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SUMMARY
The work described in this thesis is divided into three separate results chapters.
Chapter three is concerned with the synthesis and reactivity of keto-substituted nallylic molybdenum complexes.

This reports the synthesis of the anti-aldehyde

substituted rj3-allylic complex [Mo {q3-m)-£wri-CH2CHCH(CHO)}(CO)2(L)] (where
L = C5H5 or C5Me5).

An investigation into its reactivity was also carried out,

particularly with respect to nucleophiles. This chapter also looks at the reactivity of
the rf-y-lactonyl complex [Mo(r|3-CHCHCH(0)(CO)2(L)] (where L = C5H5 and
C5Me5). This complex was found also to react with nucleophiles and a rationalisation
of these observations was obtained through an examination of the charge and orbital
contribution of both systems, both of which were obtained through Extended Hiickel
Molecular Orbital (EHMO) calculations.
Chapter

four examines

the

reactivity

[Mo{=C(Ph)CHPh}{P(OMe)3}2(rj-C5H5)]

(8)

of the
towards

p 2(3e)-vinyl
one-electron

complex
oxidants.

Unexpectedly, the Lewis acid B(C6F5)3 was found to act as a one-electron oxidant as
(8) readily underwent a one-electron oxidation reaction with [Fe(r|-C5H5)2]+, [Ph3C]+
and B(C6F5)3 to form a relatively stable 17 e‘ species which was detected by EPR.
There is a subsequent discussion concerning the reaction path of the 17 e' cation after
the one-electron oxidation has taken place and the nature of the anion. When (8) was
treated with B(C6F5)3 in situ with /BuC=P, CO or P(OMe)3, the following cations were
generated; [Mo(q2-fBuC=P){P(OMe)3}2(ri-C5H5)]+, [Mo(CO)2{P(OMe)3}2(ri-C5H5)]+
and [Mo(q2-PhC=CPh) {P(OMe)3}2(r|-C5H5)]+.

Chapter five describes some preliminary experiments concerning the rj2(2e)phosphaalkyne complex [Pt(/BuC=P)(PPh3)2] (86).

Firstly, the reactivity of (86)

towards the oxygen transfer reagent dimethyl dioxirane (DMD) affords a zwitterionic
carbene-type complex due to a rearrangement of the phosphaalkyne. Secondly, the
reactivity of (86) towards B(C6F5)3 affords a cationic phosphaalkene complex. Both
complexes were characterised by NMR.

ABBREVIATIONS
Me

methyl

Et

ethyl

Pr

propyl

Bus

secondary butyl

tBu

tertiary butyl

Ac

acetyl

Ph

phenyl

M

metal atom

bu2bpy

4,4-di-tert-butyl-2,2-bipyridine

dmpz

3,5-dimethylpyrazole
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M e02CC2C 0 2Me
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dimethyldioxirane
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r) 5-pentamethylcyclopentadienyl

In

indenyl

L

ligand

X

halide or counterion

thf

tetrahydrofuran

hr

horn-

m

minute

IR

infrared

NMR

nuclear magnetic resonance

with respect to NMR:
J

coupling constant in Hertz

vt

virtual coupling constant IJ + J11 in Hertz

ppm

parts per million

at

apparent triplet

8

chemical shift

Hz

Hertz

s

singlet

d

doublet

t

triplet

m

multiplet

with respect to EPR:
q

quintet

d

doublet

G

Gauss

g

zeeman splitting constant for a free electron

A

hyperfine splitting constant

with respect to IR:
vco

wavenumber of carbonyl band (cm'1)

v

very

viii

s

strong

m

medium

w

weak

br

broad

with respect to mass spectral data:
FAB

fast atom bombardment

NBA

/w-nitrobenzyl alcohol
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CHAPTER ONE
THE CHEMISTRY OF CO-ORDINATED
LIGANDS: ALKYNES, VINYLS AND
BUTADIENYLS

1

1.1

Introduction
This chapter aims at giving a small insight into the reactivity of complexes

containing ligands which donate electron density through versatile multiple metalcarbon bonds, a topic which has been extensively explored by organo-transition metal
chemists over the last four decades. The enormity of this area makes it impossible to
condense, however, this review attempts to outline some of the studies which have
made major contributions to this highly fertile area.
The discussion begins with the establishment of the first reported 4e' donor
alkyne [rj2(4e)-alkyne], a turning point upon our understanding of the versatile nature
of complexes which contain multiple metal-carbon bonds. This is followed by the
reactivity o f complexes which contain 4e* donor alkynes which led to the development
of the 3e‘ donor vinyl species [r|2(3e)-vinyl]. More recently, significant progress has
been made on the synthesis and reactivity of the 5e* donor butadienyl species [r|4(5e)butadienyl].
The progress which has been made upon the structural understanding of each
of these species has allowed us to identify that the electron donor possesses the ability
to change its bonding mode to compensate for changes in electron density on the
metal, whether induced through reactivity or intramolecular stabilisation. It is also
clear to see that there is a strong inter-relationship which exists between each of these
ligands, as studies show the presence of these ligands found as intermediates to other
related co-ordinated ligands.

2

1.2

Alkynes In Transition Metal Chemistry
Throughout the 1960-70’s there was a lot of interest in the role of alkynes in

transition metal chemistry. It was well established that they could function as 2e'
donors, but the rationale that they could act as 4e' donors also, through utilisation of
both sets of Ti-orbitals (7^ and tcJ, was yet to be proved. However, this did address
the question to the nature of the bonding in complexes which contained side-on co
ordinated alkynes as it had been assumed that they functioned in the same manner as
2e' donor alkenes, regarded in the Dewar-Chatt-Duncanson model1,2 as a-donation
from the olefin 7i-orbital and 7i-back donation from the metal into the n*-orbital. The
suggestion that alkynes could act as 4e' donors through both sets o f 7i-orbitals was
therefore recognition of the fact that alkynes present four orbitals of 7t-symmetry on
complexation to a metal and not two, represented in Figure 1.1.

a dative

(iii)

n±

7t retrodative

M(d7i)

(iv) M(dS)

n dative

UL*

5 retrodative

Figure 1.1
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Figure 1.1 illustrates how each of the four alkyne orbitals are energetically
favourable for bonding with a metal orbital [(i)-(iv)], however, the strength of these
interactions differ and this is dependent upon the constraints imposed by the metal i.e.
oxidation state and steric bulk. Molecular orbital calculations carried out in order to
determine the overlap value for each orbital interaction concluded that the strongest
interaction is the a dative donation (i), followed by the 71 -retrodative interaction (ii).
As these are the two strongest interactions, they are the most significant in bonding
and are analogous to the orbitals represented in the Dewar-Chatt-Duncanson model1,2
for metal-olefin bonding. However, 4e* donation is accessible through the availability
of the additional filled alkyne %-orbital which also donates significant electron
density to the empty d7i-orbital (iii). Unlike the relatively strong synergic interaction
(ii), the metal can only sustain a very weak 8-retrodative interaction with 7i||*-orbital
(iv), consequently, the metal facilitates very little or no backbonding which enables
4e' donor alkynes to be net electron donors.3
In 1963, Tate and Augl4,5 reported for the first time, evidence to support this
theory that an alkyne could function as a 4e' donor and the complex in question was
[W(CO)(r|2-EtC2Et)3] (1). Counting each alkyne ligand as a 2e' donor in d6 metal (0)
would only give a metal electron count of 14, which would not be expected to be
stable. Interestingly, spectroscopic data proposed that the alkynes were chemically
equivalent even though the ends of the alkynes were situated in different
environments. The suggestion was that the complex had adopted a /wewdo-tetrahedral
structure where two of the three alkyne. ligands were acting as 4e' donors generating a
stable metal electron count of 18.6 To confirm this suggestion, King7 subsequently
carried out a detailed study of the molecular-orbital contributions and concluded that

4

each alkyne was rapidly switching its bonding mode between r|2(2e) and r|2(4e), at the
same time the overall structure was geometrically consistent with one 2e' donor
alkyne and two 4e‘ donor alkynes. Therefore, each alkyne is effectively donating 3
1/3e\ The significance of this led King7 to discover that it was impossible for all three
alkynes to co-exist as 4e' donors due to no available metal orbital of correct symmetry
which would accommodate a third 4e' alkyne, therefore establishing that [W(r|2EtC2Et)3] cannot exist as a stable 18e' complex.

O

Et

(1)
Figure 1.2

Since that point significant progress has been made on the synthesis and
establishment of a wide range of complexes that contain 4e' donor alkynes. This has
confirmed the idea that there are many metal-alkyne systems which contain alkynes
donating a greater number of electrons than two. Nevertheless, like the tris-alkyne
system, the true nature of the alkyne bonding can often be misleading. For example,
the bis-alkyne systems operate in a similar manner to those of the tris-alkyne systems,

5

where the two alkynes rapidly alternate between 2e' and 4e' donors, each alkyne
effectively donating 3e‘ (Figure 1.3).

Me

Me
Mo
OC

Me

Me
(2)
Figure 1.3

To identify the number of electrons an alkyne is formally donating to a metal,
NMR has become a very effective tool, in particular 13C-{!H} NMR. Templeton and
Ward8 first reported on the direct relationship which exists between the contact carbon
chemical shift of the alkyne and the formal number of electrons donated for a series of
Mo(II) and W(II) complexes.

This systematic relationship can be illustrated by

plotting the contact carbon chemical shift against the number of electrons donated per
alkyne (Figure 1.4). There is a tendency for the chemical shifts to be more low field,
the more electron density is donated to the metal i.e. 2e' -> 100-130 ppm, 4e' -> 175230 ppm.8

6

100

140

180

220

PPm

13C chemical shift o f contact alkyne
carbon

Figure 1.4

Other trends have also been identified on how spectroscopic methods can give
information about the nature of the metal-alkyne bond. These include low field shifts
in the 'H NMR spectrum for terminal alkyne protons9 and low alkyne absorptions
within IR spectroscopy for a range of complexes containing the M e02CC2C 0 2Me
(DMAC) ligand.10 Although the diester absorptions tend to be weak, they are
consistent with the trend that the greater number of electrons donated to the metal
weakens the C=C bond and lowers the alkyne absorption u(C=C).
X-ray crystallography is also a useful tool as bond lengths and bond order are
an excellent indication of the nature of the alkyne. On side-on co-ordination to a
metal, alkyne ligands act in a similar manner to alkenes, with a reduction in bond
order and an increase in bond length.

Subject to exception, this can be a good

indication upon the number of electrons donated to the metal. For example, 90 % of
the four electron donor alkyne ligands in Mo(II) and W(II) monomers exhibit metal-

7

carbon bond lengths in the range of 2.03 ± 0.03 A.11 These are just a few examples of
the many notable ways that the formal number of electrons donated to the metal from
the alkyne can be identified. There are many more techniques that can be used to
identify the nature of the metal-alkyne bond and these include trends within intraligand bond lengths,12 bond angles13 and ligand orientations of the alkyne.14

1.3

Synthesis and Reactivity of q 2-Vinyl Ligands
The fact that alkynes can act as 4e' donors has inspired researchers to

investigate their chemistry and in doing so to determine the similarities and
differences from the analogous 2e* donors. After all, the realisation that these species
have the potential to stabilise intermediates with lower formal valence electron counts
has presented the opportunity to generate a novel and exciting area of chemistry.
Evidence that a novel chemistry exists for these species has been provided by many
researchers, in particular by Green15'17 and Davidson,18'20 who have extensively studied
the reactivity of 4e* donor alkynes towards nucleophilic attack.
The rationale behind these investigations was to determine whether a parallel
chemistry existed for 4e' donor alkynes compared to 2e' donor alkynes when reacted
with nucleophiles. Reger21 has reported on how q 1-vinyl complexes can be accessed
through the nucleophilic attack (H') on an alkyne complex, in which the alkyne is
acting as a 2e' donor (Scheme 1.1).
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(3)
Scheme 1.1

(4)
(i) NaH.

These co-ordinatively saturated rj^le) vinyl complexes such as (4) are stable
products, however it was anticipated that due to the configuration around the metal, a
16e' ri1-vinyl complex would not be the stable product when a 4e' donor alkyne
complex undergoes nucleophilic attack.
This theory was proved correct in two different ways; firstly, reaction of the
4e' alkyne complex [Mo(r|2-/BuC2H) {P(OMe)3}2(r)5-C9H7)] [BFJ (5) with NaBH4 in
the presence of P(OMe)3 results in the formation of the stable 18e* p^lej-vinyl
complex [Mo(a-CHM2H/Bu){P(OMe)3}3(rj5-C9H7)] (6) (Scheme 1.2).22 As expected,
the 16e* ri1-vinyl species requires additional electron density from the 2e' donor
phosphite ligand to maintain stability.

(MeO)3P - iniiilMo

(MeO)3P y f M°

(MeO)3P1
(MeO)3P

(MeO)3P

Scheme 1.2

(i) NaBH* P(OMe)

9

Secondly, it was found that the reaction between the 4e' alkyne complex
[Mo(ri2-PhC2Ph) {P(OMe)3}2(r|-C5H5)] [BF4] (7) and K[HBBus3] (a source of H'),
yields the stable product [Mo{=CPhCH(Ph)}{P(OMe)3}2(r|-C 5H 5 )] (8) (Scheme
1.3).15,16

BF,

I +

-Mo

Ph

' .^
.Mo:

(i)

(MeO)3P— /
(MeO)3P

(MeO)3P
(MeO)3P

1

»H

/

Ph

(7)

(8)

Complex (8), a neutral complex, contains a CPhCHPh fragment and was
therefore assigned as a ri2(3e)-vinyl in view of its metallacyclopropene structure
where both carbons are bonded to the metal centre in the formation of a constrained
three membered ring. More interesting was the observation that a strong relationship
exists between the two modes of vinylic bonding and that the vinyl group can
interchange between V O e) and r|2(3e) when required. Slippage from rj1(1 e) -> r|2(3e)
can occur to accommodate unsaturation through the co-ordinated CPhCHPh' fragment
and slippage from r|2(3e)—» r |1(1 e) can provide an associative reaction path in which
an 18 e'configuration can be maintained (Scheme 1.4).
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0 °)

(9)
Scheme 1.4

Inter-relationship between the two modes o f vinylic bonding.23

Complexes containing r|2(3e)-vinyl ligands are now well established and the
bulk of this work has focused on accessing these complexes through the external
attack of nucleophiles (hydrides,15,16 isonitriles18 and phosphorus reagents24) on co
ordinated 4e* donor alkyne ligands.

However, an investigation of carbon-fluorine

bond functionalisation has seen a novel synthetic approach to the synthesis of rj2(3e)vinyl ligands.
Richmond25 and co-workers have found that alkyne insertion into a
perfluoroaryl-metal bond (Scheme 1.5) yields two products; a ri2(3e)-vinyl complex
(12) being the major product and an unstable 4e' alkyne complex (13) as the minor
complex.

