transition metal complexes have been known for
over thirty years,9 surprisingly, the organometallic chemistry of cycloheptatrienyl ligand
has been largely neglected in comparison with that of cyclopentadienyl and arene ligands.
A substantial barrier to the development of n-cycloheptatrienyl-transition metal chemistry
has been the difficulty of finding convenient synthetic routes. The objective of the work
described in this thesis was to explore new synthetic pathways to n-cycloheptatrienyl-

molybdenum and -tungsten derivatives so as to extend our knowledge of the chemistry of
this potentially useful ligand class.

This chapter comprises a brief review of the chemistry of n-cycloheptatrienyl

derivatives of transition metals, in particular the group 6 metals. A comprehensive review
of this area has appeared,10 thus in the following sections, no attempt has been made to

cover all the material; only a selection of the work most relevant to this thesis will be
presented and evidence for the functional group properties of the n-cycloheptatrienyl ligand

will be reviewed.



1.2 n-Cycloheptatrienyl Complexes of the Group 4 Metals

A number of n-cycloheptatrienyl derivatives of group 4 metals have been reported

which are summarised in Table 1.1.

Table 1.1 n-Cycloheptatrieny! derivatives of the group 4 metals

Compound Referen
[M(n-C7H7)(n-CsRs)] M=Ti, R =H or Me 11, 12, 14a
M =Zr,R=Hor Me 13,14
M =Hf R=Me 14
[M(n-C7H7)(n3-C7Hy)] M =Ti, Zr or Hf 15, 16, 17, 18
[Zr(n-C7H7)(n3-C7Ho)(PMe3)] 17
[(n-C7H7)(3-C7Ho)Zr(1t-dmpe) Zr(n3-C7Ho)(n-C7H7)] 17
[M(n-C7H7)(n3-CoH7)] M =Ti, Zr or Hf 19, 20
[M(n-C7H7)(n3-CoH7)(PMe3)] M =Zr or Hf 20
[(n-C7H7)(n3-CoH7)Hf (1-dmpe)H(n3-CoH7)(n-C7H7)] 20
[M(n-C7H7)(thf)(u-Ch], M=TiorZr 15, 17
[(n-C7H7)(PMe3) Ti(n-Ch), Ti(n-C7H7)] 15
[M(n-C7H7)L2X] M=Ti,L=PMe;, X=Cl 15
M =Ti, L, = bidentate phosphine, dme or tmen
X =Cl, Me, Et or H=BH; 15
M =Zr,L =thf or PMe;, X =Clor | 17, 21
M =Zr, L, = dmpe, dme or tmen, X = Cl 17



The mixed sandwich compounds [M(n-C7H7)(N-CsRs)] M =Ti, Zror Hf; R = H
or Me) can be prepared by reduction of the corresponding metal halides in the presence of

cycloheptatriene. For example, treatment of [M(n-CsHs)Clz] (M = Ti or Zr) with
isopropylmagnesium bromide in the presence of C7Hg gives the diamagnetic 16-¢electron
complexes [M(n-C 7H7)(M-CsHs)] M = Ti or Zr) (Scheme 1.1).11a,13 Other reducing

agents such as magnesium, aluminium and zinc can also be used.11b

T

N M
a” \l.””Cl CHy

Cl

M=Ti or Zr

Scheme 1.1

Similar reactions carried out on TiCl; yield the isoelectronic complex [Ti(n-

C7H7)(m>-C7Hy)].162b An improved route to this compound has been reported by Timms

and Turney which involves the co-condensation of titanium vapour and

cycloheptatriene.16c The Zr and Hf congeners have been prepared similarly.18 It has been

found that heating [Ti(n-CeHsMe),], which is only available from metal vapour
synthesis, 8d with (AIEt;Cl), and two equivalents of cycloheptatriene in thf at 800C for 2

h affords [Ti(n-C7H7)(m3-C7Hy)] in gram quantities and the yield is excellent. However,

when the reaction is carried out at room temperature over a period of weeks, with the

minimum quantity of solvent and (AlEt,Cl),, together with a considerable excess of
cycloheptatriene, the novel dimer [Ti(n-C7H7)(thf)(u-Cl)]» can be isolated in ca. 30 %
yiéld (Scheme 1.2).15 The dimer is an excellent precursor to other Ti(n-C;H-)

derivatives. For example, it reacts with an excess of PMes to give [Ti(n-

C7H7)(PMe3),Cl]. It also reacts with bidentate ligands, such as dme, tmen, dppe or dmpe



to afford the 16-electron complexes [Ti(n-C;H7)L,Cl], which upon alkylation with

Grignard reagents (RMgX) yield the corresponding [Ti(n-C7H7)L sR].15

Ti + (AIEt»Chy + C;Hg + thf —

Scheme 1.2

Recently, Green and Walker have reported a one-pot synthesis of [Zr(n®-C+Hs),]
by reducing ZrCl4 with sodium amalgam in the presence of cycloheptatriene at < -100C
(Scheme 1.3).17 When this reaction is carried out at room temperature an inseparable

mixture of [Zr(n6-C7Hs)2] and [Zr(n-C 7H7)(n3-C7Hy)] is formed which is in contrast to

the related titanium chemistry. 16ab In the absence of Lewis bases, the compound [Zr(n°-

C;Hjg),] is stable to hydrogen migration. It has also been demonstrated that the
compound [Zr(16-C 7Hg)] has high reactivity and can be used to prepare other Zr(m-CsH7)
compounds. For example, treatment of [Zr(n 6.C+Hg),] witH (AlEt,Cl); in thf gives the
dirper [Zr(n-C 7H7)(th)(u-CD)] 2, wfiich has a similar reaction pattern to the titanium
ana'logue.17 Oxidation of [Zr(n%-C7Hzg),] with iodine in thf yields the compound [Zr(n-

C7H)(thf),I] (Scheme 1.3), which on addition of PMej affords [Zr(n-C,H7)(PMe3),1].21



Reduction of MCl4 (M = Zr or Hf) with two equivalents of sodium amalgam in

the presence of two equivalents of PR3 and an excess of cycloheptatriene gives [M(n¢-
C7H3)(PR3)2CI;] (M = Zr or Hf) in moderate yield. These react with lithium indenide to
give the mixed sandwich compounds [M(n-C7H7)(n3>-CoH7)] (M = Zr or Hf) (Scheme

1.4). Upon treatment with PMej or dmpe, they give the 18-electron compounds [M(n-
C7H7)(>-CoH7)(PMe3)] (M = Zr or Hf) or [(n-C7H7)(n3-CoH7)Hf(1-dmpe)Hf(n>-

CoH7)(n-C7H7)], respectively.20

\i4
Zr

ZrCly + Na/Hg + CHHg —

Scheme 1.3

O

MCl4 + Na/Hg + PR3 + CyHg— LiCH) M
7 o®
R,P -
3Cl/ a

M =Z7ror Hf

Scheme 1.4



1.3 n-Cycloheptatrienyl Complexes of the Group 5 Metals

Table 1.2 summarises the known mn-cycloheptatrienyl derivatives of group 5

metals.

Table 1.2 n-Cycloheptatrienyl derivatives of the group 5 metals
Compound Reference
[V(nS-C7Hsg)2] 16b, 16¢, 22
[V(n-C7H7)(3-C7Ho)] 16b, 16¢
[V(n-C7H7)(n5-C7Hg)]+ 2
[V(n-C7H7)2]2+ 2
M(n-C7H7)(CO) x(PMes) 3.4 M=V;x=3 23

M=Nb; x=1,20r3 24, 25
[Nb(n-C7H7)(CO)(dmpe)] 25
[Nb(n-C7H7)(m4-C7H3s)L] L =CO or PMe3 24, 25
[Nb(n-C7H7)(n*-C 4H¢)(PMe3)] 25
[Nb(1-C 7H7)(n-C7Ho)(PMe3)]+ 25
M(n-C7H7)(n-CsHsR)] M=V,R=H 26

M =Nb,R =H or Me 13,25

M =Ta, R =Me 27
[Nb(n-C7H7)(n-CsH4R)Br] R=HorMe 25
[V(n-C/H7)(n-CsHs)]* 28
[Nb(n-C 7H7)(n-C sHMe)(thH)]+ 27
[Nb(n-C7H7)(n-CsHs)l- 27
[Nb(n-C7H7)(PMe3)1] 25



Treatment of [V(CO)¢] with cycloheptatriene produces [V(n-C 7H7)(CO)3].23

Several monosubstituted n-cycloheptatrienyl-vanadium compounds have also been
obtained by reaction of [V(CO)¢] with C7H7R (R = Me, Ph, CN, OMe, OEt, OPr or
CO,Ev).29

The paramagnetic compound [V(n6-C7Hg),] has been prepared by reduction of

VCly with isopropylmagnesium bromide in the presence of cycloheptatriene. 160,22 The
co-condensation of vanadium vapour with cycloheptatriene gives a thermally stable

compound which was formulated as [V(n-C 7H7)(n5-C7Hy)].16c However, these two

compounds have not been structurally characterised. It has been reported that compound

[V(n%-C7Hjg),] reacts with [CPh3]}[BF,] in two successive steps to yield eventually the

dication [V(-C7H7),]2+ (Scheme 1.5).22

1+ 12+

[CPhy](BF,] | V\

Q l /j ( I )
I ICPhIBE,) |

Scheme



Recently, Green and Scott have developed new routes to n-cycloheptatrienyl
derivatives of niobium. 25 By the reduction of [NbCl,(thf),] with sodium amalgam or
magnesium turnings in the presence of cycloheptatriene and other ligands, such as PMe 3
or carbon monoxide, [Nb(1%-C7Hg)(PMe3),Cl,], [Nb(n-C7H7)(m4-C7Hg)(PMe3)] or
[Nb(n-C7H7)(CO)3] can be isolated (Scheme 1.6). These compounds can be used to
prepare other Nb(n-C 71H7) derivatives, such as [Nb(n-CsH7)L,L’] (L, = dmpe, n4-C7Hj3,
n*CsHe: L, L' = CO or PMej;), [Nb(n-C;H7)(W>-C7Hy)(PMes)]+, [Nb(M-
C7H7)(PMes)al], [Nb(n-C7H7)(n-CsH4R)Br] and [Nb(n-C7H7)(M-CsH4R)] (R = H or
Me).

The sandwich compounds [M(n-C 7H7)(M-CsH4R)] (M =V, Nb or Ta; R = H or
Me) can also be prepared by a reductive method, but in general the yields of these
reactions are low.13,26¢,27 For example, the first n-cycloheptatrienyl-tantalum

compound, namely [Ta(n-C ;H7)(n-CsH4Me)] has been synthesised in 12 % yield by

treating [Ta(n-CsH4Me)Cl4] with magnesium turnings in the presence of

cycloheptatriene.2’ The mixed sandwich compounds are redox active and some of the

products of oxidation and reduction have been isolated 28 and structurally characterised.2?

[NbCl4(thf),]

excess C,Hg
2Na/Hg

excess Mg, C;Hg

2PM€3
excess Mg, C;Hg

Scheme 1.6



1.4 n-Cycloheptatrienyl Complexes of the Group 6 Metals

The chemistry of n-cycloheptatrienyl complexes of group 6 metals is more

developed in comparison with that of other transition metals. Generally speaking, there are
three main synthetic pathways to M(n-C7H7) (M = Cr, Mo or W) derivatives which

employ metal carbonyls, metal atoms or metal chlorides as the starting materials. In this
section, the chemistry will be outlined under these headings where M represents Cr, Mo or
W, unless stated otherwise.

1.4.1 From metal carbonyls
Metal carbonyls [M(CO)¢] are good starting materials to some synthetically useful

compounds, such as [M(n-CsH7)(CO)s3]+, IM(n-C7H7)(CO),X] (X = halogen) and

[Mo(n-C7H7)(n-CsHsR)]+ (R = H or Me), which can generate most of the known n-

cycloheptatrienyl derivatives of group 6 metals.

1.4.1.1 [M(n6-C7Hg)(CO)3]

The compounds [M(n¢-C7Hg)(CO)3] have been long known. They can be
prepared by refluxing [M(CO)s] in pure cycloheptatriene30 or in high boiling solvent.31

However, the complex [W(n6-C7Hg)(CO)3] is much more conveniently prepared from

[W(CO)3(MeCN)3] (Scheme 1.7).32

[M(CO)¢] C,Hg
x
NI|a

MeC AMico

M=W
b M = Cr, Mo or W

[W(CO)3(MeCN);]

Scheme 1.7



The molecular structure of [Mo(n%-C7Hg)(CO)3] has been determined,33 which

shows alternate single and double carbon-carbon bonds with an approximate symmetry
plane passes through the molybdenum atom, one carbonyl group and the methylene

group.
The 13C NMR spectra of [M(16-C7Hg)(CO)3] give only one signal corresponding

to all three carbonyl resonances at room temperature. However, at -600C, two distinct
signals of relative intensity 2 : 1 appear which are due to the hindered rotation about the M-
ring bond. The activation energies for M-C7Hg rotation in these complexes have been

estimated to be 47.3 - 53.1 kJ/mol.34

Several M(CO); derivatives of substituted cycloheptatrienes, such as [M(n¢-
C7H7R-7)(CO)3] (M = Cr or Mo, R = Me or Ph),30 [Mo(n¢-C7HsMe3-3,7,7)(C0O)3],31a

[Mo(n6-C7HsMe4-2,3,7,7)(CO)3]131a and [Cr(n8-C7H4Phys-1,2,6,7)(CO)3]35¢ have also
been prepared from the corresponding substituted cycloheptatriene and [M(CO)g] or
[Cr(CO)3(MeCN)3]. It has been found that methyl substituted cycloheptatriene

compounds have higher thermal stability than the complexes with electronegative
substituents.

The exo-isomers of compounds [M(n6-C7H7R-7)(CO)3] (M = Cr or Mo) have

been shown to undergo thermal 1,5-hydrogen shifts.35 The 7-endo-hydrogen migrates in a

stereospecific manner as shown in Scheme 1.8 which probably involves the transition
state 1. The activation energy for rearrangement of [Cr(n®-CsH;Me-7)(CO)3] has been

estimated to be 101.3 kJ/mol,35¢ which is significantly lower than that of the free ligand

(139.3 kJ/mol).36 This indicates the 1,5-sigmatropic shift is metal-assisted.

H HH
Q H __;R__;Q
H,_——-n R ==— = R
H

M(CO); M(CO)s MOy M(CO)s

Scheme 1.8
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Some of the chemistry of [M(1¢-C5Hg)(CO)3] is summarised in Scheme 1.9. The
cycloheptatriene ligand in these complexes can be thermally displaced by a wide range of
o-donor ligands L such as amines, phosphines, phosphine oxides, phosphites, arsines,
stibines and nitriles giving the compounds fac-[M(CQO)3;L4).3037 The ligand can also be
photochemically displaced by 14C-labelled cycloheptatriene.38  Although
microcalorimetric studies of the thermal decomposition of [M(n-C7Hg)(CO)3] showed

that the M-C7Hjg bond-strengths decreased in the order W > Mo > Cr,39 the ease of release
of the C7Hg group in these reactions was observed to decrease down the series Mo > W >

Cr.37d,38,40

Substitution of CO ligand in [M(n%-C7Hg)(CO)s] is uncommon.4! However
photochemically induced substitutions at low temperature occur for the chromium complex

giving [Cr(n%-C7Hg)(CO),L] [L = PPh3, PMe;, AsMea, P(OMe); or P(OPh)s3].41b.c
Protonation of [M(1n6-C7Hg)(CO)3] M = Mo or W) with HBF4 produces the 16-electron
cations [M(13-C7Hg)(CO)3]+ whilst protonation with HCl leads to the formation of neutral
complexes [M(n3-C7Hg)(CO);C1].42 An historically important reaction of [M(nS-
C7Hg)(CO)3] was hydride abstraction by [CPhs]+ to yield the n-cycloheptatrienyl-metal

complexes [M(n-C7H7)(CO)3]+.9-32.43

11
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CO
Scheme 1.9

1.4.1.2 [M(n-C;H7)(CO)3]+

The X-ray structure of [Mo(n-C7H7)(CO)3][BF4] has confirmed that the planar
C-Hj; ring binds symmetrically to the metal.44 The Mo-C(carbonyl) distance of 2.032 A is

substantially longer than in other Mo(CO); complexes whilst the Mo-C(ring) distance of

2.314 A is one of the shortest found in Mo-aromatic ring compounds. These imply that the
Mo-CO bond is reasonably weak and the Mo-ring bond is strong. Comparison of the X-
ray powder diffraction patterns for the Cr, Mo and W complexes suggested that these

complexes are isostructural.43

The activation energies for ring rotation in solid [M(M-CsH7)(CO):][BF4] M = Cr

or Mo) have been determined by proton spin-lattice relaxation time measurements.45 These

values are quite similar (Cr, 12.8; Mo, 13.6 kJ/mol) which may retlect the fact that these

complexes are isostructural with similar packing densities.

12



As expected, the carbonyl groups in these cationic compounds can be readily
displaced by other ligands. For example, the reaction of [M(n-C7H7)(CO)3]+ (M = Mo
or W) with halide or pseudohalide anions gives [M(1n-C7H7)(CO),X] (X = Cl, Br, I,
OCN, SCN or N3) (Scheme 1.10).32,46 IR studies showed that in the X = OCN and

SCN complexes the ligands are N-bonded to the metal. Interestingly, the reaction of

[W(n-C7H7)(CO) )+ with Nap[NCN] yields the unexpected product [W(n-C¢Hg)(CO)3] in

15 % yield as a result of ring contraction. 46

" @

M —— M
co” \ 'CO co” \ X
CO CO
M=MoorW
Scheme 1.10

Treatment of [M(n-C 7H7)(CO)3]+ (M = Mo or W) with certain o-donors L such as
PPh;, AsPh3 or SbPhs produces mono-substituted cations [M(n-C7H7)(CO),L]+.47
Reaction of [Mo(n-C7H7)(CO),L]+ with NaBH 4 or RLi gives the otherwise inaccessible

L-substituted species [Mo(n%-C7H7R-7)(CO),L] (R = H, Me or But) (Scheme 1.11).47a.b

Nk N
@ L R
P —_ i —_—

””'CO / "l”lL /MO""I

CO L

\co co” \ o’ N,

&0)

M=MoorW
Scheme 1.11
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Stone and co-workers have shown that [Mo(n-C7H7)(CO)3]+ is an useful precursor
to other Mo(n-C7H7) compounds. The transformations also involve the displacement of

carbonyl ligand(s) and are summarised in Scheme 1.12. Reaction of [Mo(n-
C7H7)(CO)3])[BF 4] with Me3SiX (X = CI, Br or I) in thf at ca. 500C provides an
alternative pathway to [Mo(n-C7H7)(CO),X]. However, the use of excess Me3SiX in

refluxing thf gives instead the binuclear molybdenum complexes [(n-C7H7)Mo(u-

X)3sMo(n-C7H7)].48 These binuclear compounds can be readily oxidised with mild

oxidising agents such as diazonium salts or iodine to give the corresponding cations. The

OO

Scheme 1.12

14



X-ray structure of the chloro cation has been reported which confirms the presence of

symmetrical planar n-C7H7rings, a weak Mo-Mo bond and three bridging chloro
ligands.49

[Mo(n-C7H7)(CO);][BF,] also reacts with pentane-2,4-dione (acacH) in dry thf to
afford the 17-electron complex [Mo(n-C-H7)(acac)(H,0)][BF4]. It has been suggested that

the coordinated water molecule arises from aldol condensation of the pentane-2,4-dione.

The aquo ligand can be displaced by a variety of neutral (L) and anionic (X-) ligands to
give [Mo(n-C7Hy)(acac)L][BF 4] and [Mo(n-C7H7)(acac)X] respectively.482.50

The three CO ligands in [Mo(n-C 7H7)(CO)3]+ can also be displaced by arenes to
give the mixed sandwich cations [Mo(n-C 7H7)(n-arene)]+,48a which are excellent
precursors to other n-cycloheptatrienyl derivatives of molybdenum (see section 1.4.1.4).

Other types of reaction of [M(1-C7H7)(CO)3]+ include nucleophilic addition to and
displacement of the CsH7 ligand. For example, some phosphonium adducts [M(n6-

C7H7PR;3-7)(CO)3]+ have been isolated from the reaction of [M(n-C7H7)(CO)s]+ with

stoichiometric amounts of PR3. The use of an excess of PR3, however, causes ring

displacement and isolation of fac-[M(CO)3(PR3)3] (for M = Mo or W) (Scheme 1.13).51

Reaction of [M(1-C7H7)(CO)3]+ with certain anions A -, such as OMe-, But- or
[Fe(m3-C7H7)(CO)]-, yields the exo-isomer of [M(n6-C7H7A-7)(CO)3].43.52 However,
ring contraction occurs when [M(M-C7H7)(CO)3]+ (M = Cr or Mo) is treated with C sHs-
or diethyl malonate anion (Scheme 1.13).53

Displacement of C7H7 ring in [M(n-C-H7)(CO);]+ by acetonitrile has been
reported (Scheme 1.13). 54 The ease of release of the ring decreases markedly in the order
Mo > W >> Cr which is similar to the order in displacement of C;Hg from [M(nS$-
C7H3)(CO)3].40 However, the former reactions proceed more slowly because of the

stronger M-C 7H7 bond.

15
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1.4.1.3 [M(n-C;H7)(CO)X]

The compounds [M(n-C 7H7)(C0O)2X] M = Mo or W; X = Cl, Br or I) can be
prepared by treating [M(n-C 7H7)(CO)3]+ with halide anions X-.32.46 The X-ray crystal
structures of [Mo(n-C7H7)(CO),X] (X = CI or Br) have been reported.5> These
complexes are useful precursors to other M(n-C7H7) derivatives via CO and halide

substitution.

Reactions of [M(n-C7H7)(CO),X] (M = Mo or W) with monodentate phosphines

or phosphites simply displace one CO ligand to give the monosubstituted compounds
M(n-C7H7)(CO)(PR3)X].56 However, the reactions of [Mo(n-C 7H7)(CO),I] with bi- or

tri-dentate group V ligands may displace both CO ligands and iodide depending on the

reaction conditions and the nature of the ligand (Scheme 1.14). 57
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Several halide displacement reactions have been reported on the molybdenum

compounds (Scheme 1.15). For example, [Mo(n-C7H7)(CO),I] reacts with
pentafluorophenylmagnesium bromide to give a stable o-aryl complex [Mo(n-
C7H7)(CO)(6-C6Fs)], which has been structurally characterised by X-ray studies.58 The
bi-metallic compound [Mo(n-C7H7)(CO);Mn(CO)s] has been prepared by treating [Mo(1)-

C7H7)(CO), 1] with Na[Mn(CO);5].59 Other metal-metal bonded derivatives (Mo-M; M =
Si, Ge or Sn) have also been prepared by the reactions with NEt; and HSiCls, HGeCl; or

SnCly, or through the anion {Mo(n-C7H7)(CO)5]-.60

@ ‘CoFsMgBT Na/Hg @
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CO/ \ '"'CeFs CO/ \ X
CO Cco

Mo
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HSiCl,, (M = Ge or Sn)
HGeCl, or

@ R

Nl()'n,l o'
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co co

M = §i1, Ge or Sn

Scheme 1.15
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The reactions of [Mo(Nn-C7H;)(CO),X] with chalcogen ligands have been studied.
Treatment of [Mo(n-C7H7)(CO),X] with arenethiols (ArSH) gives a mixture of products
Mo(n-C7H7)(CO)2(SAr)] and [Mo(n- C7H7)(CO)(U-SAr)], .61 However, the

corresponding reaction with thiolates SR- (R = alkyl) produces the unsymmetrical triply
SR-bridged complexes [( n-C7H7)Mo(u-SR)3Mo0(C0)3].62.63 The structure for R = But
has been confirmed by X-ray crystallographic study. The analogous SeR-bridged dimers
can also be prepared similarly using RSeMgBr. The reaction of [Mo(n-C7H7)(CO),Br]
with PhTeLi or PhTeMgBr yields exclusively the symmetrical doubly bridged species
Mo(n-C7H7)(CO)(u-TePh)], (Scheme 1.16).62

R R
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Scheme 1.16
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Knox and co-workers have demonstrated that the binuclear compounds [(n-

C7sH7)Mo(u-SR)3Mo(CO)3] (R = Me, Et, Pri or But) have interesting fluxional

behaviour.63 They exist as a mixture of two isomeric forms 2 and 3 (viewed along the
Mo-Mo axis). The IR spectrum of each complex exhibits six carbonyl bands at room
temperature showing that both isomers are present. 1H NMR studies show that these

isomers interconvert rapidly at or above this temperature through inversion at sulfur. The

molecular structure of the related complex {(n-C7H7)Mo(u-SBut)sMo(CO),[P(OMe);]}

has also been reported. It shows that the sulfur bridges are unsymmetrical, favouring the
molybdenum bound to P(OMe)3. 63