Further studies into the formation of (12) and (13) revealed that both

products are probably formed via the same intermediate, an ri2(2e)-alkyne complex.
However, it was also found that the two products were not inter-convertible moieties,
which suggests that neither product is an intermediate to the other. Therefore, both
products are formed through a competitive reaction path, where the r|2(2e)-alkyne
complex can facilitate the formation of both products.
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/

:N
(0

F

\NMe2
CO

F
F

OC
Ph

CO
( 12)

( 11)

+

=N

i

F

/

F

\

NMe2

//
F
Ph

Ph

(13)

Scheme 1.5

(i) P hC ^h, 60 °C.

In view of these observations it was thought that alkyne insertion into a nonfluorinated aryl carbon-tungsten-(II) bond would also result in the formation of
r|2(3e)-vinyls. Surprisingly, this appeared to have a big effect on reactivity as reaction
of (11) with a series of electron-rich alkynes resulted in the decomposition of the
starting materials.

Flowever, reaction of (11) with a series of internal electron-

deficient alkynes resulted in the exclusive formation of T}2(3e)-vinyls.
Since the formation of r|2(3e)-vinyls attracts considerable attention, in
particular with regards to catalytic chemistry,26 novel synthetic approaches to their
formation are clearly desirable as it provides more information on their reactivity.
This latest work is interesting as it probes the idea of synthesising r|2-vinyls in
conjunction with exploring carbon-fluorine bond activation,27 which is an essential
step into the formation of the reaction precursor (11).
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A common feature exhibited by the r|2-vinyl systems prepared by Green16 and
Davidson19 is the fluxionality of the r|2-vinyl ligand, commonly known as the classical
windscreen wiper motion (Figure 1.5). This is also a common feature exhibited by
alkyne complexes. However, the r|2-vinyl complex (12) does not exhibit this dynamic
feature due to the steric bulk of the rigid tridentate r|3-[C,N,N*] chelate ligand.

Mo

Figure 1.5

Mo

—L

(i) 90 ° rotation.

Further similarities between r|2-vinyl ligands and alkyne ligands were also
found to lie within their frontier orbitals.

Summarised by Green,16 the major

difference between the alkyne and C2H3' frontier orbitals lies in the energy and spatial
nature of the ^-orbital. This was derived from a fragment molecular orbital analysis,
in which the frontier orbitals of the [MoL2(r|-C5H5)]+, HC2H and CHCH2*moities were
calculated and compared (Figure 1.6) Although the frontier orbitals are similar, the
7i±-orbital of the vinyl ligand is essentially pure Ca(P) in character and is therefore
both asymmetric with respect to the two contact carbons and at higher energy than the
^-orbital of the alkyne. Therefore, on energetic grounds this orbital enhances the
donor ability of the vinyl fragment with respect to that of the alkyne.
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'

Frontier molecular orbitals

(C)

o f the fragments

(a)

HC2H,

(b)

[Mo{P(OH)3} 2(r\-C5H ^] and (c) HC2H2.16

Whilst investigating the synthesis of a wide range of ri2(3e)-vinyl complexes
by using a variety of nucleophiles and alkynes, it was found that there were certain
disparities with the stability of these complexes. For example, the ri2-vinyl complex
[Mo{=C(Ph)CMePh}{P(OMe)3}2(r|-C5H5)] (14) has a thermal bias to arrange into the
ri3-allyl complex
1.6)28.

[Mo{p3-CH2C(Ph)CH(Ph)} {P(OMe)3}2(Ti-C5H5)] (15) (Scheme

The rearrangement of the co-ordinated r|2-vinyl ligand into a rj3-allyl is

facilitated by an r\2 -> r)1 change in bonding mode of the vinyl ligand (A), which is

14

followed by y-hydrogen abstraction to form the intermediate hydrido rj2 (2 e)vinylalkylidene complex (B). Hydrogen migration takes place from the metal centre
on to the alkylidene carbon (C),which then affords the r|3-allyl complex (15). This
rearrangement process also occurs in the complexes [Mo('n2 -RC2 R){P(OMe)3 }2 (riC5 H 5)][BF4] (where R=R=Me or />-tolyl).

(MeO)3 P ^ /
(MeO)3P

(MeO)3P
(MeO)3P

i

(MeO)3P— V
(MeO)3P

(MeO)3P ^ y
(MeO)3P

1Mlo==J
V
*

"
(B)

(C)

I

r

Ph

(MeO)3P— V
(MeO)3P

Scheme 1.6

Another molecular rearrangement of rj2-vinyl complexes was observed when
the rj2-vinyl complex [Mo{=C(Ph)CHPh}(CO)(PMe2 Ph)(r|-C 5 H5)] (16) was reacted
with iodosobenzene, with the intention of converting the co-ordinated CO into
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uncoordinated C 0 2 via oxygen transfer. 28 However, the result of the reaction was the
surprising formation of the carbyne complex [Mo{=CCHPh2 }(CO)(PMe2 Ph)(r|-C 5H5)]
(17) (Scheme 1.7). It appeared that the iodosobenzene could act as a one-electron
oxidant and due to (16) being relatively electron-rich, a one-electron transfer reaction
takes place generating a radical cation complex. This then rearranges via a 1,2-phenyl
shift to form the carbyne complex (17).

1

Mo-C
PhMe2 P ' ^ / /
OC

/

H

I•
-T
M o r^ /

01
OC

(16)

-Mo,
PhMe-)P
2r

OC

/

PhMe2P

^CCHPh2

/

^^C C H Ph;

OC
(17)

Scheme 1.7

(i) +PhIO, -P hlO '\ (ii) +PhIO’\ -PhlO.

Similar transformations have also been observed by Casey29 for the rhenium
alkyne complex [Re(ri2 -HC=CCH3 )(CO)2 (r|-C 5 Me5)] (18).

When (18) was treated

with [Ph3 C]+[PF6]‘ with the aim of obtaining a hydride abstraction reaction, the r\3allyl complex [Re(ri3 -CH3 CHCPhCPh2 )(CO)2 (T1 -C5Me5 )]+[PF6]- (19) was afforded
(Scheme 1.8).

A study into the mechanism revealed that the initial stage of the

reaction is the delivery of CPh3 onto one of the alkyne contact carbons, forming the
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cationic rj2 (3e)-vinyl intermediate (A).

A 1,2-hydrogen migration, to form the

intermediate (B) is then followed by a 1,2-phenyl migration, which affords the
cationic r|3-allyl complex (19) (Scheme 1.8).

CO

OC

OC

CO

Ph
Ph'

CH
Ph
Ph

(19)

Scheme 1.8

1.4

(B)

(i) [Ph3C]+[P F J.

Synthesis and Reactivity of ri4 (5e)-Butadienyls
A recent investigation by Green30 and co-workers into the protonation of a

series of halogenobis(alkyne) complexes (of general formula [MoX(rj2 -alkyne)2 L],
where X = Cl, Br or I and L = C5 H5), has led to the formation and subsequent study of
a range of r| 4 (5e)-butadienyl complexes of general formula [Mo{=C(R)-r|3[C(R)C(R)CHR]}X(OH 2 )(ri-C5 H 5 )][BF4 ]. The study found that the reaction proceeds
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via a r| 2 (3e)-vinyl-r|2 (4e)-alkyne intermediate in which there is also the presence of
co-ordinated H 2 0 .
The system used in the following example is [MoCl(rj2 -MeC2 Me)2 ('n-C5 H5)]
(20) and this was found to react instantaneously towards HBF4 .Et2 0 , generating the
r)4 (5e)-butadienyl

complex

[Mo{=C(Me)-q3 -[C(Me)C(Me)CHMe]}Cl(OH 2 )(r|-

C 5H 5)J[BF4] (21) in good yield. The first step of the reaction sequence was suggested
to be the formation of an q 2 (3e)-vinyl-r|2 (4e)-alkyne intermediate (A), created by the
delivery of a proton by HBF^Et^O onto one of the contact carbons of a co-ordinated
alkyne (Scheme 1.9).

Me
Me
Mo

Me
Me

(i)

Mo

+

Me
-Me

Me

(20)

Scheme 1.9

(A)

(i) HBF4.Et20.

The next step of the reaction sequence is debatable as to whether attack by
water occurs promoting the rotational opening of the r|2-vinyl to form a r)!(le)-vinylri2 (4e)-alkyne intermediate (B) (Scheme 1.10). This would facilitate the migratory
insertion of the rj1-vinyl onto the co-ordinated alkyne affording the 16e' r| 3 (3e)-bonded
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butadienyl intermediate (C). This then undergoes an electronic rearrangement to form
the aqua cisoid r| 4 (5e)-butadienyl substituted cation (21) (Scheme 1.10).

Me

+

Me

+

OH
Mo

Mo

Me
-Me

Me Me

Me

Me
(A)

OH

(B)

Me

Me

OH

Mo

Mo
Me

Me

Me

Me

A
H Me

H Me
(21)

(C)

Scheme 1.10

The other alternative to the formation of (21) is by the direct coupling of the
rj2-vinyl and r|2-alkyne ligands from the intermediate (A) which would directly afford
(21).

Both reaction paths are viable and it was not possible to decide which

mechanism was occurring.
Subsequent studies were then undertaken to investigate the reactivity of the
novel complex (21). It was found that reaction with acetonitrile quite easily displaced
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the aqua ligand. From this observation, complex (21) was treated with a variety of
reagents which would possibly displace the aqua ligand, including phosphines. It was
found that the aqua ligand in (2 1 ) and the acetonitrile ligand in the analogous complex
were both very labile and could be easily displaced by trimethylphosphine which is
considered to be a poor 7r-acceptor.
Reactivity of the co-ordinated butadienyl ligand was also explored and an
interesting reaction was discovered when the trimethylphosphite substituted complex
[Mo{=C(Me)-'n3 -[C(Me)C(Me)CHMe]}Cl{P(OMe)3 }(ri-C5H 5)][BF4] (22) was treated
with the base Li[N(SiMe3)2] (Scheme 1.11).
affording

the

rj4-bonded

vinylallene

A deprotonation reaction occurs

complex

[MoCl{r|4 -CH(Me)=C(Me)-

C(Me)=C=CH 2 }{P(OMe)3 }(r|-C5 H5)] (23). In addition to this it was found that the
reaction could be reversed by the protonation of (23) with HBF^E^O, thus
establishing that an inter-relationship exists between r|4 (5e)-butadienyl and r|4vinylallene ligands.

(MeO)3P.

Cl

Me

+
(MeO)3P.

Cl

Me

Me

(22)

(23)

Scheme 1.11 (i) LitNfSiMeJJ, (ii) HBF4.Et20 .
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H

1.5

Conclusion
This introduction has given a brief synopsis of the chemistry of co-ordinated

ligands. Most of the reactions mentioned have referred to the chemistry developed for
molybdenum and tungsten monomers.

However, recent work has tended to shift

towards extending this chemistry towards other elements including platinum, tantalum
and osmium.

In summary, there still remains a continued driving force into

investigating the chemistry of transition metal complexes containing co-ordinated
ligands which exhibit multiple bond character.
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CHAPTER TWO
THE CHEMISTRY OF
PERFLUOROPHENYL SUBSTITUTED
BORANES
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2.1

Introduction
This chapter contains a discussion on how tris(pentafluorophenyl)borane

[B(C6 F 5) 3] 31,32 (Figure 2.1) and other analogous perfluorophenyl substituted boranes
have been introduced as co-catalysts within a variety of different catalytic processes
for the homogeneous polymerisation of olefins. In analogy to traditional ZieglerNatta catalysts, the active site homogeneity and the tailorability of this new generation
of catalysts offers unprecedented control over the properties of the polymeric
products. 33 The general reactivity of B(C6 F 5) 3 towards transition metals will also be
reviewed

along

with

the

related

anion

bis(pentafluorophenyl)borane

HB(C6 F 5) 2 , 34

the

[B(C6 F5)4]'

and the novel bifunctional perfluoroaryl boranes [(C6 F 5 )2 B-spacer-

35

non-coordinating

compounds

tetrakis(pentafluorophenyl)borate

B(C6 F 5) 2 ] . 36

Ill

Figure 2.1

Structure o f tris(pentafluorophenyl)borane [ B fC ^ J J .31

23

2.2

Background of B(C6F5)3 and Introduction to Catalysis
B(C 6 F 5) 3 was first reported in 1964 by Massey and Park3 1,37,38 who contributed

in a series of papers titled 4Perfluorophenyl Derivatives o f the Elements'. However, it
has only been within the last decade that there has been considerable interest in its
reactivity. The reason behind this surge in interest is due to the recognition of its high
Lewis acid strength and activity, hence its potential as a co-catalyst for group IV
metallocene-based homogeneous olefin polymerisation reactions.
Currently, there is a great deal of interest in catalysis and polymer chemistry
and it has been established that bent metallocenes39' 42 are highly active for the
polymerisation of alkenic monomers to important commodity plastics . 43,44 It has been
identified that cationic group IV metal alkyl complexes of the type [Cp2 MR]+ (where
M = Ti, Zr, Hf) are excellent active species in homogeneously Ziegler-type catalysed
polymerisation reactions39"42,45^ 7 and it is probable that they could develop into the next
generation of Ziegler catalyst systems for industrial a-olefin polymer production . 39
To form active catalysts, group IV metallocene systems require activator
compounds, more frequently known as co-catalysts which activate48' 50 and
stereoregulate39,51,52 the metallocene alkyl species into forming the co-ordinatively
unsaturated cationic metallocene alkyl species.

Although it is presumed that the

cationic species is responsible for olefin polymerisation, it has been established,
though not fully understood, that the ion-ion interactions between the active cation
and anion are a function of polymer activity.

Hence, the weaker the ion-ion

interactions, the better the polymer activity.
The mechanistics of the C-C coupling catalytic process are reasonably well
understood (Scheme 2.1). Activator compounds react with [Cp2 ZrR2] to form the
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reactive alkyl zirconocene cation (A) which is internally stabilised by a P-agostic
interaction. The second step is the addition o f the olefin to the cation to form the
reactive intermediate (B). This is followed by the final step, the insertion reaction,
where the sequence is repeated until a chain-transfer reaction takes place which is a
highly exothermic process (C). The kinetic study carried out by Erker53 concluded that
it is not clear which o f the two steps (B) or (C) is essential for stereocontrol o f the C-C
coupling reaction and whether the metallocene backbone is a function o f activity.

Scheme 2.1

Mechanistic scheme showing C-C coupling catalytic process.
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A traditional co-catalyst is methylaluminoxane (MAO) 39,40,45,54' 56 and its role
within this area of catalysis is to operate two main functions. Firstly, to serve as an
alkylating agent and secondly, to act as a Lewis acid by abstracting a methyl group
from the metal centre, therefore, creating an active cationic organometallic species
responsible for olefin enchainment (Scheme 2.1) . 32 However, although MAO has
been successful within olefin polymerisation there are many disadvantages associated
with its use.