R >,

R\SO
Q /‘\/R = R\ R
SI S S
R () () ()

2 3

The reaction of [M(n-C7H7)(CO);1] M = Mo or W) with NaCsH s affords the

interesting trihapto-cycloheptatrienyl complexes [M(n3-CsH7)(n-CsH5)(CO);] (Scheme

1.17).32,59,64 Their 1H NMR spectra at room temperature show only two sharp singlets

with 7 : 5 ratio, but several bands appear at lower temperature which is consistent with

the n3-CyH5 structure. 65 It has been shown that the principle pathway of rearrangement

is a 1,2-shift of the metal about the cycloheptatrienyl ring. 65d

Mi NaCsH; /M .
CO/ \. ) lI CO /
Cco CO

M=MoorW
Scheme 1.17
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Other type of reaction of [M(1-C7H7)(CO).X] (M = Mo or W) involves a change
in hapticity of the C7H7 ligand without breaking the M-CO and M-X bonds. Treatment

of the halides with some bidentate ligands, such as dppm. dppe or en, give the trihapto-

cycloheptatrienyl complexes [M(n3-C7H7)(L-L)YCO),X] (Scheme 1.18).66  These

complexes are fluxional due to the trigonal twist rearrangement illustrated in Scheme
1.19.
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Recent works by Whiteley and co-workers further enrich the chemistry of these
complexes. Reaction of [M(n-C7H7)(CO),I] (M = Mo or W) with AgBF, in nitriles
produces the cations [M(n-C7H7)(CO)2(RCN)]J+ which are also useful precursors to other

M(n-C7H7) derivatives.67 Some of the chemistry is summarised in Scheme 1.20. The

nitrile ligand of these cations can be displaced by monodentate or bidentate phosphines to
give the corresponding monosubstituted product. The hapticity of the C7H7 ligand can be

changed from heptahapto to trihapto in the presence of an excess of acetonitrile. Thus, an

equilibrium exists between the cations [W(n-C7H7)(CO)2(dppm)]+ and [W(n3-
CsH7)(CO)2(dppm)(MeCN)]+ and between [M(M-C7H7)(CO),(MeCN)]+ and [M(n3-
C7H7)(CO),(MeCN)sl+. Under photolysis in acetonitrile, [Mo(n-C7H7)(CO),(MeCN)]+
gives the bisacetonitrile cation [Mo(1n-C7H7)(CO)(MeCN);,]+. A series of metal-metal
bonded complexes [(n-C7H7)(CO);M-M’(CO)3(n-CsRs)] have also been prepared from
[M(n-C7H7)(CO)2(MeCN)]+ and the appropriate anions [M’(1n-CsR5)(CO)3;}- (M’ = Mo or

W; R = H or Me).672.68 The X-ray crystal structure of [(n-C7H7)(CO);Mo-Mo(CO)3(n-
CsHs)] has been determined.69

The chemistry of the related [M(n-C7H7)(CO)(PPh3)I] (M = Mo or W) species has
also been studied. Treatment of the M = Mo compound with CN- anion leads to iodide
displacement; with AgBF in the presence of acetonitrile or pyridine, the cations [Mo(n-

C7H7)(CO)(PPh3)L]+ (L = MeCN or C¢HsN) are formed.’0 Reaction of the M = W

compound with dppe gives the cation [W(n-C7H7)(CO)(dppe)]+ (Scheme 1.21).56¢
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1.4.1.4 [Mo(n-C7H 7Xn-CsHsR)] +

The mixed sandwich cations [Mo(n-C7H7)(n-CsHsR)]+ (R = H or Me) were first
prepared by Green and co-workers by the reaction of [Mo(n-arene)(n-C3Hs)Cl]; with
[AIEtCl;] in the presence of cycloheptatriene (Scheme 1.22).71 An alternative route was
reported independently by Stone and co-workers by refluxing [Mo(n-C7H7)(CO);]+ with
the corresponding arenes. 48a The X-ray structure of the related compound [Mo(1-C7H7)(n-

CsHsBPh3)] has been reported, which confirms the sandwich structure, although the Mo-

C distance to the arene carbon bound to the boron atom is significantly longer than the

other five Mo-C(phenyl) distances.72

1,1, |

Mo yd M [AIECl.], o Mo

Ul >
Scheme 1.22
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The arene ligands of these cations are labile and can be displaced by a variety of

ligands, making them useful precursors for the synthesis of other Mo(n-C;H)
derivatives. For example, [Mo(n-C7H7)(n-CsHsR)]+ (R = H or Me) reacts with donor
ligand L (L = MeCN, PMe,Ph or PMePh;) causing smooth displacement of the arene
ligand to form the cations [Mo(n-C7H7)L3]+ in excellent yield.73 Further ligand
substitutions give the cations [Mo(n-C7H7)L,L’}+ as shown in Scheme 1.23. Treatment
of [Mo(n-C7H7)(n-C¢HsMe)] + in ethanol with an excess of dppe gives the novel cation
[Mo(n-C+H7)(dppe)2)]+, which reacts with carbon monoxide (1 atm) to give [Mo(n-
C7H7)(dppe)(CO)] .

Q_H ; —+ ; 7+ ©_I+
/M '""PMe ,Ph /M{"'PMezPh MeCN/M\“rNCT"'e MeCN/MO i
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T
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l”P / \ l'IP
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Treatment of the compound [Mo(n-C 7H7)(n-CcHsMe)][PF¢] with one equivalent
of dppe in acetone or acetonitrile also causes displacement of toluene to give [Mo(n-
C-7H7)(dppe)MexCO)J[PF¢] or [Mo(n-C 7H7)(dppe)(MeCN)][PF¢l, respectively (Scheme

1.24).74 These compounds react with halide anions X- producing the diamagnetic

compounds [Mo(Nn-C7H7)(dppe)X]. Interestingly, the reaction of the acetone comﬁplex
Mo(n-C7H7)(dppe)MeCO)][PF¢] with CH,Cl; or allylchloride affords the paramagnetic
compound [Mo(n-C+H;)(dppe)Cl][PF¢). The neutral compounds [Mo(n-CsH7)(dppe)X]

and their respective cations can be interconverted through simple oxidation and reduction

process. The related hydride and methyl complexes [Mo(n-C7H7)(dppe)R] (R = H or Me)
have also been described (Scheme 1.24).
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MecN~ \ P R Me,CO \P/
P
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The novel phenylvinylidene complex [Mo(n-C7H7)(dppe)(C=CHPh)}[PF¢] has

been prepared by Whiteley and co-workers by treating [Mo(n-C7H7)(dppe)(solvent)}[PF¢]

(solvent = acetone or acetonitrile) with phenylacetylene (Scheme 1.25).75 Deprotonation

of the vinylidene complex gives the alkynyl complex [Mo(n-C7H7)(dppe)(C=CPh)],
which can be protonated with HBF 4 Et,0 to regenerate the vinylidene complex.75 The
alkynyl complex can be oxidised with [Fe(n-CsHs),]+ to give the corresponding cation
which undergoes coupling at Cg of the alkynyl ligand to afford the divinylidene-bridged,
dimeric product [(n-C7H7)(dppe)Mo(C=CPhPhC=C)Mo(n-CsH;)(dppe)]2+ (Scheme

1.25).76 The structure of this dication has been confirmed by crystallography.
Reaction of the sandwich compound [Mo(n-C7H7)(n-CcHsMe)][PFe] with two

equivalents of P(OMe)3, instead of one equivalent of dppe, in refluxing acetonitrile affords
the related compound {Mo(n-C7H7)[P(OMe)3]2(MeCN) } {PF¢}. This reacts with Nal in
acetone giving the neutral compound {Mo(n-C7H7)[P(OMe)3],1}. However, reaction with

LiCl in acetone produces the paramagnetic cation { Mo(Nn-C7H7)[P(OMe)3],Cl} +.56¢

1+ I+
@ HC=CPh @ Na . | @

Mo-.., " ~ HBF,Et,0 Mo,
e \ np - "p 4Ll C/ \ P
Sol b ‘C/ p/ Ph'C/é
l [Fe(ﬂ-C SHS) 2] *
i +
”.M\ Ph __|2+ _]
Wi (O . / 1,>\| stir in thf or CH,Cl,
/C C\\C\ - Mo,
: 0\ P
Ph Syis” #© \V
@)
Scheme 1.25

27



With sodium tetrahydroborate, the cation [Mo(n-C7H7)(n-C¢Hg)]+ undergoes

hydride addition at the benzene ring 73 as predicted by the Davies-Green-Mingos rules.77

The reaction of [Mo(n-C 7H7)(M-C¢HsMe)]+ with sodium methoxide or lithium halides
leads to the formation of the binuclear compounds [(n-C7H7)Mo(u-OMe)sMo(n-C7H5)]

or [(n-C 7H7)Mo(p-X) sMo(n-C7H 7)), respectively. The latter compound (X = Cl) can be

prepared from the former by the action of hydrogen chloride. These neutral compounds are

readily oxidised to the corresponding cations. Alternatively, treatment of [Mo(n-C7H;)(n-
CgH sMe)] + with alcohol or hydrochloric acid and tetrafluoroboric acid gives the binuclear
cations [(n-C;H7)Mo(p-OR)3Mo(n-C7H7) ]+ or [(n-CsH7)Mo(u-Cl)sMo(n-C7H7)l+,

respectively. These can be reduced to the corresponding neutral compounds by appropriate

@
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f GE ) HCl,, ( )
@ MO (&)

X=Cl,Brorl

reducing agents (Scheme 1.26).73
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Similar to the cation [Mo(n-C7H7)(CO)s3]+, [Mo(n-C7H7)(n-C¢HsMe)] + reacts
with an excess of pentane-2,4-dione in dry thf to afford the 17-electron cation [Mo(n-
C9H 7)acac)(H,0)]+.48a,50 However, treatment of [Mo(n-C7H7)(M-C¢HsMe)]+ with PPh 3

and sodium pentane-2,4-dionate gives the 18-electron compound [Mo(n-
C,H7)(acac)(PPh3)], which reacts with allylmagnesium bromide to give the corresponding

allyl complex (Scheme 1.27).73

_—l +
& @ @
Na(acac) (C;Hs)MgBr >

Qa,
Mo PPh, Ph3P/w\ 0,

Scheme 1.27

1.4.2 From metal vapour synthesis

Another general route to M(n-C7H7) derivatives is through the metal vapour
synthesis. Skell and co-workers were the first to report the co-deposition of molybdenum
and tungsten vapour with cycloheptatriene.78 They isolated the compounds [M(n-
C7H7)(n3-C7Hy)] in 52 % (for M = Mo) and ca. 20 % (for M = W) yield (Scheme 1.28).

When a solution of cycloheptatriene in hexane or methylcyclohexane was co-condensed

with chromium vapour, the only product isolated was [Cr(n-C7H7)(m*-C7H,0)].16¢.79

However, it was found later that co-deposition of chromium vapour with neat

cyqloheptatriene gives [Cr(n-C7H7)(n>-C7Hy)] in 45 % yield together with small amount
of [Cr(n-C7H7)(M4-C7H,0)]. 80
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It has been demonstrated later by Green and Newman that the actual first product of

co-condensation of molybdenum atoms and cycloheptatriene is [Mo(m%-C7Hg);].8!1 This

compound is thermally unstable and isomerises quantitatively to give the compound

[Mo(n-C7H7)(n3-C7H)].

Both of these compounds can be oxidised by silver

tetrafluoroborate to give their corresponding cations [Mo(n5-C7Hg),]+ and [Mo(n-

C7H7)(m?-C7Ho)] + respectively. The former cation also rearranges to the latter cation but

the rate is slower than that for their neutral analogue (Scheme 1.29). Kinetic and

crossover studies have shown that the rearrangements are intramolecular.
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Treatment of [Mo(n-C7H;)(n3-C7Hyg)] with a 15-fold excess of sodium

cyclopentadienide in refluxing thf gives [Mo(n-C7H7)(n-CsHs)]. However, the yield of

this reaction was not reported.’® The analogous reaction to prepare the mixed sandwich

compound of tungsten failed to obtain a pure product; only mass spectral evidence could

be obtained for its presence. The synthetic utilities of [Mo(n-C7H7)(1>-C7Hg)] has been

further explored by Green and Tovey.80 Oxidation with a half equivalent of iodine or

tetrafluoroboric acid gives the cation [Mo(n-C7H;)(M3-C7Hg)}+. The n3-CsHgring of
this cation is labile and can be displaced by ethanol or iodine to afford the known
binuclear cations [(N-C7H7)Mo(i-OEt)sMo(n-C7H7)]+ or [(n-C7H7)Mo(u-I)sMo(n-
C7H7)]+, respectively.

Treatment of [Mo(n-C7H7)(n3-C7Hy)] with one equivalent of iodine in thf gives a
mixture of product [Mo(m-C-H7)(thf)I;] and [Mo(n-C7H7)(m>-C7Hy)I](I] (Scheme 1.30).80

The 17-electron compound [Mo(n-C7H7)(thf)I;] is air-stable but thermally unstable,

losing thf even at room temperature. However, its structure has been determined. 82

Up'on heating, the thf adduct gives [Mo(n-C;H7)I;], in quantitative yield. Dissolution of
Mo(n-C7H7)I1], in thf regenerates the thf complex. Reaction of [Mo(n-C7H7)(thf)l,]
with an excess of iodine provides an alternative route to the bridging-iodide complex [(n-

C7H7)Mo(p-I)sMo(n-C7H7)][15] (Scheme 1.30).80
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Both [Mo(n-C7H7)(thf)I,] and [Mo(n-C7H7)(M3-C7Hy)I|[I] can be converted to the
thermally stable [Mo(n-C7H7)(MeCN)I ] by the action of acetonitrile. With an excess of
PMes they give a mixture of product [Mo(nC+sH7)(PMes)I;] and [Mo(nm-
CsH7)(PMea)oI1[1I]. Treatment of [Mo(n-C7H;))(MeCN)I,] with an excess of PPhj
displaces the acetonitrile ligand. Reduction of [Mo(n-C7H7)(PMe3)I;] with LiAlH4

affords the unexpected product [Mo(n-C7H7)(PMes);I]. The compound [Mo(n-
C7H7)(PMes)l;] also reacts with nucleophiles, such as sodium methoxide, giving the

binuclear cation [(n-C7H7)Mo(u-OMe)sMo(n-C7H7)]+. All these reactions are

summarised in Scheme 1.31.80
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Oxidation of [Mo(n-C7H7)(n3-C7Hy)] with one equivalent of bromine in thf

followed by addition of acetonitrile leads to the formation of [Mo(n-C7H7)(MeCN)Br;].
As expected the MeCN ligand in this compound is also labile and, for example, can be

displaced by diethyl sulfide giving [Mo(m-C7H7)(Et,S)Br;] (Scheme 1.32).80
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Scheme 1.32

1.4.3 From metal chlorides
Reduction of metal halides in the presence of olefins is a commonly used method to

prepare low-valent metal(rn-olefin) complexes. Fischer and co-workers have reported the

reduction of CrCl,, MoCls and WClg with appropriate reducing agents in the presence of
cycloheptatriene giving the corresponding mixed sandwich complex [M(n-C7H7)(n-
CsHs)] as shown in Scheme 1.33. However, the yields of these reactions are very low (<

2 %).83 An improved route to the compound [Mo(n-C;H7)(n-CsHs)] has been reported
which involves the reduction of [MoCl3(thf)3] with isopropylmagnesium bromide in the

presence of cycloheptatriene and cyclopentadiene.®4 The yield of this reaction is 15 %.

These sandwich compounds [M(Nn-C7H7)(n-CsHs)] can be oxidised with oxygen (for M =
Cr) or iodine (for M = Mo or W) to give the corresponding paramagnetic cations [M(1-

C;7H7)(n-CsHs)l+.
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Scheme 1.33

Treatment of [CrCl3(thf)s] with isopropylmagnesium bromide in the presence of
cycloheptatriene gives [Cr(n-C7H7)(N%-C7H10)] in 6 % yield. However, reaction of
[Cr(Pri)4) (previously prepared from CrCl3 with isopropylmagnesium bromide in diethyl
ether) with cycloheptatriene yields a mixture of [Cr(n-C7H7)(M*C7H;0)] (42 %) and [Cr(n-
C7H7)(n3-C7Ho)] (22%).85

Indirect routes to M(1-C7H7) derivatives using metal halides as starting materials
have also been reported. Reduction of MoCls with AICl3 / Al in arenes gives the
cations [Mo(n-arene);]+ which, upon alkaline disproportionation, yields the neutral
complexes [Mo(n-arene);].86 Treatment of [Mo(n-arene)zl with allyl chloride gives the
dimeric complexes [Mo(n-arene)}(n-C3Hs)Cl1],.87 As mentioned in the section 1.4.1.4,'
reaction of this dimer with [AIEtCl;], in the presence of cycloheptatriene gives the
cations [Mo(n-C7H7)(n-arene)]*, which are excellent pfecursors to Mo(n-C7Hy)

derivatives.71
Treatment of CrCl; with PhMgBr and C sHsMgBr gives [Cr(n-C¢Hg)(n-CsHs)l,

which undergoes ring expansion as shown in Scheme 1.34.88
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1.4.4 Miscellaneous methods
Recently, it has been demonstrated that the reaction of [W(PMe3)3Hg] with

cycloheptatriene affords the compounds [W(n-C7H7)(n3-C+7H;,)(PMe3)] and [W(n3-
CsHg)(n3-C7H7)(PMe3);] in moderate yields. The latter compound reacts with carbon

monoxide giving [W(n3-C7Hg)(13-C7H7)(PMe3)(CO)} (Scheme 1.35).89
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LS n-Cycloheptatrienyl Complexes of the Group 7-10 Metals

The cycloheptatrienyl complexes of group 7-10 metals are rare and most of them
have trihapto- or pentahapto-bonding mode. The cycloheptatrienyl group sometimes
behaves as a bridging ligand. Selected examples are listed in Table 1.3.

Table 1.3 n-Cycloheptatrienyl derivatives of the group 7-10 metals

Compound Reference
[Mn(n-C7H¢R)(n-CsHs)]+ R =Me or Ph 90, 91
[Mn(n-C7H;)(CO)3] 92
[Fe(n3-C7H;)(CO)s]+ 93
[Fe(n3-C7H7)(n-CsHs)(CO)] 94
[Fe(n3-C;H7)(CO);]- 95
[Fe(CO)3(M3 : n4-C7H7)M(CO),] M=MnorRe,x=3 96
M=Rh,x=2 96
[M(n3-C7H7)(n3-C7Ho)] M =Fe or Ru 97
[Os(CO)3(n3 : n4-C7H7)Os(CO),(MMe3)] M =SiorGe 98
{Os(m3-C7H7)(CO)[P(OMe)3]2 }+ 98
[Co(n3-C7H7)Ls] L =CO or PF; 99, 16¢
[Pt(n3-C7H7)(M-CgH 2)]+ 100

The thermal or photochemical reaction of [Mn(CO)s]- with [C7H7][BF4] gives
[Mn2(CO)y0] and C4H4.30.92a The Mn(n-C;H7) derivatives, namely [Mn(n-C7HgR)(1}-
CsHs)]I"(R = Me or Ph) have been prepared, however, by ring expansion of [Mn(n-
CsHe)(M-CsHs)] (Scheme 1.36).88<¢.90 An alternative route to these compounds has been

reported by Pauson and Segal.91 Photolysis of a mixture of [Mn(n-CsH4R)(CO)3] (R =
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H or Me) and C7H7R’-7 (R’ = Me, Ph or But) gives a mixture of endo- and exo-isomers
of [Mn(n%-C7H7R’-7)(n-CsH4R)] in which the exo-isomer is generally the predominant
species. The endo-isomers react with [CPh;]+ to give [Mn(n-C7HgR’)(N-CsH4R)]+. The

exo-isomers resist such hydride abstraction but are convertible into other isomers by
hydrogen migration on heating. The resulting products, processing an exo-hydrogen

atom, are then susceptible to hydride abstraction (Scheme 1.37). To the best of our

knowledge, these compounds are the only examples of n’-cycloheptatrienyl derivatives of

group 7-10 metals.
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& @™
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1.6 Functional Group Properties of n-Cycloheptatrienyl Ligand.

The n-cycloheptatfienyl ligand is a bulky ligand. It subtends a cone angle of
1549, which is even greater than that of the n-pentamethyicyclopentadienyl ligand (8 =
1420).15 This ligand is generally regarded as a coordinated aromatic tropylium ion 1-

C7H7+ and thus classified as a 6-electron donor. However, recent studies have shown that

the assignment of +1 formal charge to this ligahd in its complexes is inappropriate. For

example, it gives the misleading impression that the n-CsH7 ligand is more susceptible

to nucleophilic attack than other coordinated polyenes; in fact, according to the Davies,

Green and Mingos rules, 77 it is the least susceptible to nucleophilic attack of all common

coordinated polyenes. Moreover, X-ray photoelectron spectroscopy studies on [M(7-

C/H7)(M-CsHs)] M = Cr, V or Ti) have showed that the oxidation state of the metal

increases in the sequence Cr < V < Ti. In the Ti compound, there is greater localisation

of the negative charge on the C ring (0.7 - 0.8 electrons) than on the Cs ring (0.3 - 0.4

electrons).10! Similar results have been obtained from metallation experiments 102 and
13C NMR studies on this type of compounds.103

In an extensive study of Ti(n-C;H7) chemistry, 15 Green and co-workers have
found that the Ti(m-C7H7) moiety is markedly reluctant to form any 18-electr0r_1
complexes and it prefers to form 16-electron complexes [Ti(n-C7H7)L,X] where L is a
two-electron donor ligand and X is a one-electron o-bonded group. This observation is
also not consistent with the common formulation of the cycloheptatrienyl group as
C;H7+. Since if the n-C7H7 group is given a formal charge of +1, the [Ti(n-C7H7)]1+
group might be expected, by analogy with [V(n-CsHs)] which is also by definition d4, to
form 18-electron complexes such as [Ti(N-C7H7)(CO)q]+ {cf. [V(n-CsHs)CO)l}.
However, no complexes with ®-acceptor ligands have been isolated.

In order to reveal the nature of the M-(n-C7H~) bond, J. C. Green and co-workers

have performed photoelectron spectroscopy (PES) studies on the sandwich compounds
M(n-C/H)(nCsHs)] (M = Ti, V, Nb, Cr or Mo) and [Ta(n-C;H7(n-

CsH4Me)].15.27,104,105 Sandwich compounds have been chosen because they give rise to
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PE spectra with well-separated bands of metal, ligand, and mixedv metal/ligand character.

A qualitative molecular orbital (MO) diagram for these sandwich compounds is shown in
Fig. 1.1 in which only the e symmetry pr orbitals of the ligands are considered.27 The
metal d orbitals split into three sets; d2 (1a1), dxz dyz (3¢ 1) and dy2.y2, d xy (1€ 2), Which
are of ¢, ® and 8 symmetry respectively with respect to the metal-ring axes. The la;
orbital is essentially nonbonding. The 3e; orbitals are strongly antibonding and the le;
orbitals are metal -> carbon back-bonding in nature. Since the e and e, orbitals of C5
ring are lower than those of Cs ring, the e; interaction will take place primarily via C4

ring whilst the e; involvement remains predominantly with Cs ring. Thus the
localisation of le ; MOs is of central importance in determining the nature of the M-(n-
C7H7) bond. If these orbitals are largely metal-localised, this implies that the metal ->
carbon back-bonding is relatively weak. If there is a significant contribution from the
ligand, the metal-ligand d interaction is strong.