Firstly, it is difficult to isolate the active metallocene species and

secondly, the process involves employing a large excess of MAO which has inspired
researchers to investigate other, more efficient methods of activation for such C-C
coupling catalysts.
Whilst investigating alternatives to MAO, Marks57 and Ewen58 independently
introduced the theory that treatment of dimethyl zirconocene (i.e. a pre-alkylated
catalyst precursor) with a Lewis acid more powerful than the resulting [Cp2 ZrCH3]+
cation would lead to highly active polymerisation catalysts. This idea prompted them
to test an aluminium-free co-catalyst, B(C6 F5)3, due to its notable Lewis acid strength
and stability which is somewhere between BF3 and BC13 (BC13 > B(C6 F 5) 3 > BF3). It
also has the added advantage of being extremely soluble in non-polar and non
coordinating solvents and its three highly electronegative fluoro-substituted phenyl
rings promote the borane to be chemically robust, a property which enables the borane
to be resistant to electrophilic attack, which is effective for isolating the
characterisable metallocene active species. For these reasons, it became important to
establish a much safer method for the preparation of B(C6 F5) 3 Its original synthesis
was by treatment of pentafluorophenyllithium with BC13 at -78 °C31, which has more
recently been modified to refluxing MgBr(C6 F5) with BC13 . 32
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2.3

Alkyl Abstraction Reactions with B(C6F5)3
The theory proposed by Marks and Ewen43 proved to be successful when a

variety of dimethyl zirconocenes were treated with B(C6 F5)3, producing transition
metal cations by direct electrophilic attack on the Zr-Me bond.

Crystallographic

studies on these cation-like compounds indicated that the ions were linked to one
another via an unsymmetrical bridging methyl group most strongly associated with
the boron atom (Scheme 2.2). However, variable temperature NMR studies indicated
that two dynamic processes were occurring in solution which suggested that both
Lewis acids [Cp2 ZrCH3]+ and B(C6 F 5) 3 were competing for the methanide group
(Schemes 2.3 and 2.4).

Cp2 ZrMe(p-Me)B(C 6 F 5 ) 3

•

Cp2 ZrMe+ MeB(C6 F 5 ) 3
(24)

Scheme 2.2

(C6F5)3-BCH3

(C6F5)3*BCH3 ''

Mt

.-ML

I ^*C H i

A

Scheme 2.3

*CHi

-

H3C*

”'

^M+

I
'ML

H3C * ^ j ^ ' H 3CB(C6F5)3

^

Process 1 involves separation o f the anion from the cation, followed by
a flipping over o f the Zr-CH3 group and reabstraction o f the anion.
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h 3c ^

(C6F5)3-BCH3

I ^ *ch3

'H 3*CB(C6F5)3

+

B(C6F5)3

Scheme 2.4

Process 2 involves dissociation o f free borane, followed by abstraction
o f the other zirconocene methyl group by the borane.

Interestingly, both process are influenced by the M-C bond strength, i.e.
process 1 predominates when M = Zr and process 2 predominates when M = Hf due to
the slightly stronger bond strength of Hf-C.
It is important to recognise that these preliminary studies by Marks33
established the first quantitative data for ion pairing in a metallocene catalyst. Since
these first studies, the idea that B(C6 F5) 3 can act as a co-catalyst in homogeneous
olefin polymerisation systems has become increasingly popular. Its application has
now been acknowledged giving rise to numerous compounds of this type being
synthesised. However, characterisation of these cation-like compounds has increased
awareness of how tailoring these systems can lead to more efficient olefin
polymerisation catalysts.
Other groups have shown that these abstraction reactions are not restricted to
methyl groups or to the early transition metal systems. Bochmann 59 has illustrated
that a benzyl ligand can be readily abstracted from [Cp2 Zr(CH 2 Ph)2] (25) with
B(C6 F5)3.

The resulting cation (26) is stabilised by the other benzyl ligand.

Interestingly, there is no detection of a bridging benzyl ligand (Scheme 2.5).
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PhCH2 -B(C6 F5 ) 3

(26)

(25)

Scheme 2.5

(i) B(C6F5h

To prove that the methodology works in late transition metal systems,
Puddephatt60 has shown that under anhydrous conditions, [PtMe2(bu2bpy)] (27) reacts
with B(C 6 F5) 3 in the presence o f a ligand L (where L = CO, C2 H4 or PPI13), to generate
the ionic compound [PtMe(L)(bu2bpy)]+[MeB(C6 F5) 3 ]' (28). Therefore, demonstrating
that facile methyl ligand abstraction can occur in late transition metal systems, in this
case facilitated through cation stabilisation by L (Scheme 2.6).

M eB (C 6F5)3-

(28)

(27)

Scheme 2.6

2.4

(i) B(C6F5)i, L (where L = CO, C2H4 or PPh3).

Synthesis and Reactivity of Zwitterionic Alkene Polymerisation Catalysts
Zwitterionic analogues o f ionic metallocenes are at present being investigated

extensively and major contributions o f this chemistry have been provided by Erker61'63
and Bochmann.64,65 The interest towards zwitterionic systems has risen due to the fact
they are neutral single components which do not require other co-catalysts,

29

which

gives them an advantage over prevailing metallocene systems. They are also much
more soluble compared to non-zwitterionic catalysts and recent investigations have
proved that catalytic activity can be suitably enhanced if the covalent nature between
the active cation and anion is weakened.

This process involves a ‘covalent

tethering ’ 66 of the anionic moiety to the metallocene ligand system whereby
weakening the co-ordinating bridging ligand between the main group orbital and the
metal centre induces an increase in catalytic activity.
There are two main types of zwitterionic metallocenes. Firstly, ‘ring-type’
zwitterions where the counter-anion is fixed to one of the Cp donors62,64,67,68 and
secondly ‘girdle-type’ zwitterions where the counter-anion is located on the alkyl
group occupying the reactive wedge of the metallocene. 61,69' 73 An important difference
between these types of metallocenes is that the ring-type zwitterion maintains its
zwitterionic structure throughout the polymerisation process whereas the girdle-type
only retains its zwitterionic nature until the first termination step in the C-C coupling
catalytic process.
An example of a ring-type zwitterion was reported by Erker62 who found that
reaction

of

the

zirconocene

complex

l,l-bis(cyclopentadienyl)-2,3,4,5-

tetramethylzirconacyclopentadiene (29) with B(C6 F 5) 3 gave the zirconocene-betaine
system (30) (Scheme 2.7).

The reaction proceeds via an electrophilic aromatic

substitution reaction and results in the functionalisation of one of the Cp ligands [r|5C 5 H4 B(C 6 F5)3]. Interestingly, the vacant co-ordination site and the partial positive
charge, both at the metal centre, are accommodated by an agostic interaction by one of
the or/7 z0 -fluorine substituents of one of the C6 F 5 groups. This characteristic feature
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has also been reported in other zwitterionic systems and is characterised by a
significant high field shift in the 19F NMR.
b(C 6f 5)3

(29)

— b(C 6f 5)2

(30)

-anti

Scheme 2.7

-syn

(i) B(C6F5) 3.

Girdle-type zwitterions are by far the most reported o f the zwitterionic systems
and tend to be accessed through electrophilic attack on one o f the hydrocarbyl (R)
groups of [CP2 MR 2 ] by B(C 6 F5 )3 . A novel system reported by Erker70,74 indicated that
an organometallic betaine could be accessed through the removal o f an acetylide group
from bis(propynyl)zirconocene (31) by B(C 6 F 5)3 (Scheme 2.8). Addition of the borane
induces the transfer o f a propynyl anion from the zirconium centre onto the boron.
This is followed by the insertion o f the boron-substituted alkyne into the zirconiumcarbon bond o f the l,l-bis(cyclopentadienyl)zircona-propargyl cation intermediate,
which results in the formation o f the betaine (32).
betaine,

where

the

electrophilic

zirconium

centre

Interestingly, the novel
is

stabilised

through

71-

donation, is in endothermic equilibrium with its isomer, a methylenecyclopropene
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has also been reported in other zwitterionic systems and is characterised by a
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an organometallic betaine could be accessed through the removal o f an acetylide group
from bis(propynyl)zirconocene (31) by B(C6F5)3 (Scheme 2.8). Addition o f the borane
induces the transfer o f a propynyl anion from the zirconium centre onto the boron.
This is followed by the insertion o f the boron-substituted alkyne into the zirconiumcarbon bond o f the l,l-bis(cyclopentadienyl)zircona-propargyl cation intermediate,
which results in the formation o f the betaine (32).
betaine,
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the

electrophilic

zirconium
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Interestingly, the novel
is

stabilised

through

71-

donation, is in endothermic equilibrium with its isomer, a methylenecyclopropene
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strong P-CH agostic interaction.

Due to the fact that low temperature NMR

experiments failed to detect the exo- isomer, it could be argued that attack at the endocarbon is preferred as it provides the zirconium centre with a much stronger agostic
interaction through Cp-H and possibly through B-Cp.

\

,,x\PPh2Me

(34)

Scheme 2.9

iil

0) B(C6Fs)3.

Further investigations into girdle-type zwitterions led to the hypothesis that
metallocene borate betaines which exhibit intramolecular stabilisation, can be tethered
i.e. altering the geometric backbone to influence the intramolecular stabilisation o f the
electron deficient metal centre [M].

Erker63 has demonstrated the systematic

relationship between the 7i-allyl moiety being E or Z configurated and the
intramolecular stabilisation o f the electrophilic metal centre being either through an
ortho F...[M] or an [M]...CH 2 B(C6 F5 ) 3 interaction.
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Like the phosphine stabilised system, Erker63 found that B(C6F5)3 adds to the
terminal CH 2 group of the conjugated diene ligand in [Cp2Zr(butadiene)] (36), to yield
the metallocene borate betaine system (37) (Scheme 2.10).

B(C6F5)2

(37)

(36)

Scheme

2 .1 0

F

F

(i) B(C6F5) 3.

However, the electrophilic metal centre is stabilised through the co-ordination
o f an ortho-F atom from one o f the C6 F 5 substituents from B(C 6 F5) 3 rather than a
[M ]...CH2B(C6F 5)3 interaction.

Therefore, the question arises as to why in some

systems the intramolecular [M ]...CH 2 B(C 6 F5)3 ion is favoured more than the [M ]...F
interaction and vice versa. For metallocene borate betaine systems an explanation for
this differing behaviour has been established. It was suggested that intramolecular ion
stabilisation is dependent upon whether the 7i-allyl moiety is E or Z configurated.
When 7t-allyl systems are ^-configurated only the ortho-F ion stabilisation occurs due
to the geometrically prohibitive E position o f the CH2B substituent at the
ligand. Erker demonstrates that in cases such as (39) where the

71

71

-allyl

-allyl moiety is Z-

configurated, the system is stabilised through a [Zr]...CH 2 B(C 6 F 5) 3 (Scheme 2.11).
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(i)
---------------------

(COT) Z r ^

n

+ /'
(COT)Zr

H B(C6F5)3
(38)

(39)

Scheme 2.11 (i) B(C6Fs)s where COT = cyclooctatetrene.

Unlike the

systems that Marks33 demonstrated,

these

ion pairs

are

intramolecular and are a result o f tethering these earlier compounds to produce single,
neutral components where it is possible to compensate for the electron deficient metal
centre in different ways.

In the example pictured above (Scheme 2.11), the CH2

interaction forms an interesting five membered metallacycle.
Recently, a third type o f zwitterion has been established and described as a
‘tuck-in’68 metallocene system. Structurally, these systems exhibit similar geometric
features found in both ring-type and girdle-type systems due to the zirconocene
precursor containing a Cp and one o f the alkyl substituents being linked either directly
or through a (CH 2 )n spacer.

This represents another example o f how the anionic

moiety in these systems is being covalently tethered with the aim o f weakening the ionion interaction.

Two recent examples are illustrated in Schemes 2.1266 and 2.13,68

where it is important to note that as the metallocene is adopting a more crowded
geometry, there is a tendency for the kinetic product to be different from the
thermodynamic product, an indication that, although the electronic properties o f these
complexes are comparable to the systems discussed previously, there is a greater steric
requirement on the metallocene backbone as it tries to compensate for the electron
deficient metal centre.
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When one equivalent of B(C 6 F 5)3 is reacted with the cyclometallated complex
[C p * (tiy -C 5H4 CMe2CH2 )ZrNp] (40) (where Cp* = r|-C5Me5 and Np = CH2CMe3), a
novel

zwitterionic

neopentyl

complex

is

produced

[Cp*{r|-C 5H 4 CMe2 -

CH 2 B(C 6 F5) 3 }ZrNp] (41) and the anionic moiety is attached to one o f the Cp ligands

via a two carbon backbone (Scheme 2.12).

As previously shown, (41) internally

stabilises itself through the presence o f an agostic interaction via the methylene carbon.
However, the product was reported to be thermally unstable with respect to (3-Me
elimination.76 Consequently, the borane migrates to the methyl group facilitating allylie
C-H activation76 where the product loses is zwitterionic nature.

Interestingly, the

thermodynamic product contains the well established [MeB(C6 F5)3 ]’ anion. Regardless
o f the instability o f (41), it was found to exhibit catalytic activity when exposed to
olefins. The conclusion is that the zwitterion acts as a highly selective catalyst for the
head-to-tail dimerisation o f a-olefins, a process which tends to be favoured by the
zwitterionic systems.

b -(c 6f 5)3

(41)

(40)

Scheme

2 .1 2

(i) B(C6F5) 3.

When one equivalent o f B(C 6 F 5)3 is reacted with the tuck-in phenyl complex
(42), electrophilic addition occurs at the carbon spacer CH2 (Scheme 2.13).

The

kinetic product (43) is a zwitterion where the electrophilic metal centre is partially
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stabilised by a weak ortho-fluorine interaction and an agostic C-H interaction from the
phenyl group. However, the kinetic lability of the [M ]...F interaction is compensated
thermodynamically (44) with the interaction of the CH 2 ...[M ] (methylene group) in
addition to a much stronger C-H agostic interaction.

Therefore, in this case there

appears to be a thermodynamic bias for the BCH2...[M ] interaction over the [M ]...F
interaction. However, when (44) is reacted with hydrogen, benzene is eliminated to
yield (45), where once again [M ]...F stabilisation is retained. This clearly suggests
that in this system, it is the steric bulk of the hydrocarbyl group, which is not co
ordinated to the borane, that determines how the metal centre is to be electronically
compensated.

(42)

(43)

(ii)

b -(c 6f 5)3

(45)

(44)

Scheme 2.13 (i) B(C6F5) 3, (ii) 50 °C, (iii) H2.
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2.5

O ther Reactions of B(C6F5)3
Despite the biggest application of B(C6F5)3 being its crucial role as a co

catalyst for the homogeneous polymerisation of olefins, it does have a versatile
chemistry.

Among its citations are organic77,78 as well as transition metal based

reactions, where its diversity is an indication of its developing popularity. Recently,
Tilley79 reported the first direct detection of a 1,2-migration of hydrogen from silicon
to a metal atom, a reaction made accessible by the reactive B(C6F5)3. It was found that
the remarkably inert (46) reacts instantaneously with B(C6F5)3 to generate the silylene
complex (47).

The borane acts as a methyl abstractor and provides a vacant co

ordination site at the platinum metal, which allows the 1,2 migration of hydrogen to
occur (Scheme 2.14).

MeB(C6F5)3'

Scheme 2.14 (i) BfCeFJj.
Another area of work connected with B(C6F5)3 has been largely attributed to
Green who has specialised in the reactivity of B(C6F5)3 with transition metal
complexes containing 7t-donor ligands (e.g. oxo,80'82 alkoxide81 and amide83), the aim
of the research being to identify the nature of the interactions that co-exist within such
frameworks. In view of the interest towards oxometal complexes it is not surprising
that Green84 has subsequently reported on the reactivity of B(C6F5)3 towards H20 .
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Prior to Green’s84 investigation, there has been no in-depth study on the reactivity of
B(C6F5)3 towards H20 .

It is known that B(C6F5)3 forms a trihydrate with water

[(H20 )2H20 B(C6F5)3],85 however, the ability of the borane to form this adduct and its
consequent reactivity does not appear to have been studied in great detail, though
there have been reports which have hinted at the significance of the formation of this
adduct.
Puddephat60 reported on H20 reacting with B(C6F5)3 within the platinum
system discussed previously (Section 2.3). This was proposed to have arisen from
‘adventitious’ H20 entering the reaction vessel. It became evident that as H20 forms
an adduct with B(C6F5)3, H[HOB(C6F5)3], a competitive reaction path is viable. It was
suggested that the adduct can act as a strong acid which can protonate the Pt-Me bond,
eliminating methane and forming the proposed intermediate [PtMe(bu2bpy)]+
[HOB(C6F5)3]' (48).

The structure of the anion was identified by X-ray

crystallography and NMR studies indicated that in the absence of a ligand L, the anion
co-ordinates to the platinum providing the first example of a transition metal complex
containing a co-ordinated [HOB(C6F5)3]' (Scheme 2.15).
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HOB(C6F5)3-

Me
Me

HOB(C6F5)3

p -B (C 6F5)3
H

(48)

(28)

Scheme 2.15 (i) B(C6F ^ 3 + H20

H[HOB(C6F5) 3], -CH4, (ii) L (where L=CO,

C2H4orPPh3).

In addition to this study, Siedle85 has reported on the reactivity of the salt
[Et3NH][(C6F5)3BOH] made directly by reacting the adduct [(H20 )2H20 B(C6F5)3] with
Et3N. Interestingly, the salt was shown to react with [Cp2ZrMe2] (49) producing a
catalyst capable of exhibiting polymerisation properties comparable to those produced
by analogous perfluorinated boranes. In view of this, the chemistry of B(C6F5)3 and
H20 is arguably an important study.
Preliminary investigations by Green84 have shown that when B(C6F5)3 reacts
with H20 in the presence of the metal base [Ir(r|-C5H5)(C8H,2)], a salt is formed
containing the novel bi-nuclear anion [(F5C6)3B(p-OH)B(C6F5)3]\ It was suggested
that the bi-nuclear anion could be formed in two ways, firstly by the reaction of
B(C6F5)3 with [HOB(C6F5)3]' or secondly by the reaction of B(C6F5)3 with
H2O B(C6F5)3 which undergoes ionisation (Scheme 2.16). However it is formed, it is
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important to recognise that as the adduct can coexist with its conjugate base, the
reactivity of these so called hydroxy-boranes could have significant relevance within
catalytic applications and should therefore be explored further.

B(C6F5)3 + H20

■

H2O B (C 6F5)3 ■ (l)---- [H(solvent)]+ +

[HOB(C6F5)3]

(ii) (iii)

(ii (iii)

[(Fj Cs)3B(h.-OH2)B(C6Fj)3]

. (i)

- [(F5C6)3B(h-OH)B(C6F5)3]
+

[H(solvent)]
Scheme 2.16 (i) solvent, (ii) -B(C6F$)3, (iii) +B(C6F5)3.

2.6

Reactivity of Other Mono- and Bi-nuclear Perfluorophenyl Boranes
The significance of B(C6F5)3 as a commercial co-catalyst has inspired

researchers to synthesise other mono- and bi-nuclear perfluorophenyl boranes with the
aim of adapting and applying their unique properties to other systems. Therefore, the
synthesis of other fluorine substituted boranes, which at present are being extensively
investigated, are vital to our understandings, not only within their role as commercial
catalysts but also within selective anion-binding86*89and new materials.90 The process
of changing the number of electronegative boron substituents can be viewed as
influencing the amount of electron density on the boron, hence, effectively altering the
electrophilicity of the borane to suit its application.
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Like

B(C6F5)3,

the

well

established

secondary

borane

bis(pentafluorophenyl)borane [HB(C6F5)2]91 has also been acknowledged to activate
polymerisation when reacted with group IV metallocenes. However, unlike B(C6F5)3,
HB(C6F5)2 is actually a dimer due to lack of 71-bonding from the hydride ligand
(Figure 2.2) and its main function is a hydroboration reagent, for example in the
hydroboration of terminal alkynes (Scheme 2.17).

Figure 2.2

Bis (pentqfluorophenyl) borane.

H \
R

— H

x B(C6F5)2

_____(!)____ _
R

H

Scheme 2.17 (i) HB(CcF^}.

As discussed previously, one of the main reasons for investigating analogous
compounds to B(C6F5)3 is to identify their ability to function as co-catalysts.
Therefore, the reactivity of HB(C6F5)2 with simple group IV dialkyl metallocenes has
been thoroughly investigated.92,93 Interestingly, these studies have revealed that in the
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course of these reactions a competing process occurs and the outcome of the reactions
are solely dependent upon the reaction conditions ie. stoichiometry of HB(C6F5)2 and
solvent medium.
When the complex [Cp2ZrMe2] (49) was reacted with HB(C6F5)2 under a wide
range of reaction conditions, the results were supportive of the theory that the reaction
proceeds in two stages and that the first step is an alkyl/hydride exchange process
(Scheme 2.18). It is the reactivity subsequent to this process that is dependent upon
the reaction conditions. For example, when one equivalent of HB(C6F5)2 is used in
conjunction with toluene, a mixture of products is obtained.

However, if four

equivalents of HB(C6F5)2 are used in the same solvent medium, one main product can
be isolated. Mechanistic studies revealed that the alkyl/hydride exchange process is
reversible and because there is an excess of HB(C6F5)2 present, the Zr-H functions
become trapped resulting in the formation of the bis-dihydridoborate complex
[Cp2Z r{(p-H)2B(C6F5)2}2] (50) (Scheme 2.18).
However, when one equivalent of HB(C6F5)2 is used in conjunction with
hexane, a clean reaction occurs resulting in the formation of the alkylidene complex
[Cp2Zr(p-CH2)(p-H)B(C6F5)2] (51) and elimination of methane (Scheme 2.18). In this
case, there is no excess of borane which allows the products of the alkyl/hydride
exchange to react together with subsequent loss of alkane and incorporation of
HB(C6F5)3, to form the alkylidene complex.
Further reaction of (51) with HB(C6F5)2 results in a mixture of products. One
of the main products was identified to be the borate complex [Cp2Zr(pH)2{CH2(B(C6F5)2)2}] (52). This is an intriguing complex as (51) has incorporated
another equivalent of HB(C6F5)2 facilitated by a penta-coordinated carbon. This is an
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important study as it illustrates the dramatic influence reaction conditions can have. In
this case it is the solvent medium which is the determining factor.

B—C
(i)

(52)

(51)
(i)

(ii)

Scheme 2.18 (i) HB(C6Fs)2, hexane, (ii) 4 HB(C6Fs)2, toluene, -2 CH3B(CeFs)2 -

Although major contributions to the catalytic applications have come from
B(C6 F5) 3 and even HB(C6 F5 ) 2 there has been a steadily growing series of reports
indicating

that

the

non-coordinating

anion

tetrakis(pentafluorophenyl)borate

[B(C6 F5 )4 ] ’ 94 can also be effective within this area. It has generally been accepted that
non-coordinating anions such as BPhf do not behave as classical anions within
Ziegler-Natta type catalysis due to the susceptibility of the phenyl groups to
coordinate strongly to the electron deficient metal centre, promoting catalyst
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deactivation. It is therefore surprising that the analogous [B(C6F5)4]' anion is reported
to show relatively weak or no noticeable interactions with electron deficient metal
centres, enabling them to stabilise d° transition metal centres by acting as ‘innocent’
anions. The ability of [B(C6F5)4]‘ to act so differently from its proto analogue is due
to the fluoro substituents which induce basicity to the borane, effectively rendering
any metal-aryl interactions and maintaining cation-anion interactions at a minimum.
Triphenylcarbenium tetrakis(pentafluorophenyl)borate [Ph3C]+ [B(C6F5)4]' has
been successfully reported to act as an alkyl abstractor when reacted with group IV
metallocenes. The reaction proceeds with the trityl abstracting the methyl group so to
generate the reactive species [Cp2ZrCH3]+ [B(C6F5)4]' (53), where there is no direct
cation-anion interaction (Scheme 2.19). Therefore, it is clearly obvious that when
[B(C6F5)4]' is used in conjunction with cationic alkyl complexes they have the
potential to co-activate olefin polymerisation, another system which is presently
receiving growing attention.

CH

CH

CH
(53)

Scheme 2.19 (i) [P h £ T [B (C 6F J J .

Like the boranes mentioned previously, the versatility of these species allows
their adaptable properties to be applied to other systems. Lambert95 is now exploring
the potential of [B(C6F5)4]' as a non-coordinating anion to assist in the generation of
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the planar, three co-ordinate silylium cation, [R3Si]+. This species is known to exist in
the gas phase but has not been stable in the liquid phase. It is thought that the use of
an innocent anion such as [B(C6F5)4]' will suitably enhance stability of the cation.
The latest development towards creating boranes as co-catalysts has engaged
upon the rationale of synthesising bifunctional perfluoroaryl boranes of the general
formula (C6F5)2B-spacer-B(C6F5)2. The term bifunctional proposes that such species
will operate a dual role by providing counteranions much weaker than even non
coordinating anions such as [B(C6F5)4]' at the same time, generating very reactive
cationic species [Cp2MR]+, facilitated by dispersing the anion negative charge96,97
through the hydrocarbon spacers. Diborane analogues of B(C6F5)3 and [B(C6F5)4]‘
have both been established97 and their ability to activate metallocenes towards
catalytic applications is at present being investigated.
Initially, these boranes were designed with bridging hydrides and then
progressed towards hydrocarbon spacers87,97 (A) (Figure 2.3). The latest advance is a
bis(pentafluorophenyl)boryl tethered by a two-carbon perfluoro ortho-phenylene
bridge (B) (Figure 2.3),36 the idea being that a fully fluorinated backbone would
enable the borane to be more resistant to proteolysis84,85 and -C6F5 transfer.98 Although
the synthesis of such anions has proved very challenging, their properties have
demonstrated that they can be clearly used within polymerisation applications and
initial investigations claim that these diboranes can rival or even exceed the B(C6F5)3
derived analogues.97
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/
V

c 6f 5

C,F
6A5

(B)
Figure 2.3

2.7

Conclusion
To summarise, the chemistry of perfluorophenyl substituted boranes is a

highly abundant area of research covering many interesting applications. However, as
this revival of interest towards these compounds has only taken place within the last
decade, it is exciting to think what the future holds for such versatile compounds.
Throughout this introduction it is clear that it is within the homogeneous
polymerisation o f olefins that the fundamental application of these boranes lies.
Nevertheless, it is suggested that their unique properties can be adapted for a number
of developing systems.
The ability of these boranes to stabilise electron deficient metal centres in a
variety of different ways is a highly desirable property. As discussed in this chapter,
the boranes can utilise a fluorine atom lone pair, a methyl bridge, a three centre twoelectron p-hydride and even the 7c-system from one of the rings. The attractive feature
concerning their adaptability is the manner in which they can switch between bonding
modes, facilitating a wide range of intermediates and kinetic/thermodynamic
products.
Piers and Chivers32 quoted in their review how the emergence of B(C6F5)3 has
now progressed from ‘obscurity to applications’. These applications are now
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increasing with the emphasis of unravelling and exploiting these obscurities. It is
rewarding to know that the chemistry reported in this thesis (Chapter Four) has also
unravelled one of the obscurities of B(C 6 F5)3, a small but significant contribution to
the ongoing investigations into perfluorophenyl substituted boranes.
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CHAPTER THREE
SYNTHESIS AND REA CTIVITY OF KETOSUBSTITUTED n-ALLYLICMOLYBDENUM
COMPLEXES
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3.1

Introduction
This chapter

is concerned with the chemistry of molybdenum complexes

which contain keto-substituted
investigated,

the

7

r-allylic fragments.

anti- aldehyde

substituted

Two systems have been

r|3-allylic

complex

[Mo{r|3-

CH 2 CHCH(CHO)}(CO)2 (L)] [where L = ti-C5H5 (54) or ri-C5 Me5 (55)] and the rf-ylactonyl complex [Mo{rj3 -CHCHCH(0)CO}(CO)2 (L)] [where L = ti-C5H5 (56), i\C 5 Me 5 (57) or rj5 -C9 H 7 (58)] (Figure 3.1). Both systems undergo reactions when
treated with nucleophiles and a rationalisation of these observations has been obtained
through an examination of the charge and orbital contribution of both systems, both of
which were obtained through Extended Hiickel Molecular Orbital" (EHMO)
calculations.

OC
OC
(57)
Figure 3.1

3.2

Synthesis and Reactivity of the anti-Aldehyde Complex [MofTi3CH2CHCH(CHO)}(CO)2(L)] [where L = (ti-C5H5) or (p-CsMe5)]_________
Due to continued interest in the use of transition metal fragments to control

and direct chemical transformations at co-ordinated organic centres, much progress
has been made with reactions based on the [Mo(ri3 -allyl)(CO)2 (ri-C5 H5)] system . 100' 102
Most o f these studies were concerned with alicyclic molecules with the exception of
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Liu.io3’^o4 and co-workers, who investigated the reactivity of ^ -su b stitu ted functional
groups, e.g. [Mo{ri3 -5 ^ - C H 2 CHCH(CHO)}(CO)2 (ri-C5 H5)].