It has been shown that for [Ti(n-C7H7)(n-CsHs)], the four least tightly bound
electrons in 1e; MOs are substantially localised on the C7 ring, and have the primary role

in forming the covalent bonds between the ring and the metal.15.104 Formally three of

these are derived from the metal and thus the compound is considered to have a Ti(IV) (d9)

metal centre. Consequently, this description redefines the formal charge of the ligand n-

CsH7 as -3. In which case the Hiickel 4n+2 rule for aromaticity is still satisfied. The
proposal is in accord with the general pattern of Ti(n-C7H7) chemistry. The harder bases,

such as ethers and amines, are more tightly bound to [Ti(n-C7H7)]+ moiety than the softer

bases, such as phosphines, indicating that the metal centre is more dO than d4 in character.
Similar results have been obtained for group S sandwich compounds.27.104 By
comparing the relative intensities of the photoelectron bands in the He-I and He-II spectra,

it has been shown that there is a significant contribution from both ligand and metal

valence orbitals to the M-(n-C7H7) bonding MOs and the metal d orbital character of the

le ; MOs decreases in the order Nb > V > Ta.
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In a systematic PES study of [M(1-CoHzn)(M-CoHo)] (m, n = 5, 6, 7 or 8), it has
been found that the ring contribution in the e; MOs increases with ring size and decreases
with increase in the metal atomic number across the transition series. 104,106 The results
are consistent with the observation that the negative charge on the C, ring in [M(1}-
CsH7)(n-CsHs)] (M = Cr, V or Ti) follows the order : Ti > V > Cr.101  Although the
ligand contribution in the 1le; MOs is smaller in [Cr(n-CsH7)(M-CsHs)] than in the Ti
and V analogues, it has been noted that the a;-e; splitting in [Cr(n-C7H7)(n-CsHs)] (1.6
eV) is substantially greater than that in [Cr(n-CeHs)2] (0.9 eV), suggesting the high
contribution the C7 ring e; orbital makes to the e; MQOs.104

These results may come to the conclusion that the metal -> carbon back-bonding
is significant in M(1<C7H7) moiety where M is a group 4, 5 or 6 metal. Thus, the
assignment of -3 to the formal charge of n-cycloheptatrienyl ligand seems to be more

appropriate than the conventional value of +1. In other words, the ligand requires three

electrons from the metal centre in the formation of the M-(n-C7H7) covalent bond.
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1.7 Summary

The chemistry of n-cycloheptatrienyl-transition metal complexes has been outlined
in this chapter. In general, there are three main routes to m-cycloheptatrienyl-
molybdenum and -tungsten compounds. The first one employs metal carbonyls as
starting materials, via the éynthetically useful complexes [M(n-C7H7)(CO)3]+ (M =Mo or
W), [IM(n-C7H7)(CO),2X] (M = Mo or W, X = halogen) and [Mo(n-C7H7)(n-C¢HsR)]+
(R = H or Me). This route is well-developed and most of the known Mo(n-C7H7) and
W(n-C7H7) compounds have been derived from these compounds. However, removal of
all the carbonyl ligands in [M(1-C7H7)(CO),X] is uncommon and the products derived
from these compounds usually contain at least one carbonyl ligand. The cations [Mo(n-
C7H7)(n-CsHsR)]+ can be used to prepare carbonyl free n-cycloheptatrienyl-molybdenum
complexes, but it requires several steps to prepare. The tungsten anaiogues of [Mo(n-

CsH7)(n-CgHsR)}+ are unknown.
The second method involves the versatile metal vapour synthesis technique. The

compounds [M(n-C7H7)(n3-C7Hy)] (M = Mo or W) can be prepared by co-condensation
of molybdenum or tungsten atoms with cycloheptatriene. The synthetic utility of [Mo(n-

C7H7)(n3-C7Hy)] has been briefly explored. Although this method can prepdre useful

compounds in one-step, it is restrictive because the apparatus required is not available in
most laboratories.

The last method is the conventional reductive method. Compounds [Mo(1-

C7H7)(M-CsHs)] (M = Mo or W) can be prepared from the corresponding metal halides in

a one-pot reaction. However, the extremely low yield of these reactions limits further
investigation of the chemistry. The following two chapters describe the preparation of

[M(n-C7H7)(n3-C7Hy)] (M = Mo or W) by a reductive method and the derivation of other

n-cycloheptatrienyl-molybdenum and -tungsten compounds from these complexes.
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CHAPTER TWO
Nn-Cycloheptatrienyl- Molybdenum Chemistry



2.1 Introduction
As mentioned in the previous chapter, the compound [Mo(n-C7H7)(n35-C7Ho)] is a
potentially useful precursor to other m-cycloheptatrienyl-molybdenum compounds.1

However, the synthesis involves metal vapour synthesis for which the apparatus is not
available in most laboratories.2 Hence, the search for an alternative pathway to this
compound is desirable.

The related chromium complexes have been prepared by a conventional reductive

method. For example, reduction of [CrCl 3(thf);] with isopropylmagnesium bromide in
the presence of cycloheptatriene gives [Cr(n-C7H7)(m4-C7H 10)] in 6 % yield. The
reaction of CrCl3 with isopropylmagnesium bromide produces CrPris, which reacts with
cycloheptatriene to afford a mixture of product, namely [Cr(n-C7H7)(n4-C7H10)] (42 %)
and [Cr(n-C7H7)(m5-C7Hy)] (22 %).3 However, no reduction of molybdenum or tungsten

halides in the presence of cycloheptatriene as the sole olefin has so far been reported. This
chapter describes the preparation of [Mo(n-C7H7)(n3-C7Hg)] from MoCls and the

exploration of 1-cycloheptatrienyl-molybdenum chemistry based on this compound.

2.2 Preparation of [Mo(n-C7H7)(n5-C7Hy)]

A suspension of MoCls in thf was treated with an excess of cycloheptatriene at

800C giving a greenish-yellow suspension. Five equivalents of sodium amalgam was
then added with stirring and the mixture was allowed to warm to room temperature.
During the course of the reaction, the colour of the mixture changed gradually from
greenish yellow to brown, and then to deep green. After removing the volatiles and then
extracting the residue with light petroleum (b.p. 40-600C), a deep green solution was
obtained from which green microcrystals were separated. The 1H NMR spectrum of these

microcrystals showed that they were a mixture of [Mo(n6-C7Hs),] 4 and [Mo(n-C7H7)(n3-
C7Ho)] § in 1.7 : 1 ratio (Scheme 2.1). Previously, these compounds were available

only by a metal vapour synthesis route.?2
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MoCl; + Na/Hg + C;Hy, —> M!O + M!O
| 4

5
Scheme 2.1

It has been reported that the compound [Mo(n6-C7Hg),] 4 is thermally unstable and

isomerises quantitatively on heating to give the compound [Mo(n-C7H7)(n3-C7Hy)]
5.2b Thus it is reasonable to suggest that compound 4 is initially formed in the above
reaction, but a portion of it isomerises to 5. In fact, heating the green microcrystalline
product at 700C for 2 h gave pure § as dark red microcrystals. The above reduction
reaction can be performed in a large scale. Typically, 10.0 g of MoCls gave 4.0 g of
[Mo(n-C7H7)(n3-C7Hy)] 5 (39 % yield).

We note that MoCls reacts with thf therefore the cold thf (-200C) was added to
MoCls which was cooled by liquid nitrogen. Then this was warmed to -800C before

addition of cycloheptatriene and sodium amalgam as described in the Experimental section.
These precautions can be neglected by using the Mo(IV) compound [MoCl4(thf),] as the

starting material. This compound was prepared from MoCls in two steps as shown in

Scheme 2.2.4 Reduction of [MoCly(thf);] in thf with four equivalents of sodium
amalgam in the presence of cycloheptatriene produced a mixture of [Mo(n6-C7Hg),] 4 and

[Mo(n-C7H7)(n5-C7Hy)] 5 in 3 : 2 ratio in 46 % yield.

MoCly, —= Ny [MoCLMeCN),] —2E> [MoCly(thf),]

Scheme 2.2
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2.3 Preparation and Characterisation of [Mo(n-C;H,)(MeCN)I,]

Tovey reported that the oxidation of {Mo(n-C7H7)(n5-C7Hy)] with one equivalent
of iodine in thf gave a mixture of products [Mo(n-C-;H-;)(thf)Iﬂ and [Mo(n-C7H7)(n5-
C7Hy)IJ{I] and both of these complexes reacted with acetonitrile to give [Mo(n-
CH7)(MeCN)I,].1 Tt is logical to perform the oxidation in acetonitrile with a view to
preparing [Mo(n-C7H;)(MeCN)I,] in one step. As expected, oxidation of [Mo(n-
C7H7)(m3-C7Hy)] with one equivalent of iodine in acetonitrile afforded the compound
[Mo(n-C7H7)(MeCN)I,] 6 in good yield (Scheme 2.3). The compound 6 is more
thermally robust than [Mo(n-C7H7)(thf)I;] and is stable indefinitely at 500C and is air and

water stable in solid and solution.

@
Mo I, in MeCN

Ma
71 % 'n
Cﬁ o

5
Scheme 2.3

The compound 6 was characterised by microanalysis, IR and EPR spectroscopy
and the data were reported previously.! Unambiguous characterisation by X-ray structure
determination has been performed in this study. Single crystals of 6 suitable for an X-ray
structure analysis were grown by cooling a concentrated acetonitrile solution. An X-ray
diffraction study was performed by Dr. Philip Mountford of this laboratory. The molecular

structure of 6 is shown in Fig. 2.1. It has a typical three-legged piano stool structure

with the n-C,Hj5 ligand bonded symmetrically to the metal. The acetonitrile ligand is N-

bonded to the Mo centre. A complete listing of bond lengths and angles, atomic
coordinates and thermal parameters is given in Appendix B1. Selected bond lengths and

angles appear in Table 2.1. These data are unexceptional.
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Fig. 2.1

Table 2.1 : Selected bond length (A) and angles (9)
for [Mo(n-C7H7)(MeCN)I 5] 6

Mo(1) - I(1)

Mo(1) - I(2)

Mo(1) - N(1)
Mo(1) - C(1)
Mo(1) - C(2)
Mo(1) - C(3)
Mo(1) - C(4)
Mo(1) - C(5)
Mo(1) - C(6)
Mo(1) - C(7)

N(1) - Mo(1) - I(1)
N(1) - Mo(1)-1(2)

2.8210(4)

2.8003(4)

2.166(3)
2.264(4)
2.271(5)
2.272(5)
2.258(5)
2.280(5)
2.260(5)
2.270(5)

84.1(1)
84.6(1)

C1) -C(2)
C(2) -C@3)
C@3) -C4)
C@) -C5)
C(5) - C(6)
C(6) - C(7)
C1) -C()
N(1) - C(8)
C@®) - C9)
Mo(1) - C4(centroid)

I(2) -Mo(1)-I(1)
C(8) - N(1) - Mo(1)

Molecular structure of [Mo(n-C7H7)(MeCN)I,] 6

1.389(8)
1.409(8)
1.392(9)
1.41(1)
1.42(1)
1.404(9)
1.389(9)
1.135(6)
1.450(6)
1.592

87.47(1)
173.8(4)



The 17-electron compound [Mo(n-C7H7)(MeCN)I,] 6 behaves as a one-

dimensional antiferromagnet which was suggested by magnetic model fittings and its
crystal structure. The details will be described in chapter four.

2.4 Reactivity Studies of [Mo(n-C7H7)(MeCN)I,]

The compound {Mo(n-C7H7)(MeCN)1,] is an excellent precursor to other 1-

cycloheptatrienyl-molybdenum derivatives. The reactivity studies of this compound will
be the focus of this section.

2.4.1 Reaction with PMe;
The MeCN ligand in 6 is rather labile and, for example, can be displaced by PPh3

under forcing conditions.! However, treatment of [Mo(M-C7H7)(MeCN)I,] 6 with one
equivalent of PMe 3 in thf at room temperature gave a red-green dichroic solution from
which dark red crystals of [Mo(n-C7H7)(PMe3)I;] 7 were isolated in good yield (Scheme
2.4). Previously, this air-stable compound together with [Mo(m-C7H7)(PMes),I][I] were
obtained in a reaction of [Mo(n-C7H7)(thf)I;] and an excess of PMes.1 The yields of ..

these compounds were not mentioned.

Q ... ©

Mo, 0.,
~ \I | 74 % I/M \I '"PMe,
6 7

MeCN

Scheme 2.4
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2.4.2 Reaction with Na/Hg and PMe;
Reduction of [Mo(n-C7H7)(MeCN)I,] 6 with one equivalent of sodium amalgam

in the presence of two equivalents of PMej in toluene gave the air-sensitive product

[Mo(n-C7H7)(PMe3),I] 8 in excellent yield (Scheme 2.5). This diamagnetic compound

was prepared previously by treating [Mo(n-C7H7)(PMe3)Iz] 7 with LiAlH4 in 30 %
yield.1

Mo Na/Hg, PMe; in toluene* M
T 82 % o '

I PMe;

MeCN -

Scheme 2.5

The 'H NMR spectrum of 8 in [2Hg]-benzene showed a triplet at & 4.74 (J = 2.2

Hz) and a virtual triplet at  1.05 (J=3.3 Hz) in ca. 7 : 18 ratio. The former triplet was

assigned to the n-C7H7 group while the latter triplet was assigned to the PMe3 ligands.