Therefore, our first

objective was to devise a selective pathway to the related anti-aldehyde substituted
systems and then to explore their reactivity.
A possible selective pathway to the aw/z-aldehyde complexes had already been
identified by Benyunes105 whilst studying the protonation of syn- and anti-4-oxofunctionalised allyls, prepared from l-trimethylsilyloxy-l,3-dienes (Scheme 3.1). This
study indicated that protonation of the syn-4-oxo functionalised 7i-allyl [Mo{r|3CH2 CHCH(CHO)}(CO)2 (r|-C 5 H5)] (59a and 59b) with HBF4 -OEt2, could generate
under kinetic control, a 1-hydroxy-substituted r\4-s-trans-l,3-dienQ (60a and 60b). At
room temperature, (60a and 60b) isomerise into the corresponding

1

-hydroxy-

substituted rj4 -5 -cz'5 - l, 3 -diene complex (61a and 61b), which when deprotonated with
triethylamine, affords selectively the a«/z-aldehyde substituted system (54a and 54b).
However, a disadvantage with this method is that the combined yields of the syn- and
tfrtfr'-aldehyde complexes are relatively low.

Therefore, it was decided that an

alternative procedure needed to be developed for the selective synthesis of the antialdehyde system.
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exo-syn

exo-s-trans

(59a)

(60a)

ill
(ii)

endo-s-trans

endo-syn
(59b)

(iii)

(60b)

BF,
[M]+s

[M]
r

111

y

r

v

OH

(ii)

H

exo-s-cis

exo-anti
(54a)

(61a)

(i)
(ii)

endo-anti
(54b)

Scheme 3.1

endo-s-cis
(61b)

(i) HBF4-OEt2, (ii) Et3N, (iii) room temperature (where [M]
M ofCO )^, andL = r\-C5H5 or r[-C5Me5).

The idea for the new synthetic approach was based upon the assumption that if
the kinetic product of the reaction of 1-trimethylsilyloxybuta-1,3-diene with a cationic
bis(acetonitrile) complex is a

1,3-diene complex, the sy^-aldehyde

substituted r|3-allyl must be formed by a rapid desilylation reaction (Scheme 3.2).
However, it was realised that the formation of the anti-aldeyhde substituted complex
required a change in the bonding mode of the 1,3-diene from rj4-s-trans to r\4-s-cis,
which needed to compete with the desilylation of the r]4 -A’-/ra« 5 -trimethylsilyloxy-1,3diene cation. Therefore, it was thought that by using an oxy-substituent on the 1,3diene, which was less labile then the Me3SiO system, there might be more time for
complete trans- to cz's-isomerisation to occur which would allow the anti-aldehyde
substituted r|3-allyl complex to be formed selectively.

BF4‘

+/

BF/

NCMe

OSiMe
(0

-► jy/i-oxoallyls

NCMe

[M]
OSiMe

Scheme 3.2

fl«//-oxoallyls

(i) l-trimethylsilyloxybuta-l,3-diene (where [M] = M ofCO )^, and L =
t |-C5H5 or r\-C5Me^.

53

Preliminary experiments by Butters106 suggested that the problem might be
solved by replacing the OSiMe3 group with an CH3 C (0 )0 substituent. Therefore, the
starting point for this investigation was to extend these observations. Specifically, an
excess of 1-acetoxybuta-1,3-diene was added to a solution of [Mo(NCMe)2 (CO)2 (r|C5 H 5 )][BF4] (62) and the mixture was stirred at room temperature for 4 days, at which
point the formation of a new product and the consumption of the starting material was
observed by IR spectroscopy. The resulting reaction mixture was filtered via cannula
and the solid washed with pentane.

Removal of the solvent in vacuo afforded a

yellow powder in good yield (85 %) which was identified by NMR spectroscopy and
microanalysis as 5 -cw-[Mo(ti4 -CH 2 CHCHCHOAc)(CO)2 (ti-C 5 H 5 )][BF4] (63) (Scheme
3.3).

bf 4-

i +

O C '" y , ^ /""NCMe
OC

------------- —-----

NCMe
s-cis

s-cis

(62)

Scheme 3.3

(63)

(i) 1-acetoxy-1,3-butadiene.

An aqueous solution of NaHC0 3 was then added to the cationic complex (63)
which was stirred vigorously at room temperature for 0.5 hr. The organic layer was
then separated from the mixture and dried.

The organic extract was purified by

chromatography and recrystallisation, which afforded selectively, the anti-aldehyde
complex exo-a«/z-[Mo{r|3 -CH2 CHCH(CHO)}(CO)2 (r|-C 5 H5 )] (54) in good yield (87
%) (Scheme 3.4). This was identified by micro analysis, IR and NMR spectroscopy.
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BF,

O

OC

o c ...
OC

OC

'

s-cis

exo-anti

(63)

(54)
BF/

"Nuc
OC

Scheme 3.4

(i) NaH C03 (aq.), p H = 8.5.

Preparation of the rj5-pentamethylcyclopentadienyl analogue followed a
similar procedure, however, conversion to the cationic acetoxy-substituted r|4-diene
appeared comparably slower to the cyclopentadienyl system.

As expected, the

reaction of NaH C0 3 with s-cw-[Mo(r|4 -CH2 CHCHCHOAc)(CO)2 (r|-C 5 Me5)][BF4 ]
(64) afforded exo-a«r/-[Mo(r|3 -CH 2 CHCHCHO)(CO)2 (r|-C 5 Me5)] (55) in good yield
(81 %). The molecular structure was determined by X-ray crystallography (Figure
3.2).
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Figure 3.2

X-ray

crystal

structure

of

the

CH2CHCH(CHO)}(CO)2(r\-C5Me5)] (55).
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complex

exo-anti-[Mo {r\3-

Mo-C(l)

2.339(10)

Mo-C(2)

2.319(11)

Mo-C(3)

2.322(10)

Mo-C(4)

2.366(10)

Mo-C(5)

2.373(10)

M o-C (ll)

1.915(17)

Mo-C(12)

1.971(16)

Mo-C13)

2.303(14)

Mo-C(14)

2.176(13)

Mo-C(15)

2.297(13)

C (ll)-0 (1 )

1.153(17)

C(12)-0(2)

1.126(15)

C(13)-C(14)

1.401(18)

C(14)-C(15)

1.439(20)

C(15)-C(16)

1.555(21)

C(16)-0(3)

1.246(23)

M o -C (ll)-0 (l)

174.7(13)

Mo-C(12)-0(2)

174.7(16)

C(ll)-Mo-C(12)

80.4(7)

C(13)-C(14)-C(15)

123.5(12)

121.7(14)

C(15)-C(16)-0(3)

125.4(16)

C(14)-C(15)-C(16)
Table 3.1

Selected bond lengths (A) and angles (°) fo r complex (55) with
estimated standard deviations (e.s.ds) in parentheses.

Having established an efficient method for the preparation of these complexes,
the reactivity of the aldehydic functionality towards nucleophiles was studied.
Complex (54) was treated with an excess of NaBH 4 in MeOH and the reaction
monitored by IR spectroscopy.

After 0.5 hr there was an indication of complete

consumption of the starting material.

After chromatographic work-up a yellow

crystalline solid was isolated. NMR spectroscopy and micro analysis indicated that a
reduction of the aldehydic functionality had occurred, giving the hydroxyallyl
complex ejco-a«r/-[Mo(Ti3 -CH 2 CHCHCH2 OH)(CO)2 (ri-C5H5)] (65) in good yield (65
%). The reaction proceeds via nucleophilic attack by the nucleophile, H‘, on the exoface of the oxoallyl, which is followed by rotation of the C-C bond to give the less
sterically demanding product (Scheme 3.5).
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(54)

Scheme 3.5

(65)

(i) NaBH, MeOH, 0.5 hr.

Butters106 found that on stirring (54) and NaBH 4 in MeOH for a prolonged
period of time after the initial 0.5 hr, the gradual formation of an additional product
could be identified by TLC. After 30 hr, total consumption of (65) had occurred and a
new product was identified by NMR spectroscopy and X-ray crystallography to be the
methoxyallyl complex exo-a«//-[Mo('n3 -CH 2 CHCHCH2 OMe)(CO)2 (ri-C5 H 5 )], (6 6 )
(Scheme 3.6).

exo-anti

(54)
Scheme 3.6

(6 6 )
(i) NaBH* MeOH, 30 hr.

An explanation for these observations (Scheme 3.7) is that the newly formed
hydroxyallyl complex (65) is susceptible to electrophilic attack by BH3, which has
been generated in-situ from NaBH4. Therefore, electrophilic attack occurs at the
oxygen atom of the hydroxyl moiety, which results in the rapid elimination of
[HOBH3]' and the formation of the r|4-diene cation (67). This cation readily reacts
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with nucleophiles, hence, in the presence of [MeO]', nucleophilic addition takes place
at the terminus of the 1,3-diene which leads to the formation of the methoxyallyl
These reactions were also carried out by Butters106 on the r\5-

product (66).

pentamethylcyclopentadienyl system and the products were also afforded in good
yield.

[M].

[M]

O

111

H

H

(54)

fOH

(65)

(ii)

[M]+^

[M]

[M]

(iv)
H'
(66)

Scheme 3.7

H iil

X)Me

H S °~ H
H,'B

(67)

(i) NaBH* MeOH, 30 hr, (ii) BH3, (iii) -HOBH; (iv) OMe
(where [M] = Mo(CO)2(r\-C5H5)).

Referring to the reaction for the formation of the primary product (65) and the
analogue exo-a«^‘-[Mo(r|3-CH2CHCHCH2OH)(CO)2(r|-C5Me5 )] (68), these results can
be rationalised by using the bond parameters derived from the X-ray crystal structure
of complex (55) (Figure 3.2) for an EHMO calculation. As shown in Figure 3.3 and
Table 3.1, this established the composition of the lowest unoccupied molecular orbital
(LUMO), suggesting that if the reaction proceeds under frontier molecular orbital
(FMO) control then the reaction would occur at C(16).
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HOMO

LUMO

Figure 3.3

Representations o f the theoretical HOMO and LUMO orbitals fo r
[Mo{r\3-HC(0)CHCHCH2}(CO)2(r\-C5Mes)] (55).
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The reaction discussed proved to be an efficient method of reducing the
aldehyde functionality for complexes (54) and (55).

However, we were also

interested in reversing the reduction, with the intention of accessing keto-substituted
r|3-allyl complexes. A preliminary experiment carried out by Butters106 involved the
attempted oxidation of (69) to the corresponding ketoallyl complex under the
conditions of an Oppenauer107 oxidation (Scheme 3.8). An excess of aluminium triisopropoxide was added to (69) and the mixture was heated to reflux for 5.5 hr at
which point IR spectroscopy indicated the formation of a new product. The mixture
was chromatographed and recrystallisation afforded yellow crystals which were
identified by X-ray crystallography to be the exo-a«/7-r|3-pentadienyl complex exoa«r/-[Mo(r)3-CH2CHCHCHCH2)(CO)2(ri-C5H5)] (70). Therefore, it was evident that
the ketoallyl product could not be accessed via this oxidation method as the conditions
allow a competing elimination reaction to predominate.

Mo.

. 4l\\lV K K

J

, _____

/ f x

OC
V

/
H

'

OC

*
Me

(69)

Scheme 3.8

(i) Al((?Pr)3, acetone, toluene, heat.

This failure to convert (69) to the corresponding ketoallyl complex and the
failure to convert (65) back to (54) with the Swem108 oxidation procedure was very
disappointing.

Therefore, we were interested in using the Ley-Griffith109 reagent,

[tetra-n-butylammonium perruthenate (Bun4N)(Ru04)] which has been used as a mild
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catalytic oxidant and has been used in conjunction with N-methylmorpholine TV-oxide
to convert alcohols to aldehydes and ketones. The ability of the reagent to avoid
competitive side reactions, be selective and easy to use offered an attractive
alternative to other methods previously tried.
This proved to be a successful approach. An excess of morpholine iV-oxide
was added to a solution of (65) at room temperature. After 10 minutes, a catalytic
amount of the ruthenium reagent was added to the solution and the reaction was
monitored by IR spectroscopy and allowed to stir for 10 hr. After this period of time
the reaction mixture was diluted with CH2C12 and washed with a sodium sulphite
solution. The organic layer was extracted and dried over Na2S 0 4 After the volatiles
had been removed in vacuo, the residue was extracted with CH2C12 and filtered then
chromatographed on alumina. A single yellow band was eluted and the reaction was
successful as this was identified to be the flw/z-aldehyde complex (54) which was
obtained in good yield (60 %) (Scheme 3.9). Therefore, the ruthenium reagent proved
to be an efficient method of selectively oxidising an alcohol without destroying the
relatively sensitive metal complex.

(65)

Scheme 3.9

(54)

(i) NaBH* MeOH, (ii) [BifJSf][RuOJ, morpholine-N-oxide, CH2Cl2.
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Preliminary experiments indicated that the Ley-Griffiths ruthenium reagent
can

also

be

used

to

oxidise

CH2CHCHCH(OH)Me}(CO)2(r|-C5H5)]

alcohols
(69)

to

such
the

as

[Mo {v^-exo-anti-

corresponding

anti-keto-

substituted r|3-allyl complexes and this chemistry is presently being explored.

3.3

Reaction of the r|3-Y-Lactonyl Complex [Mo{r|30C(0)CH C H C H }(C0)2(L)] (where L = ti-C5H5, ri-C5Me5 or ti5-C9H7)
with Nucleophiles
The

discovery

of

the

novel

r|3-Y-lactonyl

complexes

[Mo{r|3-

0C(0)CHCHCH}(C0)2(L)] [where L = ti-C5H5 (56), ri-C5Me5 (57) or ti-C9H7) (58)]
by Butters110 had been the result of a study into establishing a series of furanyl-derived
7i-complexes of molybdenum. The initial approach had focused on the direct
complexation of furan to a [Mo(CO)2(ri-C5H5)]+ fragment and it had been expected
that the reaction of d.s-[Mo(NCMe)2(CO)2(r|-C5H5)][BF4] (62) with an excess of furan
would cause the replacement of the labile acetonitrile ligands and yield the desired r|4furan complex. However, after several failed attempts including refluxing the mixture
and attempting to access the furan-derived 7i-complex through protonation of the r|3allyl complex [Mo(ri3-C3H5)(CO)2(r|-C 5 H5 )] (71), a solution to the problem was
discovered.
It was found that in order to establish a facile ligand substitution reaction, a
silyl-substituted furan appeared to be the key.
excess of 2-(trimethylsilyloxy)furan to

Room temperature addition of an

a dichloromethane

solution of cis-

[Mo(NCMe)2(CO)2(rj-C5Me5)][BF4] (72) resulted in the formation of the novel r\3-ylactonyl complex [Mo{r|3-OC(0)CHCHCH}(CO)2(r|-C5Me5)] (57) (Scheme 3.10),
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which was structurally characterised by X-ray crystallography, the reaction
proceeding via a fluoride-anion-induced desilylation mechanism.
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R = H (62)
R = M e (72)
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O

(ii)

R
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" f°
OC
R = H (56)
R = Me (57)

Scheme 3.10

(i) 2-(trimethysilyloxy)furan, CH2Cl2, 25 °C, (ii) -Me3SiF (where R =
H, Me).