These data indicate the presence of two equivalent PMe; molecules bound to the

molybdenum. The 13C{1H} NMR spectrum displayed a singlet at 6 86.6 assignable to
the N-C7H7 ring carbons and a virtual triplet at 6 20.8 assignable to the PMes carbons. .

The 31P{1H} NMR spectrum of 8 showed a signal at 8 -24.5 which is due to the
coordinated PMe; ligands.
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2.4.3 Reaction with Na/Hg and dmpe
Treatment of [Mo(n-C7H7)(MeCN)I;] 6 with one equivalent of sodium amalgam

in the presence of one equivalent of dmpe gave diamagnetic [Mo(1-C7H7)(dmpe)I] 9 as a

green solid (Scheme 2.6). This air-sensitive compound could be purified by sublimation.

D @)
Na/Hg, dmpe in toluene o Me

Mo,,, !
MO.,' / ""P-Me
MecN” \ ™ 61 % I Me}P
| ’
Me
6 9
Scheme 2.6

Microanalytical data (C, H and I) are consistent with the proposed formulation.
The mass spectrum (EI) showed the molecular ion M+ at m/e 466 and other peak at m/z

339 assignable to the fragment [Mo(n-C7H7)(dmpe)]+.

The 1H NMR spectrum of 9 (Fig. 2.2) showed a triplet at & 4.81 with coupling
constant 3J (H-P) 2.2 Hz assignable to the n-C7H7 protons, two doublets at 4 1.61 and 6
0.78 assignable to two sets of methyl groups, ‘up’ and ‘down’, and two multiplets at &
1.19-1.34 and 6 0.53-0.75 assignable to two sets of methylene protons. These data are

markedly different from those of the complexes [M (M-C7H7)(dmpe)Cl] (M = Ti5 or Zr§).

Firstly, the coupling between the ring protons and the diphosphine was not observed for
M = Zr, and only barely resolved for M = Ti. Secondly, for both of these compounds, the'
IH NMR signals for the dmpe ligand were very broad at room temperature. This was
explained by a reversible dissociation of a M-P bond (Scheme 2.7).5.66  The well-
resolved triplet for the ring protons and well-separated doublets for the methyl groups in
the spectrum of 9 clearly indicate that a dissociative process is less significant in this
complex. This may suggest that the Mo-P bond in 9 is stronger than the Ti-P and Zr-P

bonds in related complexes.
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The DEPT (0= 3n/4) 13C{1H} NMR spectrum of 9 showed a singlet with
positive intensity at 8 86.0 (n-C7H7), a virtual triplet with negative intensity at & 28.4
(PCH ) and two virtual triplets with positive intensity at & 21.7 and & 15.6 (PMe). The

31P{ 1H} NMR spectrum exhibited a singlet at d 19.9 assignable to the dmpe ligand.

2.4.4 Reaction with Na/Hg and dppe
Similarly, reduction of [Mo(n-C7H7)(MeCN)I,] 6 with one equivalent of sodium

amalgam in the presence of one equivalent of dppe gave the previously described?
diamagnetic [Mo(M-C7H7)(dppe)I] 10 in 65 % yield (Scheme 2.8). The 1H NMR
spec&um of 10 showed a well-resolved triplet at & 4.91 with coupling constant 3J (H-P)
1.9 Hz which was attributed to the n-C7H7 ligand. This signal was not observed in the

spectrum reported previously. 7 The 13C and 31P NMR spectra are consistent with the
proposed structure.

© @)

. Ph
Na/Hg, dppe in tol ,
MeCN” \ 65 % Ph-P
I Ph
6 10
Scheme 2.8
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2.4.5 Reaction with [NBu4][I]
The MeCN ligand in [Mo(n-C7H7)(MeCN)I;] 6 can also be displaced by weak

anionic nucleophiles, such as iodide ion. Thus treatment of the compound 6 with one
equivalent of tetrabutylammonium iodide in acetone at room temperature gave a purple
solid which was soluble in thf. Slow diffusion of diethyl ether into the thf solution gave

large purple crystals of [NBus]J[Mo(n-C7H7)I5] 11 (Scheme 2.9).

—"'-

i S L [NBu,]"

Ma,,,, 77 % Ma,,,
e \ I I/ \ )|
I 1
6 11

Scheme 2.9

MeCN

These crystals were suitable for structure determination by X-ray diffraction.
Diffraction analysis performed by Dr. Alex Chernega revealed that crystals of 11 consist
of discrete cations and anions; there is no significant intermolecular non-bonded contacts.

Perspective views of the anion [Mo(n-C7H7)I3]- with atom numbering scheme are shown

in Fig. 2.3, selected bond lengths and angles are given in Table 2.2. The crystallographic
details are given in Appendix B2.

The anion [Mo(1-C7H7)I3}- has a typical three-legged piano stool structure with

the n-C7H5 ligand bonded symmetrically to the metal. The Mo-C distances range from
2.21 (1) - 2.236 (8) A (mean 2.222 A), which are comparable with those in the 17-
electron compounds [Mo(n-C7H7)(thf)I5] [2.23 (2) - 2.29 (2) A, mean 2.25 A},8 [Mo(n-

C7H7)(MeCN)I,] [2.258 (5) - 2.280 (5), mean 2.268 A] and [Mo(n-CsH7)(acac)(H,0)]+
[2.248 (6) - 2.2§l (8), mean 2.265 A]9 and they are, on average, shorter than the
corresponding values observed in the 18-electron compounds [Mo(n-C7H7)(CO),X] (X =

Cl, mean 2.307 A; X = Br, mean 2.321 A)10 and [Mo(n-C7H7)(CO)»(6-C¢Fs)] (mean
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2.318 A).11 However, the Mo-I bond lengths of 2.8386 (9) A and 2.8394 (7) A are
significantly longer than those in [Mo(n-C7H7)(thf)I,] [2.800(2) - 2.829 (2) AJ8 and

[Mo(n-C7H7)(MeCN)I ;] [2.8003(4) and 2.8210 (4) Al.

(a) c#  CB)

(b)

Fig. 2.3 The structure and labelling scheme for the [Mo(n-C7H7)I3]- anion (the

primed atoms are generated from the asymmetric unit using the mirror

plane). (a) A general view (b) A projection on the plane C;-ring
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Table 2.2 : Selected bond length (A) and angles (0) for [Mo(n-C7H7)la)-

Mo (1)-I(1)
Mo (1)-1(2)
Mo(1)-C (1)
Mo (1)-C(2)
Mo (1)-C (3)
Mo (1)-C 4)

I(1) - Mo(1) - I(2)

I(2) - Mo(1) - 1(2%)
C(centroid) - Mo(1) - I(1)
Cy(centroid) - Mo(1) - I(2)

2.8386 (9)
2.8394 (7)
2.22 (1)
2.21 (1)
2.22 (1)

2.236 (8)

87.47 (2)
86.33 (3)
127.9

127.0

C(H-CQ)
C@2)-CQB)
C@-CH
C4-C@)

Mo(1) - Cy(centroid)
Mo(1) - Cs(plane)

1.36 (2)
1.34 (2)
1.34 (2)
1.32 (2)
1.598

1.597

The paramagnetic nature of compound 11 was determined by EPR spectroscopy

and magnetic susceptibility measurements. The solution EPR spectrum of 11 in thf

showed a main signal centred at g = 2.04 with a line width of 22 G. It also exhibited
molybdenum hyperfine splitting (95Mo and 97Mo have spin = 5/2) with A, = 46 G.

The magnetic susceptibility data were collected in the temperature range 6-180 Kat 1 T

and 3 T. Both sets of data could be fitted with the Curie-Weiss expression [yym = C/(T-0)]

with a Curie constant C = 0.31 emu-K mol-! and a Weiss constant 8 =-1.2 K. The

effective magnetic moment of 1.57 up corresponds to one unpair electron per formula unit

(Fig. 2.4).
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Fig. 2.4 Inverse molar magnetic susceptibility () and effective moment (8) as

a function of temperature for [NBug)[Mo(n-CsH7)Iz]11at1 T

2.4.6 Reaction with NaCsHgs
Treatment of compound [Mo(n-C7H7)(MeCN)I,;] 6 with an excess of sodium
cyclopentadienide in thf gave the mixed sandwich compound [Mo (n-C7H7)(M-C5Hs)] 12

in 65 % yield (Scheme 2.10). This compound was prepared previously from MoCl 512 or
[MoCls(thf)3]13 in 1.8 or 15 % yield, respectively.

@ NaCH, @

Mo

Mo,,,
MeCN/ \ 1 65 % !
I

12

Scheme 2.10
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Sandwich compounds almost invariably undergo electron-transfer reactions, 14
hence it is not unexpected that compound 12 was found to be redox active. Cyclic

voltammetric studies showed that 12 undergoes one fully reversible oxidation at E;/; = -
0.60 V vs. SCE. A typical voltammogram is shown in Fig. 2.5. Chemical oxidation of
12 with iodine to give the corresponding cation [Mo(n-C7H7)(n-CsHs)]+ was reported

previously.12

Fig. 2.5 Cyclic voltammogram of [Mo(n-C7H7)(n-CsHs)] 12 recorded in acetonitrile

at a scan rate of 50 mV s-1 with [NBuy][PF¢] as electrolyte

2.4.7 Reaction with NaCsHsMe
Similarly, treatment of [Mo(n-C7H7)(MeCN)I,] 6 with an excess of sodium
methylcyclopentadienide in thf gave good yield (85 %) of the new compound [Mo(n-

C;H7)(n-CsHsMe)] 13. This compound is extremely air-sensitive and as a result,

satisfactory microanalytical data could not be obtained. It has been characterised, however,
by various spectroscopic methods and X-ray structure determination.
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The mass spectrum (EI) of 13 showed the presence of the barent cation M+, which
occurred as the base peak. The spectrum also showed band at m/e 189 assignable to the
fragment [Mo(C-H7)]+.

The 1H NMR spectrum of 13 in [2Hg]-benzene is shown in Fig. 2.6, which
comprises a singlet at 8 4.90 assignable to the n-C7H7 group, a singlet at 8 1.75 and two

triplets at 8 4.66 and & 4.80 assignable to the N-CsH4Me group. The 13C NMR data is

consistent with the proposed structure.

Single crystals of [Mo(n-C7H7)(n-CsHsMe)] 13 were grown by cooling of a
saturated light petroleum (b.p. 40-600C) solution at -200C. The molecular structure and
atom labelling scheme for 13 are shown in Fig. 2.7, selected bond lengths and angles are
given in Table 2.3. The crystallographic details, including a complete listing of bond
lengths and angles, atomic coordinates and thermal parameters are given in Appendix B3.

The molybdenum is sandwiched between the five- and seven-membered rings,
which are both planar within the experimental error. The carbon C(6) bends out of the

best Cs plane by 4.010 away from the Mo atom. The two rings are essentially parallel

and the angle subtended at molybdenum by the two ring centroids is 179.720. As shown
in Fig. 2.7(b), the arrangement of the two rings of 13 deviates from the ideally eclipsed

conformation which is found for [M(-C7H7) (n-CsHs)] (M = Til5 or V16),
Compound 13 undergoes one fully reversible oxidation at E1/; = -0.63 V vs.
SCE as shown by cyclic voltammetry. The introduction of a methyl group in the Cs

ring only slightly decreases the Ey/, value.
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1H NMR spectrum of [Mo(n-C7H7)(n-CsHsMe)] 13 in [2Hg]-benzene
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(a)

(b)

Fig. 27 Molecular structure of [Mo(n-C7H7)(n-CsH4Me)] 13. (a) A general view

(b) A projection of molecule perpendicular to the molecular axis
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Table 2.3 : Selected bond length (A) and angles (0)
for [Mo(n-C7H7)(nCsH4Me)] 13

Mo (1)-C (1)
Mo (1) - C (2)
Mo (1) - C (3)
Mo (1) - C (4)
Mo (1) - C (5)
Mo (1) - C (11)
Mo (1) - C (12)
Mo (1) - C (13)
Mo (1) - C (14)
Mo (1) - C (15)
Mo (1) - € (16)
Mo (1) - C (17)

Mo (1) - C5 (centroid)
Mo (1) - C7 (centroid)

Cs (centroid) - Mo (1) - C7 (centroid)

2334 (4)
2.312 (5)
2.306 (5)
2.304 (5)
2.317 (5)
2.255 (5)
2.246 (5)
2.269 (5)
2.247 (5)
2.247 (5)
2.243 (6)
2.241 (6)
1.982

1.583

Cs (centroid) - C (1) - C (6)

67

C)-CQ
C1)-C(5)
C1)-C()
C@2)-CO3
CP3-C@
CH-COG)
C(11)-C(12)
C(11-CcQ7m
C (12)-C(13)
C (13)-C(14)
C (14)-C (15)
C (15) - C (16)
C (16)-C (17)

179.72
85.99

1.417 (7)
1.409 (7)
1.497 (7)
1.393 (8)
1.393 (8)
1.417 (7)
1.357 (9)
1.36 (1)
1.381 (9)
1.391 (9)
1.42 (1)
1.42 (1)
1.39 (1)



2.4.8 Reaction with LiCyH ;
The reaction between compound [Mo(M-C7H7)(MeCN)I;] 6 and an excess of

lithium indenide in thf resulted in the formation of a purple suspension from which

purple crystals of [Mo(n-C7H7)(n>-CoH7)] 14 were isolated (Scheme 2.11). The

stoichiometry of 14 was confirmed by microanalysis and the mass spectrum (EI) showed
the base peak at m/e 304 attributable to the parent cation.