In continuing our investigations into the chemistry of r|3-bonded allyl
substituted complexes we were interested in exploring the reactivity of the novel rf-ylactonyl complex (56).

It was clearly important to establish whether a related

chemistry could be developed to that of the awfr'-aldehyde complexes (54) and (55),
since the structural identity of these complexes is fairly similar with the r|3-y-lactonyl
complexes containing a five-membered heterocyclic ring, which contains an oxygen
atom instead of a hydrogen in position 5 of the bound organic fragment.

This

prompted us to treat the lactonyl complexes with nucleophilic reagents to investigate
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whether overall addition of the nucleophile would be at the carbonyl carbon atom
which was found for (54) and (55).
Butters110 had carried out some preliminary reactions to study the reactivity of
the lactone complexes towards nucleophilic addition, in which a series of amine
nucleophiles as investigated (Schemes 3.11-3.13). Complex (57) and the analogous
r|5-indenyl system (58) were reacted with 2 molar equivalents of benzylamine. The
reaction afforded a bright yellow powder in good yield (85 %). NMR and micro
analysis both indicated that the product (73) was a 1:1 adduct of benzylamine and
(58).

However, repeating the reaction by using only 1 molar equivalent of

benzylamine led to a surprising decrease in yield (8 %).

This observation was

interesting as an X-ray structure carried out on (73) confirmed that the complex was
zwitterionic and a 1:1 adduct.

The structure also revealed that the course of the

reaction was a lactone ring-opening reaction (Scheme 3.11). Further studies indicated
that varying the amine allowed the reaction to proceed in a similar fashion (Schemes
3.12-3.13).

(73)

(58)

Scheme 3.11 (i) 2 equivalents benzylamine, CH2Cl2, 25 °C.
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OH

OC

or

OC
"o

OBu1
(58)

(74)

Scheme 3.12 (i) glycine tert-butyl ester hydrochloride, NEt3, CH2Cl2, 25 °C.

mirror plane
Me ////„„.

(i)

OH
OC
OC
H~ ~ C

Me,

H'N \ > Me
® Y ""H
Ph

Ph

(75)

(75)

Scheme 3.13 (i) (R)-a-methylbenzylamine, CH2Cl2, 25 °C. 1:1 mixture o f the (R,R/S)
and (R,S/R) diastereomers due to the lactone complex being chiral at
the metal centre.
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Therefore, the initial study of the reactions of these r|3-y-lactonyl complexes
with nucleophiles had generated 1:1 adducts which were the result of a lactone ring
opening process.

However, the mechanistic pathway to these adducts proved

interesting for two reasons. Firstly, the reaction appeared to afford a better yield using
2 molar equivalents of amine.

Secondly, it was predicted that nucleophilic attack

would occur on the lactone carbonyl carbon but the adducts didn’t appear to have the
structure expected on the basis of this assumption. Therefore it was suggested that an
Extended Hiickel Molecular Orbital (EHMO) calculation" (Figure 3.5) using the
bond parameters that were established by X-ray crystallography for complex (57) may
provide an insight into the mechanism. Representations of the theoretical Highest
Occupied Molecular Orbital (HOMO) and LUMO were also obtained (Figure 3.4).

OC

C1
C?
C3
C4

y
OC

+1.180
-0.107
-0.078
+0.404

(57)

Figure 3.4

Relative charge distribution fo r compound (57).

67

o5
o6
Mo

-0.753
-1.131
+1.106

\

• Oft

HOMO

LUMO

Figure 3.5

Representations o f the theoretical HOMO and LUMO orbitals fo r
[Mo{y\3-OC(0)CHCHCH}(CO)2(r[-C5Me5)] (57).
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The EHMO calculations indicated that there are two areas which display a
high degree of localised positive charge: Firstly, the lactone carbonyl carbon which
has a localised charge o f +1.18 and secondly the molybdenum metal centre which has
a charge of +1.10. Consequently, there was good reason to believe that nucleophilic
addition could also be FMO controlled.. Therefore, it was suggested that initial attack
by the amine nucleophiles was taking place at the molybdenum metal centre rather
than the carbonyl carbon and this is facilitated by the high positive charge and by the
availability of the suitable LUMO.
Thus, the first stage of the reaction path involves attack at the molybdenum
metal centre by the nucleophile which then causes a slippage of the bonding mode of
the lactone from rj3 to rj1. The co-ordinated amine is then deprotonated by a second
molecule of amine resulting in the formation of an anionic species, which rapidly
forms an anionic rj2-alkene-substituted intermediate via reductive elimination and
transfer of the amido moiety on to C4. The final stage of the mechanism is initiated by
an electron redistribution facilitated by the nitrogen lone pair which results in
cleavage of the ring followed by proton transfer from [NH3R]+ to the carbonyl oxygen
resulting in the formation of the zwitterionic r|2-olefinic complex (73) (Scheme 3.14).
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Scheme 3.14 (i) +NH2R, (ii) +NH2R, -[NH3R]+, (iii) reductive elimination,
(iv) +[NH3R]+, -NH2R.

We decided to continue these investigations into the reactivity of rj3-y-lactonyl
complexes of molybdenum with other nucleophiles. We were interested to investigate
whether similar reactivity would also occur with non-amine nucleophiles and
therefore [Mo{rf-OC(0)CHCHCH}(CO)2(r|-C5H5)] (56) was treated with an organolithium reagent to establish whether the reaction was of a similar nature to those
already discussed.

Two molar equivalents of phenyllithium were added to a

dichloromethane solution of (56) at -78 °C. The reaction mixture was then allowed to
warm to room temperature and left to stir for one hour before the addition of two
molar equivalents of water.

Work-up of the reaction mixture followed by

recrystallisation from dichloromethane and hexane afforded an orange/yellow powder
in good yield (72 %). !H NMR spectroscopy indicated the formation of one product
which contained two phenyl rings. This observation was supported by micro-analysis
and mass spectroscopy which confirmed that the product was not a 1:1 adduct of
phenyllithium and (56). In order to establish the nature of the novel complex (76), an
X-ray diffraction study was undertaken (Figure 3.6) and the complex was identified as
ejco-««//-[Mo(r|3-CHPhCHCHCPhO)(CO)2(Ti-C5H5)] (76).
The structure was very interesting as the compound crystallised in the exoconformation and displayed a ‘piano-stool’ arrangement, in which the central
molybdenum atom is bonded to two terminal carbonyl ligands, a r|5-cyclopentadienyl
ring and an organic fragment. The organic fragment is bonded to the molybdenum in
an r|3 fashion via a di-substituted r)3-allyl group. The substituents are a phenyl group
and a ketone group. The ketone group is a phenyl ketone and faces away from the
metal, such that both phenyls twist away from each other lying in different planes. It
is also interesting to note that the inner carbon of the allyl moiety is closer to the metal

71

[Mo-C(9) 2.224(9) A] than both the outer carbons [Mo-C(8) 2.463(8) A and MoC(10) 2.321(8) A].111,112 Furthermore H(9) and H(10) of the allylic group lie
underneath the cyclopentadienyl ligand, whereas H(8) faces towards the oxygen of the
ketone group where there is possibly a slight hydrogen bond interaction.
Therefore, it became evident that the reaction sequence using this nucleophile
follows a completely different mechanism from the ones already discussed (Scheme
3.15). For this system, the observations suggested that initial attack by the first mole
of phenyllithium is at C1 (i.e. the carbonyl carbon) of the rf-y-lactonyl complex,
which causes cleavage of the lactonyl ring. The intermediate can be represented in
two canonical forms where the organic fragment contains an aldehyde and a ketone
moiety. This is once again susceptible to nucleophilic attack by the second mole of
phenyllithium and this time the interesting fact is that the nucleophile is selective to
the carbonyl of the aldehyde moiety rather than that of the ketone, which affords
intermediate (A).
Work up with water yields a two step reaction where the first mole of water
protonates the intermediate (A), which transforms it to the intermediate (B). This is
followed by the reaction of the second mole of water which delivers a proton to the
molybdenum metal centre forming the hydride intermediate (C). There are then two
possible reaction paths available to the intermediate (C).

The first is a hydride

migration from the metal centre onto the organic fragment at C3 which produces the
intermediate (D), a r\l sigma bonded organic ligand. This then leads to the formation
of the rj3-allyl complex (76) through the elimination of water. The second reaction
path is the reversible hydride migration from the metal centre onto the organic
fragment at C2 forming the intermediate (E), also a rj1-sigma bonded organic ligand.
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However, as the reaction path between (C) and (E) is reversible, this all pushes
through to the formation of (D) where dehydration occurs affording the r|3-allyl
complex (76). It was not possible to determine whether the reaction path proceeds via
step (E) and further studies would be required to determine this.

73

Figu re 3.6

X-ray structure o f exo-anti-[Mo (r\3-CHPhCHCHCPhO) (CO)2(r\-CsHJ]
(76).
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Mo-C(l)

1.950(7)

Mo-C(2)

1.963(9)

Mo-C(3)

2.292(12)

Mo-C(4)

2.303(9)

Mo-C(5)

2.343(9)

Mo-C(6)

2.328(10)

Mo-C(7)

2.300(11)

Mo-C(8)

2.436(8)

Mo-C(9)

2.224(9)

Mo-C(lO)

2.321(8)

C (l)-0(1)

1.134(9)

C(2)-0(2)

1.135(9)

C(8)-C(9)

1.391(12)

C(9)-C(10)

1.401(11)

C(10)-C(17)

1.464(11)

C(17)-0(3)

1.221(10)

C(8)-C(ll)

1.470(11)

C(17)-C(18)

1.483(12)

M o-C (l)-0(l)

175.2(8)

Mo-C(2)-0(2)

177.7(8)

C(l)-Mo-C(2)

76.8(3)

C(8)-C(9)-C(10)

124.7(9)

C(9)-C(10)-C(17)

125.2(8)

C(9)-C(8)-C(ll)

126.8(9)

C(10)-C(17)-C(18)

117.6(7)

C(10-C(17)-O(3)

122.7(8)

C(18)-C(17)-C(3)

119.6(8)

Table 3.2

Selected bond lengths (A) and angles (°) fo r complex (76) with
estimated standard deviations (e.s.d.s) in parentheses.
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Scheme 3.15 (i) PhLi, (ii) H20, (iii) -H20.
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0

The mechanism in this case is very interesting and poses a number of
questions. For example, why when using the nucleophile phenyllithium does initial
nucleophilic attack on the lactonyl complex target a different electrophilic site in
comparison to the cases previously studied with other nucleophiles? Secondly, when
the second molecule of phenyllithium reacts, why does it selectively attack the
carbonyl moiety of the aldehyde instead of that of the ketone, and thirdly, why is the
dehydration step selective towards the formation of the allyl? To provide answers to
these questions it is important to refer back to the EHMO calculations and the HOMO
and LUMO representations carried out on complex (57). From this, the conclusion
was that there are two potential areas of attack from nucleophiles, both of which are
facilitated by a high positive charge and available LUMO. We have identified these
as being the molybdenum metal centre and the carbon of the lactonyl carbonyl
functionality and we have shown by example that using different groups of
nucleophiles causes the nucleophilic attack to selectively target either one of these
sites and therefore, it is the choice of nucleophile which determines the
regioselectivity.
The reactivity of a nucleophile towards any reagent is dependent upon a
number of factors.

In the case we have investigated, the lactonyl complex

demonstrates that nucleophilic attack is regioselective.

To understand this it is

important to understand the properties of these nucleophiles and how this affects their
reactivity. Firstly, the structure of the nucleophile should be considered. It is possible
that in the case we have examined, regioselectivity is a result of steric hindrance and
that the phenyllithium could be too big to actually attack the metal centre and is
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forced to attack at the carbonyl functionality. However, the amine-based nucleophiles
are much smaller and are able to attack the metal centre.
Hardness and softness is also a very important property of nucleophiles and
electrophiles and this is a factor independent of strength. Hard and soft can be easily
explained in terms o f the HOMO and LUMO energies and their separation. Soft-soft
interactions tend to be formed between nucleophiles with high-energy HOMOs and
electrophiles with low-energy LUMOs. This means that the HOMOs and LUMOs are
close in energy and will have a greater interaction, forming a more stable bond. Hardhard interactions are the opposite to this and tend to be formed between nucleophiles
which contain low-energy HOMOs and electrophiles with high-energy LUMOs. The
energy separation between the HOMOs and LUMOs is often very large meaning there
is very little covalent interaction. Therefore, it is usually the electrostatic attraction of
opposite charges which constitutes the hard-hard interaction.
Applying this theory to our study and including what we know from the
EHMO calculations, we can explain the regioselectivity of the reactions of the lactone
complex with varying nucleophiles from a HOMO-LUMO perspective. When the
lactone complex reacts with a nucleophile such as benzylamine, initial attack is at the
metal centre. The reason for this is that the nucleophile contains a low-energy HOMO
and attacks the molybdenum metal centre as it has the availability of a suitable
LUMO. This reaction illustrates a hard-hard interaction where we have direct co
ordination of NH2R via N to the metal centre. However, when the nucleophile is
phenyllithium, initial attack on the lactone is now at the carbon of the carbonyl
functionality. This is explained by the phenyllithium having a high-energy HOMO
which is facilitated by the carbon atom having a low-energy LUMO. In this case
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there is the formation of a more stable bond.

Therefore, although the charge

separations for the lactone complex suggest that the molybdenum metal centre and the
carbon o f the carbonyl functionality exhibit a balance in electron density, we have
displayed that varying the nucleophile can determine the regioselectivity o f attack. We
have identified that each nucleophile requires a suitable LUMO and therefore
complexes such as the lactone which display a division in electron density will be more
susceptible to differing behaviour by nucleophiles.
In view o f these observations it is important to establish why when the second
molar equivalent o f phenyllithium reacts, it attacks the aldehyde moiety rather than the
ketone. The main reason for this is steric hindrance which also plays a large part in
effecting nucleophilicity. Aldehydes have more reactive carbonyl groups than ketones
and are therefore more electrophilic. The reason for this is that aldehydes are sterically
less hindered than ketones making them more susceptible to attack.
Thirdly, it is important to understand why the dehydration step is selective
towards formation o f the allyl. In ionic elimination reactions, especially bimolecular
ones, the stereoelectronic requirement is that the groups to be eliminated be
conformationally anti and not gauche or eclipsed.113 This allows the bond orbitals o f
the leaving groups to be in the same plane, which becomes the plane o f the n- bond.