Scheme 2.11

The 1H NMR spectrum of the purple crystals in [2H¢]-benzene (Fig. 2.8a) showed
two virtual doublet of doublets at & 7.26 and 6.74 assignable to H, and H,, and a very

broad signal at az. & 5 for the Cs and C7 ring protons. The poor resolution may due to

the presence of paramagnetic impurities. Purification of the crude product by sublimation

gave a spectrum with improved resolution (Fig. 2.8b). Changing the solvent from [2H¢]-
benzene to [2Hg]-acetone also slightly improved the resolution. Recrystallisation of the

crude product twice from light petroleum (b:p. 40-600C) eventually gave a well resolved
IH NMR spectrum in [2H¢]-acetone (Fig. 2.8c). The spectrum showed a sharp singlet at

8 4.75 assignable to the n-C7H7ring, a triplet at § 5.38 and a doublet at 6 5.50 assignable

to protons Hp and H, on the Cs ring, respectively. The 13C NMR spectrum of the

purified product supported the 1H NMR assignments.
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Fig. 2.8 'H NMR spectra of [Mo(m-C7H7)(n>-CoH7)] 14. (a) Crude product in
[2Hg]-benzene (b) Purified product from sublimation in [2H¢}-benzene

(c) Purified product from recrystallisation in [2Hg]-acetone : *indicates solvent
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The electrochemistry of compound 14 was studied by cyclic voltammetry. A
fully reversible wave at E;/; = -0.48 V vs. SCE was observed in its voltammogram. The

electrochemical data of 12-14 are listed in Table 2.4 which also includes the half-wave
potentials of related sandwich compounds for comparison.

Table 2.4 : Electrochemical potentials of selected
sandwich compounds vs. SCE

Compound EiplV Reference
[Mo(n-C7H7)(-CsHs)] 12 +/0 -0.60 This work
Mo(n-C7H7)(n-CsHyMe)] 13 +/0 -0.63 This work
Mo(n-C7H7)(m3-CoH7)] 14 +/0 -0.48 This work
[Mo(n-C7H7)(m>-C7Hg)] 5 +/0 +0.17 2b
[Mo(nS-C7Hs),] 4 +/0 -0.08 2b
[Mo(n-CsHe)2] +/0 -0.71 17
[Cr(n-CsHs),] +/0 -0.67 18
[Co(M-CsHs)] +0 -0.94 19
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2.4.9 Polymerisation of norbornene

Metal-carbene complexes play an important role in ring-opening metathesis
polymerisation (ROMP).20 Grubbs and co-workers have demonstrated that norbornene
can be polymerised by a titanacyclobutane/titanium carbene complex.2! Several well-
characterised tungsten (VI) alkylidene complexes are also known to be good catalysts in
ROMP.22 It has been reported that some trimethylsilylmethyl derivatives of tungsten

may undergo a-elimination forming tungsten-carbene species (Scheme 2.12) which are

active catalysts in the polymerisation of cyclic olefins.23 Based on these observations,
the catalytic property of [Mo(n-C7H7)(MeCN)I,] / Me3SiCH,MgCl system in ROMP

was investigated.

C['IzSiMe3 H
/7
W) —_— W= + SiMey
AN _ \..
CI'IleMC3 SIMC3

Scheme 2.12

In a preliminary study, a suspension of [Mo(n-C7H7)(MeCN)I,] 6 (35 mg) in

toluene (50 cm3) was treated with 300 equivalents of norbornene (2 g). There was no
observable change. However, when a few drops of Me 3SiCH,;MgCl solution in diethyl
ether was added, precipitation occurred almost immediately and the viscosity of the
mixture increased. The mixture was stirred at room temperature for 17 h to give a yellow
brown viscous solution. Subsequent work-up gave 0.2 g of white fibrous poly(1,3-
cyclopentylenevinylene) (Scheme 2.13). In another run, the compound 6 (25 mg)
activated with Me3SiCH,MgCl waé treated with 200 equivalents of norbornene (1 g) in
toluene (30 cm3) at 609C for 1 h. After the usual work-up procedure, 0.15 g of white
polymer was obtained.
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MeCN/M\ 1
/ —
Me3SiCH,MgCl CH=
Scheme 2.13

It is well-documented that 13C NMR spectroscopy can provide a good deal of

information about the microstructure of polymer. Fig. 2. 9 shows the DEPT (0= 3 w/4)
1BC{1H} NMR spectrum of the polymer in [2H,]-chloroform. The simplicity of the

spectrum clearly indicates a high stereoregularity in the polymer. By comparing with the
data in literature,24 it was found that essentially all of the double bonds in the polymer are
in the trans-configuration. It is noted that MoCls in CCly at 500C also catalyses the
polymerisation of norbornene giving a polymer which has 80-95 % trans-content as
indicated by IR spectroscopy.25

The ring-opening polymerisation of norbornene with [Mo(n-C7H7)(MeCN)I,] /

Me3SiCH,MgCl system represents the first example of the use of a n-cycloheptatrienyl-

transition metal complex as a homogeneous catalyst. Unfortunately, attempts to
polymerise cyclopentene with this catalyst system were unsuccessful. Due to the limited
of time, this catalyst system has only been briefly examined. Thus further investigation,
such as finding an optimum condition, characterisation of the polymer and isolation of the

active species, is worthy of study.
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2.5 Preparation and Characterisation of [Mo(n-CsH;)(MeCN)Cl,]
The dichloro analogue of 6, namely [Mo(n-C7H7)(MeCN)Cl,] 15, was prepared

by treating [Mo(n-C7H7)(n5-C7Hy)] 5 with an excess of PhICl; in toluene; the resulting

brown precipitate was recrystallised from acetonitrile giving orange crystals of 15 in 54
% yield (Scheme 2.14).

@ i) PhIC1, in toluene <®>

1i) MeCN
Mo i) Me »-

Mo,
54 % MeCN/ \ "Cl
Cl
5

Scheme 2.14

Microanalytical data for 1S were in accord with the proposed stoichiometry. The
IR spectrum was very similar to that of [Mo(n-C7H7)(MeCN)I;] 6 and showed a strong
band at 2287 cm-! assignable to the coordinated acetonitrile.

The solid state EPR spectrum of 15 at ambient temperature gave a broad signal at
g = 1.99 (line width = 100 G) without hyperfine splitting due to molybdenum. Lowering
the temperature to 4 K caused only a slight sharpening of the signal (line width = 70 G).

However, the EPR spectrum of a solution of 15 in [2H3]-acetonitrile displayed a main
signal at g = 1.97 with a line width of 14 G together with molybdenum hyperfine
splitting (AM® = 45 G) (Fig 2.10).
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The magnetic susceptibility of compound 15 was measured in the temperature
range 6-290 K at 1 T using a superconducting quantum interference device (SQUID)
magnetometer. The data are displayed in Fig. 2.11. It can be seen that the susceptibility

rises with decreasing temperature and the data can be fitted by the Curie-Weiss expression

[xm = C/(T-0)] with a Curie constant C = 0.30 emu-K mol-1 and a Weiss constant 6 =
-0.5 K, yielding an effective moment (perr = 1.55 pg) which is consistent with the
existence of one S = 1/2 spin. The effective moment is Iower than the value of 1.71 pup

calculated on the basis of the spin-only formula : Heg?2 = g2[S (S+1)] where g is taken
from the EPR data.

Fig. 2.10 EPR spectrum of [Mo(n-C-7H7)(MeCN)Cl,] 15 in [2H3]-acetonitrile
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Fig. 2.11 Inverse molar magnetic susceptibility (®) and effective moment (A) as

a function of temperature for [Mo(n-C-H7)(MeCN)Cl,] 15at 1T

The reaction between [Mo(n-C 7H7)(n5-C7Hy)] 5 and one equivalent of PhICl, in

toluene, however, resulted in the formation of a deep brown solution and a green solid.

The deep brown solution reacted with an excess of PhIClI, giving a brown solid which on
recrystallisation from acetonitrile gave compound 15. The green solid was recrystallised
from dichloromethane giving green plates. The IR spectrum of these green plates

displayed strong band at 802 cm -1 which is characteristic of Nn-C;H; group.12 The 1H
NMR spectrum of a solution in [2H,]-dichloromethane showed only a peak due to residual

protio solvent. The EPR spectrum of a solution in dichloromethane exhibited a rather
broad signal at g = 1.99 (line width = 40 G). No hyperfine splitting was observed. These
results suggested that the green product is a paramagnetic species. Microanalysis gave the
ratioof C: H:Cl=6.1:6.6: 1.0. Unfortunately, the mass spectrum (EI) did not give

any conclusive result. Therefore, the structure of the green crystals remains elusive.
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Treatment of the green crystals with PhICI; in toluene or dichlomethane followed
by recrystallisation of the crude product from acetonitrile also resulted in the isolation of
[Mo(n-C7H7)(MeCN)Cl;] 15. This indicated that the green substance is an intermediate
in the reaction between [Mo(1n-C7H7)(n5-C7Ho)] 5 and PhICl,.

It is worth mentioning that the breaking of the robust Mo-C7H7bond was

observed in these reactions. The 1H NMR spectra of the crude products isolated from the

above reactions all showed a singlet at 8 9.2. This downfield signal may be assigned to
the tropylium cation [C;H4]+. This was the only occasion that the breaking of Mo-C7Hy

bond was observed during the work described in this thesis.

2.6 Reactivity Studies of [Mo(n-C;H7;)(n-CsH4R)] (R = H or Me)

Sandwich compounds are an important class of organometallic compounds. The

facile electron transfer in these species leads to the formation of some interesting and

potentially useful materials. For example, the electron-transfer complexes [Fe(n-
CsMes);][tene}26 and [Mn(n-CsMes)alltene]27 (tcne = tetracyanoethene) show three-
dimensional ferromagnetic groud states with Curie temperatures (T¢) of 4.8 and 8.8 K
respectively; whilst [Fe(n-CsHs)(n-C¢Mes)l[tcnq] (tcnq = 7,7,8,8-tetrancyanoquino-
dimethane) shows semiconductor behaviour with ¢(300 K) in the range 5.8-7.4
Q-1cm-1,28 The intercalation of [Co(n-C sHs)3] into SnSe; converts the host lattice into a
type II superconductor with T, = 6.1 K.29

Most of the sandwich compounds reported in the formation of these materials
contain 1-cyclopentadienyl and/or n-arene rings. Due to the lack of synthetic route to
sandwich compounds containing n-cycloheptatrienyl ring, the use of them as electron

donor in the preparation of these materials is virtually unknown.30a

As described in the previous section, the sandwich compounds [Mo(n-C7H7)(n-
CsH4R)] (R = H or Me) can be prepared readily and are electron-rich. Thus we have

explored their corresponding electron-transfer complexes and intercalation compound. The

details are described in this section.

77



2.6.1 Reaction with tcne
Reaction of [Mo(n-C7H7)(m-CsHsMe)] 13 with a stoichiometric amount of tcne
in thf resulted in a spontaneous precipitation. The mixture was layered with diethyl ether

giving a black solid which was recrystallised from dichloromethane. Purple crystals were

obtained by cooling a saturated dichloromethane solution. Microanalysis correspond to

the 1 : 1 electron-transfer compléx [Mo(n-C7H7)(n-CsH sMe)][tcne] 16 (Scheme 2.15).