H

Ph

Anti

gauche
Figure 3.7
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In this case the sterically favoured transition state involves rotation of the
carbon bond, so that the elimination reaction can proceed when the groups to be
eliminated are anti.
One brief investigation into the reactivity of this novel r|3-allylic complex (76)
focused on the possibility that it would lose carbon monoxide when heated to give a
new co-ordinated organic fragment. The idea is taken from earlier work where a
similar reaction occurred on a manganese fragment.114 When 3-benzoyl-l-methyl-7iallyltetracarbonyl-manganese (77) is heated just above its melting point, evolution of
carbon monoxide occurs.

Sublimation yields a novel yellow crystalline complex

identified as 5-methyl-2-phenyl-7r-l-oxapentadienyltricarbony 1-manganese (78). The
thermal reaction involves a loss of carbon monoxide and a change in the proton
environment of the terminal proton H(l) in (78).

The reaction was found to be

reversible so when (78) was heated under a pressure of carbon monoxide (77) was
reformed (Scheme 3.16).

Ph

C -Ph

Me
n a )

Scheme 3.16 (i) heat, (ii) CO.

In view of the fact that the novel molybdenum complex (76) contained a
similar organic fragment to that of the manganese complex (77), it seemed attractive
to consider that they would act in the same manner. However, on heating (76) to just
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above its melting point, there was no evidence of the evolution of carbon monoxide
and the complex was recovered unchanged.

3.4

Conclusion
To summarise, we have demonstrated that in the systems (54)-(58), general

reactivity with regard to nucleophiles is dictated by the nature of the LUMO and the
available charge. An examination of complexes (54) and (55) by an EHMO study
observed that the reactions were FMO controlled and this was reinforced by observing
that the majority of the LUMO contribution is situated at the carbon of the carbonyl
functionality which is where nucleophilic attack is also concentrated.

However,

complexes (56)-(58) differ in that both the metal and the carbon of the lactonyl
functionality have a suitable LUMO contribution and available charge and it was
found that as the metal and the carbonyl functionality had a similar charge the
reactivity of (56)-(58) towards nucleophiles was dictated by the nature of the
nucleophile.
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CHAPTER FOUR
PATHWAYS TO r\2(4e)-PHOSPHAALKYNE
TRANSITION METAL COMPLEXES
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4.1

Introduction
The synthesis of tert-butylphosphaalkyne in 1981 led to the development of

low-coordinate phosphorus compounds and a rapid development in the chemistry of
main group compounds which contain multiple bonds.

The reactivity of

phosphaalkynes within inorganic and organic chemistry is now a highly studied area
in which their behavioural characteristics bear many similarities to those of alkynes.
This is particularly reflected in transition metal chemistry where the synthesis of
phosphorus analogues of popular unsaturated hydrocarbon
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-complexes has been

adopted.
The P=C bond in for example /BuC=P includes two orthogonal 7c-systems
creating the potential for the phosphaalkyne to be either a 2e' or a 4e' donor ligand
upon complexation to a metal. Phosphaalkynes can also adopt various co-ordination
modes ranging from mono-nuclear to poly-nuclear complexes with side-on, end-on
and bridging co-ordination modes, in analogy to their alkyne counterparts. However,
one o f the disparities between phosphaalkynes and alkynes is the ability of the
phosphaalkyne to be a potential 6e‘ donor ligand. This enhanced ligating property is
facilitated by the availability of the lone pair of electrons on the phosphorus, which in
addition to the P=C 7i-system, can interact with an additional metal centre.
Reaction paths (a-k) (Scheme 4.1) illustrate how phosphaalkynes have become
valuable and versatile building blocks in organic, inorganic and organometallic
chemistry. Reactions (a-d) demonstrate the ability of the phosphaalkyne to adopt a
variety of bonding modes on complexation to a metal: (a) shows the phosphaalkyne
adopting a side-on bonded r|2(2e) bonding mode in a mono-nuclear complex,115 (b)
demonstrates the less preferred end-on rj1-ligating mode of the phosphaalkyne
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facilitated by the complex containing a suitable pocket in which only a linear
phosphaalkyne can co-ordinate116 and (c) shows the ability of the phosphaalkyne to
bridge between two metal centres, forming an r|2(4e) donor phosphaalkyne,117,118
where each metal atom effectively receives 2e\ The phosphorus lone pair can offer
additional co-ordination potential119 (d) which effectively renders the phosphaalkyne
as a 6e' donor.
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Scheme 4.1
Cyclodimerisation of phosphaalkynes in the co-ordination sphere of a metal
atom (e-f) has also been well reported and it is the role of the metal in these reactions
which dictates the nature of the dimerisation process.

For example, when two

phosphaalkynes are oxidatively coupled at an electron rich transition metal centre such
as

cobalt,

a

1,3-diphosphacyclobutadiene

complex

is

obtained

(e).120122

However, the process differs in the presence of electron poor transition metals such as
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zirconium and hafnium as 1,3-diphosphabicyclobutanediyl complexes are obtained
(f).123
Interestingly, these organophosphorus ligands can be released from the metal
by oxidation with hexachloroethane as demonstrated in (g).124 In this example, after
oxidation, the organophosphorus ligand follows a sequence of [4+2] and [2+2]
cycloadditions, which provides easy access to the tetraphosphacubane cage.
Phosphaalkynes can also undergo thermal125,126 or base induced127,128 reactions to form
predominantly tetramers. The structure of the tetramer is solely dependent upon the
temperature of the reaction and on the strength of the base and it is interesting to see
how small changes in these conditions can be crucial to the structure of the cage (h
and i). In contrast, when phosphaalkynes undergo transition metal mediated reactions,
the products tend to be a mixture of di- and /rz-merised phosphaalkynes as opposed to
tetramers.
Reactions (j) and (k)129'130 illustrate how the co-condensation of metal atoms,
generated by metal vapour synthesis techniques, with fBuC=P can lead to a variety of
sandwich or homoleptic complexes where the phosphaalkyne can form a range of
pentaphosphametallocenes,

phosphacyclobutadienes

and

even

3-membered

phosphirenyl ring systems, hence demonstrating the potential phosphaalkynes can
provide in both organic and transition metal chemistry.

4.2

Synthesis of t|2-(4e) Mononuclear Phosphaalkyne Complexes
The aim of this project was to further develop one of the research areas of the

group involving the synthesis and chemistry of stable mononuclear complexes
containing q 2(4e)-phosphaalkyne ligands.
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Surprisingly, the existence of stable

mononuclear 4e' phosphaalkynes has shown to be fairly uncommon which is
interesting because the ‘alkyne-like’ behaviour of phosphaalkynes supposedly
dominates their rich co-ordination chemistry.131
The first evidence to suggest that they existed came from Binger132 who
reported that the metallocene complex (79), which contains an rj2(2e)-bonded
phosphaalkyne, reacts with BEt3 to remove PMe3, forcing the phosphaalkyne to
compensate for the electronic loss by adopting a switch in bonding mode from r|2(2e)
—» r|2(4e).

However, this was found to exist only in equilibrium with the

corresponding phosphorus-bridged dimer (81), which was the only species that could
be isolated (Scheme 4.2).

P

,C

(79)

Scheme 4.2

(80)

(i) BEt3, -Me3PBEt3.

Following this, Bauers133 working in our group demonstrated the synthesis of
the first stable mononuclear r|2(4e)-bonded phosphaalkyne complex. It was found that
when the zwitterionic r|2-vinyl complex (82) was treated with one equivalent of
HBF4.Et20 in the presence of PhC2Ph, the /nms-stilbene complex (83) was generated
in situ, followed by the regeneration of the ri2(4e)-bonded alkyne complex (84), the
reaction proceeding via a stilbene displacement reaction (Scheme 4.3).

It was

therefore thought that *BuC=P would also displace stilbene to generate the 4e‘
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phosphaalkyne complex. This suggestion proved correct as on cooling the stilbene
complex to -78 °C and adding one equivalent of /BuC=P, an instantaneous reaction
took place. The result of this reaction was the formation of the highly air sensitive,
zwitterionic r|2(4e) phosphaalkyne complex [Mo{r|2-P(OMe)2OBF2OP(OMe)2}(r|2P=QB u)(ti-C5H5)] (85).
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(i) K[BHBifJ, th f -78 -» 25 °C, (ii) HBF4.Et20, thf, -78

25 °C, (iii)

PhC2Ph, CH2Cl2, -trans-stilbene, (iv) tBuC=P, thf, -78 -> 25 °C,
-trans-stilbene.
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The protonation of r|2(3e)-vinyls has been studied extensively and has been
shown to have a diverse chemistry. Templeton134 and co-workers reported that the
rj2(3e)-vinyl [W{=C(Ph)C(H)Me}(CO)2{HB(dmpz)3}] is protonated on the p-carbon
of

the

rj2(3e)-vinyl,

generating

the

[W{=C(Ph)CH2Me}(CO)2 {HB(dmpz)3 }][BF4].

p-agostic

stabilised

cation

Therefore, it was thought that

protonation of (82) by HBF4.Et20 to generate the co-ordinatively unsaturated cationic
toms-stilbene substituted complex (83), which can then react with PhC2Ph or /BuC=P
to give £r<ms-stilbene and (84) or (85) respectively, could be explained in two ways
(Scheme 4.4).135 Firstly, protonation can proceed by charge-controlled attack of H+,
delivered by HBF4.Et20 on the Ca of the ri2(3e)-vinyl ligand, generating (83).
Alternatively, protonation can occur by attack on the Cp of the r|2(3e)-vinyl ligand to
give (A), a carbene complex which is stabilised by a Cp agostic Mo(p-H)C interaction.
This species can then rearrange into (83) either by route (A) —» (B) -> (83) or (A)-»
(C)

(83) (Scheme 4.4).
However, EHMO studies 16,136 of known 18e, d4, r|2(3e)-vinyl complexes have

shown that the LUMO arises from the M-Ca n*-interaction. Also, the Ca carbon is
shown to have a significant build up of negative charge in contrast to the Cp carbon
(net charges in typical example by Mulliken population analysis of EHMO orbital: Ca,
0.5 e; Cp, 0.15 e). This suggests that if protonation is assumed to proceed via charge
controlled attack, it is the direct reaction path (82) -> (83) which is preferred (Scheme
4.4).
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(i) HBF4. OEt2 (where [Mo] = CpMo{\\2-P(OMe)2OBF2OP(OMe)J.

Complex (85), which was fully characterised by analytical and spectroscopic
data, displayed a low field 31P NMR signal at 467.8 ppm, which was assigned to the
phosphorus of the rf(4e)-bonded fBuC=P. This low field 31P NMR resonance can be
taken as a signature of 4e’ donor phosphaalkynes as it reflects significant deshielding
compared to those of rj2(2e)-bonded /BuC=P ligands i.e. [Pt(rj2-P=C/Bu)(PPh3)2] (86)
(84.1 ppm).115
Support for this rationale was provided by the work of Regitz137 who reported
the generation of phosphorus analogues of cyclopropenium ions ‘phosphirenylium
cations’. On generating the cation (B) from the salt (A) (Scheme 4.5), there is a
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massive downfield shift in the

NMR (-3.02 ppm -» 309.7 ppm), indicative o f

deshielding at the phosphorus centre due to aromaticity o f the ring.

0 S 0 2CF3

Bu

Ph

Bu'

Ph

-3.02 ppm

309.7 ppm

(i) B (0 S 0 2CF3)3, S 0 2 liquid, -78 °C, 31P NMR data.

Scheme 4.5

This is also reflected in the ^ C -j’H} and ]H NMR for which there is a
downfield shift for both the two diagnostic ring carbons and the /Bu and Ph protons.
Therefore, in view o f the isolobal relationship which exists between MoI^Cn-CsFIs) and
CR (Figure 4.1), one would expect a low field resonance in the 31P-{’H} NMR to
occur on formation o f an r|2(4e)-bonded phosphaalkyne.

+

P

- — 0 — ► CR - — o —

Figure 4.1
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CpMoL2

As expected, the 13C-{’H} NMR spectrum is supportive of the phosphaalkyne
adopting a ri2(4e)-bonding mode: the contact 13C chemical shift of the phosphaalkyne
is at 328.5 ppm. It is well documented that 4e' donor alkynes exhibit low field 13C
chemical shifts, therefore, it is assumed that the correlation between 13C NMR and
formal number of electrons donated (see Chapter One, Section 1.1) is also reflected in
phosphaalkyne chemistry.
This trend is also consistent with the findings of Binger132 with the 4e'
phosphaalkyne species (80). A NMR study carried out on the equilibrium mixture of
(80) and (81) contained low field resonances in both the 31P and 13C-{1H} NMR (431.6
and 298.6 ppm respectively) which were assigned to (80). This indicated that 4e'
donor phosphaalkynes could be observed by low field resonances in both 13C-{!H}
NMR and 31P NMR spectroscopy.
The aim of this project was to extend this preliminary investigation by looking
to access other 4e' phosphaalkyne systems by using r)2-vinyls as precursors. In the
case of the formation of (85), the cation contains the anionic chair-shaped bidentate
phosphite ligand which renders the complex zwitterionic.
starting

point

for

our

investigation

would

be

We decided that the
the

rj2(3e)-vinyl

[Mo{=C(Ph)CHPh}{P(OMe)3}2(r|-C 5H5)] (8) obtained in good yield by addition of
KHBus3 to a solution of [Mo{r|2(4e)-PhC2Ph}{P(OMe)3}2(ri-C5H5)][BF4] (7) in thf
(Chapter 1 Scheme 1.3).16 The purpose of the present work was to prepare the novel
cation [Mo{^2-(4e)-P=CfBu}{P(OMe)3}2(r|-C5H5)]+ (87)+ and in doing so, open the
way to the exploration of its reactivity.

Furthermore, it was hoped to establish

whether a related chemistry existed to that of the cationic 4e' alkyne species [Mo{rj2(4e)-RC=CR}{P(OMe)3}2(rj-C5H5)]+. It was envisaged that the 4e' phosphaalkyne

92

cation (87)+ would differ from the zwitterionic complex (85) with respect to
crystallinity, opening the way to further structural knowledge o f 4e' phosphaalkyne
complexes through X-ray crystallography.
In accordance with the work of Bauers,133 the idea that the r|2(3e)-vinyl
fragment can undergo protonation, generating a labile stilbene complex which can be
easily displaced by /BuC=P, provides a good synthetic route to the 4e' phosphaalkyne
cation. However, as an alternative to the generation o f a labile stilbene complex by
protonation, it was decided to explore the possibility o f reacting (8) with
tris(pentafluorophenyl)borane [B ^ F s ^ ] . This idea was stimulated by the report by
Erker63 that B(C 6 F 5)3 reacts with (36), by electrophilic addition onto the terminal
butadiene carbon atom, forming the (71-allyl) zirconocene complex (37) (Scheme 4.6).

(!)

(36)

Scheme 4.6

(i) B(C6F5) 3.