Scheme 2.15

IR spectroscopy is an useful technique in characterising electron-transfer

complexes with polycyano acceptor. By considering the stretching frequencies of v
(C=N), it is possible to determine the nature of the acceptor (Table 2.5).31 The IR
spectrum of 16 showed three bands assignable to C=N stretching vibrations at 2160 (s),

2171 (s) and 2192 (m) cm -1 (Fig. 2.12). These are characteristic for the dimeric dianions

[tcne],2-.31b A related electron-transfer complex [Cr(n-CeHg)2][tcne], has a structure
which consists of linear chains of --D +A;2-D+D+A,2-D+.. (D = donor, A = acceptor), has

been reported.31b
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2192

2171

u2160

Fig. 2.12 IR spectrum of [Mo(n-C7H7)(n-CsHsMe)][tcne] 16

Table 2.5 : Infrared vibrational transitions for acceptor complexes

tcne tcngq
Neutral 2221 (m), 2259 (s) 2222 (m), 2226 (m)
Monoanion 2144 (s), 2183 (s) 2153 (m), 2179 (s)

Dianion 2069 (s), 2104 (s) 2105 (s), 2150 (s)

Dimeric Dianion 2159 (s), 2170 (s), 2189 (m) 2182 (s), 2175 (s), 2156 (m)

Since the dimeric dianion [tcne],2- is diamagnetic, only one signal due to the

cation should be observed in the solid state EPR spectrum of 16. As expected, the
spectrum showed an isotropic signal with g = 1.995 and line width = 50 G. No hyperfine
splitting was observed. This g value is in good agreement with the value of 1.997 found

for [Mo(1-C7H;)(n-CsH Me)][PF].32
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It has been reported that the solution EPR spectrum of [Cr(n-C¢Hg),][tcne] gives
two isotropic signals at g= 2.001 and 1.896 characteristic of [tcne]- and [Cr(n-C¢Hg)2]*;
thus, [tcne]- and not [tcne],2- is present in solution.31b The EPR spectrum of 16 in

dichloromethane also revealed the presence of [Mo(n-C7H7)(n-CsH4Me)]+ (g = 1.995)

and [tcne]- (g = 2.000). However, the g values of these ions are so close to each other that
the two signals overlap, as shown in Fig. 2.13.

g = 2.000

——

0G

g =1.995

Fig. 2.13 EPR spectrum of [Mo(n-C7H7)(m-CsH4Me)][tcne] 16 in dichloromethane
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The molar magnetic susceptibility of 16 was measured in the temperature range 6-
300 K at 0.2 T using a SQUID magnetometer. As shown in Fig. 2.14, the compound

obeys the Curie-Weiss law [ym = C/ (T - 6)] with C = 0.35 emu-K/mol and 6 =-3.1 K,
yielding an effective moment plegs = 1.67 up. The value of g indicates that only one S
= 1/2 radical per formula unit is contributing to the susceptibility. This is consistent
with the structure possessing S = 0 [tcne] 22- and S = 1/2 [Mo(m-C7H7)(n-C 5H4Me)]+.
The effective moment is close to the value of 1.73 pg calculated on the basis of the spin-

only formula.
Based on these results, it is likely that solid state structure of 16 also consists of

linear chains of --D+A;2-D+D+A,2-D+... Unfortunately, attempts to grow single crystals

of compound 16 were unsuccessful.
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Fig. 2.14 Inverse molar magnetic susceptibility (®) and effective moment (A) as

a function of temperature for [Mo(n-C7H7)(n-CsH4Me)](tcne] 16 at 0.2 T
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2.6.2 Reaction with tcngq
A stirred suspension of tcnq in acetonitrile was treated with one molar equivalent

of [Mo(n-C7H7)(n-CsHs)] 12 in dichloromethane, giving a green solution and a small
amount of precipitate. Filtration followed by layering with diethyl ether led to the
isolation of dark green solid. The IR spectrum displayed strong absorptions at 2104 and
2150 cm-! which suggested the presence of dianion [tcnq]2- (Table 2.5).31a Microanalysis

for nitrogen and hydrogen were consistent with the values calculated for the 2 : 1 electron-

transfer complex {[Mo(n-C7H7)(m-CsHs)la[tcnql} 17, but the carbon content was 3.7 %

lower than expected. Attempts to purify 17 by recrystallisation from dichloromethane or

acetonitrile, by layering with diethyl ether onto a dichloromethane solution or by diffusion
of diethyl ether into a dichloromethane solution were unsuccessful. Thus no satisfactory
magnetic data could be obtained. However, the ambient temperture solid state EPR
spectrum of 17 exhibited an absorption centred at g = 1.982 with line width = 36 G.
This was assigned to the cation [Mo(1-C7H7)(n-CsHs)]+ whilst the dianion {tcnq]2- has S

= 0. In solution, the signal sharpened slightly (line width = 25 G). No hyperfine
splitting was observed in either spectrum.

Mo + mz‘;‘;’;jec‘* {Mo(n-CH;)(n-CsHs)l[teng])
o) .
NC "CN
12

Scheme 2.16
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2.6.3 Intercalation into ZrS;

It has been shown that neutral electron-rich organometallic sandwich compounds
which form stable cations can intercalate into layered transition-metal dichalcogenides. 30
The electrochemical data (Table 2.4) shows the compounds [Mo(n-C7H7)(n-CsH4R)] R =

H or Me) may be classed as electron-rich and that they form cations stable to isolation.

The intercalation of [Cr(1-C7H7)(N-CsHs)] into.ZrS 5 has been reported and the resulting
intercalate {ZrS,[Cr(n-C7H;)M-CsHs)]o 25} has a lattice expansion of 6.17 A.30a

Therefore we were interested to study the intercalation of [Mo(n-C7H7)(m-CsH4Me)] into
1S ;.
Treatment of zirconium disulfide powder with an excess of [Mo(n-C;H7)(n-

CsH4Me)] 13 in toluene at 1200C resulted in intercalation of the sandwich compound;
thorough washing of the resulting solid with toluene gave a brown compound of

stoichiometry {ZrS ;[Mo(M-C7H7)(n-CsHsMe)]o 22} 18. The intercalation reaction was

assumed complete when no lines due to starting material were observed in the X-ray
powder diffraction pattern. The stoichiometry of the intercalate was determined by
microanalysis which also confirmed that the C : H ratio remains unchanged upon
intercalation.

Fig. 2.15 shows the X-ray diffraction patterns of ZrS; and the intercalates 18.
Because of disorder in the ab plane characteristic of such intercalation compounds,33 only
001 lines could be indexed. From the measured ¢ axis of the intercalate and the ¢ axis of
the host lattice (5.83 A for ZrS,),30b the lattice expansion (Ac) which occurs on
intercalation of 13 into the van der Waals gap of the host lattice was obtained. The
indexing as well as observed and calculated d spacings are given in Appendix C. The cell
parameter ¢ for 18 was found to be . 11.93 (1) A, hence (Ac) was calculated to be
6.10 (1) A.

The EPR spectrum of a solid sample of 18 showed a signal at g = 1.98 (line

width = 60 G) at room temperature. No hyperfine splitting due to molybdenum or
hydrogen was observed.
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The magnetic susceptibility of the intercalate 18 was measured in the temperature
range 6-125 K at 2 and 3 T using a SQUID magnetometer. The data were field
independent. As shown in Fig 2.16, the magnetic susceptibility of 18 can be fitted by

the Curie-Weiss expression, ypm = C / (T - 8) with C = 0.043 emu-K/mol and 6 = -2.4 K,

yielding an effective moment pegr = 0.58 Up. If we assume that all of the sandwich

‘compound 13 converts to the corresponding cation in the formation of the intercalate 18
‘and only the guest is contributing to the susceptibility,

then by using the spin-only formula and the observed stoichiometry, the expected value of
Hegr should be 0.80 pp. On this basis, we estimate the percentage of ionisation of 13 in

the formation of 18 to be 53 %.
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Fig. 2.16 Inverse molar magnetic susceptibility (®) and effective moment (A) as

a function of temperature for {ZrS;[Mo(m-C sH7)(n-CsHsMe)] 922} 18 at 2 T
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2.7 Summary

A substantially improved synthetic pathway to [Mo(n-C7H7)(n5-C7Hg)] has been
described in this chapter. This compound can be converted to [Mo(n-C7H7)(MeCN)I,],

which is an excellent precursor to other 1-cycloheptatrienyl-molybdenum derivatives.

Compound [Mo(n-C7H7)(MeCN)I,], activated with Me3SiCH,MgCl, is a catalyst for ring-
opening polymerisation of norbornene giving polymer hastrans-content exclusively. The
sandwich compounds [Mo(1-C7H7)(n-CsH4R)] (R = H or Me) have been used as electron

donors in the formation of electron-transfer complexes and intercalation compound. The
new chemistry described in this chapter is summarised in Scheme 2.17.
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Scheme 2.17
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CHAPTER THREE
N-Cycloheptatrienyl -Tungsten Chemistry



3.1 Introduction

The chemistry of n-cycloheptatrienyl-tungsten compounds has been relatively little
studied compared with that of n-cycloheptatrienyl-molybdenum compounds. As described
in chapter one, most of the known m-cycloheptatrienyl derivatives of tungsten are derived

from [W(n-C;7H7)(CO).I], which requires several steps to synthesise from the
commercially available starting materials.! Another drawback of this route is the difficulty
in removing the carbony! ligands of [W(n-C7H7)(CO),I] and the products derived from
this compound usually contain at least one carbonyl ligand. The codeposition of tungsten
atoms with cycloheptatriene gives [W(n-C7H7)(m3-C7Hy)] but no further chemistry was
reported.2 This route is restrictive because it requires the apparatus for metal vapour
synthesis, which is not available in most laboratories. The compound [W(n-C7H7)(n-

CsHs)] has been prepared from WClg in a one-pot reaction by a reductive method.3

However, the extremely low yield (1.4 %) of this reaction limits further investigation of the
chemistry. In the preceding chapter, we have described a one-pot gram-scale preparation

of [Mo(n-C7H7)(n>-C7Hy)] by reducing MoCls with sodium amalgam in the presence of

cycloheptatriene and demonstrated the synthetic utilities of this compound. Here we report
the extension of these synthetic pathways to tungsten.

3.2 Preparation of [W(n-C7H7)(n5-C7Hy)]

The compound [W(n-C7H7)(n3-C7Hg)] 19 can be prepared by reduction of WClg

in thf with sodium amalgam in the presence of an excess of cycloheptatriene (Scheme 3.1).
Large scale preparations using 12 g of WClg gave 3 g of the product 1 (27 % yield).

The formation of [W(n-C7H7)(n5-C7H9)] 19 may proceed through intermediate

[W(n6-C7Hg),). However, in contrast to the corresponding molybdenum chemistry, this
compound could not be detected. Possibly, the intramolecular hydrogen migration for

[W(n6-C7Hg),] is faster than that for [Mo(n6-C7Hg),].4
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WClg + Na/Hg + C;Hyg >

@
27 % éh

19

Scheme 3.1

3.3 Preparation and Characterisation of [W(n-C7H7)(MeCN)I;]

When the reddish brown suspension of [W(n-C7H7)(n3-C7Hy)] 19 in acetonitrile

was treated with one equivalent of iodine the colour darkened gradually. Heating this

mixture to 800C for 3 h gave a bright red solution from which air-stable dark red crystals
of [W(M-C7H7)(MeCN)I,] 20 were obtained in 86 % yield (Scheme 3.2).

@ I, in MeCN @

-

W..,,
! 86 % MeCN” I"I

19

Scheme 3.2

The microanalytical data for compound 20 is consistent with the proposed
stoichiometry. The mass spectrum (FAB) of 20 showed the presence of the parent cation
M+. The IR spectrum exhibited bands at 2280 (m) and 2310 (m) cm-1 assignable to the

coordinated MeCN ligand, and 813 (vs) cm-! which is characteristic of the n-C7H7 group.3
The structure for 20 is proposed by analogy with the molecular structure of the
molybdenum congener [Mo(n-C 7H7)(MeCN)12], which has been described in the
preceding chapter.

The solution EPR spectrum of compound 20 is consistent with the presence of

one unpaired electron and shows a rather broad signal at g = 1.941 with line width = 56 G
without hyperfine splitting due to tungsten.
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3.4 Preparation and Characterisation of [W(n-C;7H;)(MeCN)Br;]

Treatment of [W(n-C 7H7)(n3-C7Hy)] 19 with one equivalent of bromine in
acetonitrile gave a mixture of products from which a small amount of [W(n-
CsH7)(MeCN)Br;] 21 could be isolated as green microcrystals. The IR spectrum of
compound 21 sho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>