With this insight, we decided to develop the idea that B(C 6 F 5)3 would react
with the r|2-vinyl complex (8) by electrophilic addition onto the carbene carbon Ca.
This would produce an intermediate containing a borane-substituted alkene, which
could then be displaced by fBuC=P, providing access to the 4e' phosphaalkyne cation
and borane-substituted anion (Scheme 4.7).

93

|

(MeO)3P^ / MV
(MeO)3P

+

' ? ( C 6p 5)3

(MeO)3P"'"'
(MeO)3P

/ /]
X7
Ph

Ph

Ph ______ / B(C6F5)3

--Mcv
(MeO)3P y '
\
(MeO)3P
///

Scheme 4.7

(i) B(C6F J 3) (ii) tBuC=P, CH2Cl2, -78 °C -> rt.

Before we carried out the reaction, we felt it was important to determine
whether B(C6F5)3 would react with £BuC=P.

The purpose of this was firstly to

establish whether the reaction (shown in Scheme 4.7) could be carried in situ or
whether the borane intermediate would have to be isolated before addition of fBuC=P.
Secondly, a report by Regitz137 established that fBuC=P reacts with the Lewis acid
aluminium trichloride resulting in a spirocyclotrimerization of the phosphaalkyne. It
was, therefore, important to examine whether the Lewis acid B(C6F5)3 would react in a
similar manner.

Surprisingly, however, we did not observe any reaction between

B(C6F5)3 and /BuC=P and after 3 d of stirring at room temperature in a CH2C12
solution, both reagents were found to be unreacted.
The reaction was carried out by addition of one equivalent of rBuC^P to the
rj2-vinyl complex (8) in CH2C12 at -78 °C. One equivalent of B(C6F5)3 in CH2C12was
then added to the mixture via cannula, and the solution allowed to warm to room
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temperature. Over 2 hrs, a progressive colour change took place (green —» red -»
blue). Work up by removal of the solvent in vacuo afforded a deep green/blue oil.
The product was characterised by NMR spectroscopy. The spectra exhibited
the features expected for the 4e' cation [Mo(r|2 -P=CfBu){P(OMe)3 }2 (r|-C 5 H5)]+ (87)+.
The !H NMR spectrum displayed a singlet at 5.52 ppm and a virtual triplet at 3.38
ppm [/(PH) =11.3 Hz] which can be assigned to the cyclopentadienyl ligand and the
two phosphite ligands respectively. A singlet at 1.48 ppm was assigned to the tertbutyl group, which, when integrated also revealed that there was only one
phosphaalkyne molecule incorporated. The 31 P-{!H} NMR displayed two resonances
(Figure 4.2), a low field triplet at 492.3 ppm [/(PP) = 30.1 Hz] which can be assigned
to the phosphorus of the phosphaalkyne [(85) = 467.8 ppm] and a doublet at 175.1
[J(PP) = 30.1 Hz] which corresponds to the two phosphite ligands (Figure 4.2).

492

__________
500

Figure 4.2

400

300

200

PPM

100

31P NMR of[Mo(r\2-P=CtBu)[P(OMe)J2(r]-C5Hs)]* (87)*.
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As was observed in (85), there is only one resonance exhibited for the two
phosphite ligands. This can be attributed to the rapid windscreen wiper motion of the
phosphaalkyne ligand, a feature also observed with alkyne ligands in solution on the
NMR timescale. 16 By analogy with the structure of the analogous alkyne complex
[Mo(r|2 -/BuC2 H) {P(OMe)3}2(r\-C5H5)] [BFJ, it is assumed that the bulky *Bu group of
the fBuC^P is oriented as shown in Scheme 4.8.

+

+

Mo'
I

P(OMe) 3
Scheme 4.8
In addition to this, the

13

C-{ 1H} NMR exhibits a low field doublet of triplets

for the contact carbon of the phosphaalkyne at 334.6 ppm [J(CP) = 113.9 Hz, ./(CP) =
8 .6

Hz] [(85) = 328.5 ppm {J(CP) = 114.4 Hz, ./(CP) =

6 .6

Hz}]. Therefore, both the

31P and 13 C-{!H} NMR data provide convincing evidence that the cation contains a 4e'
phosphaalkyne ligand.
Surprisingly, there were two broad peaks in the nB NMR at -4.4 and - 5.6 ppm
and for this reason we became uncertain about the true nature of the anion and
whether it was a borane-substituted alkene as first assumed. In an attempt to establish
the identity of the reaction intermediate and structure of the anion, it was decided to
carry out the reaction of the r(2-vinyl ( 8 ) with B(C6 F5) 3 only and monitor the reaction
by observing the NMR spectra as the temperature varied. This experiment showed
that attack by B(C 6 F 5) 3 on the r|2-vinyl might not be selective and indicated that the
initial kinetic product isomerised to a thermodynamic controlled product.

96

This is

illustrated by the 3 ,P-{'H} and 19F NMR spectra shown in Figure 4.3 and 4.4. Figure
4.3 shows an AB doublet pattern which appeared at -78 °C, and when warmed to -50
°C began to disappear and be replaced by a second AB doublet pattern.

The

conversion from one to the other becomes more evident as the temperature is warmed
to room temperature.
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Our initial explanation for this observation was that the borane was selectively
attacking the r|2-vinyl at one face only, hence the generation of a kinetic intermediate.
However, this species is unstable towards borane lability and the borane reversibly
dissociates thus allowing attack on the other face of the rj2 -vinyl, generating the more
stable thermodynamic product. It was assumed that when this reaction was carried out
in the presence of /BuC^P, both the kinetic and thermodynamic borane substituted
alkenes were displaced, thus giving two isomeric vinyl borane anions. The rate at
which this capture occurs appeared to be temperature dependent, thus allowing for
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approx 60 % of isomerisation to occur prior to the displacement reaction. Hence,
/BuC=P traps the intermediates which then generate two anions, cis and trans-borane
substituted alkenes (Scheme 4.9).

Mo;

_

Mo.

(M eO) 3P ^ /
N
(MeO)3P \ > \ r - Y
Ph

THERMODYNAMIC

KINETIC
Scheme 4.9

(i) B(C6F5) 3, (ii) tBuC=P.

In order to establish a better understanding of this process, we decided to
continue the reactions by quenching the intermediate with other reagents. Firstly, an
investigation of the reactivity of (8) with B(C6 F5 ) 3 in the presence of CO was carried
out. One equivalent of B(C6 F5) 3 was added to (8) at -78 °C resulting in an immediate
colour change (green -» red).

Carbon monoxide was then bubbled through the

solution and as the temperature began to increase to room temperature there was a
progressive colour change (red -> orange).
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Monitoring the reaction by IR spectroscopy indicated the presence of two
metal bound carbonyl ligands identified by two strong infra red absorption bands at
1998 and 1927 cm'1. The 31P-{1H}NMR spectrum of the reaction mixture revealed
one singlet at 170.3 ppm, which was consistent with the cation being the ds-carbonyl
cation [Mo(CO)2{P(OMe)3}2(r|-C5H5)]+ (88)+. The nB NMR exhibited two broad
peaks at -4.4 and -5.6 ppm, which are analogous to those seen in the phosphaalkyne
complex. However, the relative intensities of the two boron signals differed to those
seen in (87). A plausible interpretation of these observations was that CO is a much
better ligand than /BuC=P

and reacts at a much faster rate with the

kinetic/themodynamic borane-substituted alkene intermediates, thus enabling the
formation of the kinetic-based anion in excess of its thermodynamic counterpart.
In analogy with Bauers139, who had prepared the te/ra-substituted phosphite
complex [Mo{P(OMe)3}4(r|-C5H5)][BF4 ] (89) we decided to react (8) with B(C6F5)3 in
the presence of P(OMe)3 with the intention of making the te/ra-substituted phosphite
cation and the unknown anion in the hope of being able to crystallise the complex, so
to determine the structure of the anion. Prior to carrying out the reaction we felt it
was important to react B(C6F5)3 with neat P(OMe)3 to determine if there was a
reaction. As expected, B(C6F5)3 reacted instantaneously with P(OMe)3 and from a
preliminary NMR study, it appeared that the reaction had generated an adduct.
With this knowledge, we still felt that the reaction should be carried out like
the phosphaalkyne reaction, where the trapping reagent is added to the reaction
mixture before the addition of B(C6F5)3. Hence, the reaction was carried out by
cooling (8) to -78 °C and adding two molar equivalents of P(OMe)3, followed by one
equivalent of B(C6F5)3. On warming to room temperature there was a colour change
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(green —>brown) and after one hour at ambient temperature the solvent was removed
in vacuo, leaving a brown oily residue.
After examining the 3,P-{1H}NMR spectra of the reaction mixture, we were
surprised to see two singlet resonances of equal intensity. The first resonance at 188.9
ppm was assigned to the tefra-substituted phosphite cation (90)+, identical to (89)+ (8
= 190.9 ppm), which reflects the equivalence of the phosphite moieties by a singlet in
the 31P-{1H}NMR. However, we were uncertain of the nature of the second product
which will be referred to as (91) and this was seen as a singlet at 175.6 ppm. On
purification of the oil, carried out by washing with pentane, the oil began to solidify
into a highly air sensitive red/brown powder. A further NMR study on the powder
provided more information, as the singlet at 188.9 ppm completely disappeared
leaving the singlet at 175.6 ppm.
Further information provided by NMR spectroscopy was even more
surprising, in particular the I3C-{1H} spectrum which showed a low field triplet at
223.6 ppm [./(CP) = 13.5 Hz]. In addition to this was the JH NMR spectrum which
exhibited a virtual triplet at 3.52 ppm [{/(HP) + /(H P ’)} = 10.99 Hz]. After much
deliberation, it became apparent that the ^^ -su b stitu ted phosphite cation (90)+ was
highly air sensitive and rapidly decomposed, however, it was uncertain why the
remaining complex contained a low field resonance in the ^C-^H} NMR which is
consistent with the presence of a metal-carbon multiple bond.

It soon became

apparent, however, that the data for this unknown species (91) were remarkably
similar to those of another species we were investigating in a parallel study.
As mentioned in Chapter One, there has been considerable interest within our
group towards the reactivity of r|2(3e)-vinyl complexes. One of the investigations
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related to the synthesis of a series of carbyne complexes and in particular, the findings
that the r|2-vinyl complex [Mo{=C(Ph)CHPh}(CO)(PMe2Ph)(r|-C5H5)] (16) reacts
with iodosobenzene to generate the carbyne complex [Mo(=CCHPh2)(CO)(PMe2Ph)
(r|-C5H5)] (17).28 It was suggested that on initial reaction with PhIO, (16) generates a
radical cation, which stabilises itself by rearranging into a carbyne complex,
facilitated via a 1,2-phenyl shift (Scheme 4.10). This suggested that electron-rich rj2vinyl complexes might readily undergo one-electron transfer reactions.

I • -t-— 7
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PhMejP

'y '
OC

PhMe2P
i

^
OC

i

(16)

L •+

Mo
PhMe2P ^ /
OC

PhMe2P — /
OC

CCHPh2

CCHPh2

(17)
Scheme 4.10 (i) +PhIO, -PhIO'+, (ii) +PhIO'\ -PhIO.

In seeking to explore this idea we examined whether complex (8) would also
undergo a one electron oxidation when reacted with the ferrocenium cation [Fe(rjC5H5)2][PF6]. The reaction could, as with other rj2(3e)-vinyls, lead to the generation of
a radical cation followed by rearrangement to a 17e' carbyne. Our intention was to
then

investigate

whether

we

could
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access

the

neutral

carbyne

[Mo{=CCHPh2}{P(OMe)3}2 ('n-C5H5)] through reduction of the 17e' carbyne with
reagents such as cobaltocene (Scheme 4.11).
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Scheme 4.11 (i) [F efa-C flJJtP F J, -[F efa-CflJJ, (ii) [C ofa-C flJJ,

-[Coft-CsHMPFJThe reaction was carried out by addition of one equivalent of [Fe(rjC5H5)2][PF6] to a solution of (8) in CH2C12 at -78 °C. As the solution began to warm
to room temperature, there was a progressive colour change (green -» red). At room
temperature, the solvent was removed in vacuo and on washing with hexane, a yellow
solution was obtained which was shown to contain ferrocene.
Before reacting the remaining species with cobaltocene, we decided to attempt
to measure the NMR spectrum of this species, although we expected to see a very
broad spectrum because the expected 17e' carbyne complex would be paramagnetic.
However, we were surprised to discover that the NMR study revealed a clean
diamagnetic species. The 3,P-{!H} NMR exhibited a singlet at 175.6 ppm and more
interesting was the 13C-{!H} NMR which displayed a low field triplet at 223.2 ppm
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[./(CP) = 12.4 Hz]. It was the existence of this resonance that led us to believe that
this compound was the r|2(4e)-alkyne cation [Mo{r|2(4e)-PhC2Ph}{P(OMe)3}2(r|C5 H5)][PF6] (7)+.

A plausible explanation for this result is that the r|2(3e)-vinyl

complex (8) undergoes a one-electron oxidation with [Fe(r|-C5 H5)2 ][PF6], to form the
17e' species (8)** which can then lose a hydrogen atom140,141 to form the cationic
r|2(4e)-alkyne complex (7)+ (Scheme 4.12).
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Scheme 4.12 (i) + [Fe(i1-C5H5) 2][PF6]i -[Fe(Tj-C5H5) 2], - IT.

Consequently, it was the NMR data for the r|2(4e)-alkyne complex (7)+ that
appeared to be identical to the NMR spectra of the novel complex isolated when (8) is
reacted with B(C6 F5 ) 3 in the presence of P(OMe)3 , previously referred to as (91). The
fact that the r|2(4e)-alkyne complex is formed in both reactions and the facility with
which the d4, r|2(3e)-vinyl complex (8) appeared to undergo a one-electron oxidation
with [Fe(r|-C5H5 )2 ][PF6 ], suggested the interesting possibility that it might also

104

undergo electron transfer on treatment with B(C6F5)3. This suggestion, if true began
to pose many questions as to the nature of the reactions of B(C6F5)3, was it possible
that B(C6F5)3 can act as a one electron oxidant? More importantly, why was it only in
the presence of P(OMe)3 that the r|2(4e)-alkyne cation (91)+ [which is equivalent to
(7)+] is generated, whereas in the presence of /BuC=P or CO, the cations (87)+ and
(88)+ are generated respectively.
To clarify these questions, we began to reanalyse all our data. In doing so we
were surprised to find that the NMR spectra indicated the presence of small traces of
the ri2(4e)-alkyne species (91)+ in addition to the main products of the reactions with
rBuC=P and CO. We were therefore initially confused as to how B(C6F5)3, a well
established strong Lewis acid, could bring about a one-electron oxidation.
An insight into the processes involved in these reactions was obtained by
following these reactions by EPR spectroscopy. One equivalent of [Fe(r|-C5H5)2 ][PF6]
was added to a solution of (8) in CH2Cl2/thf (1:2) at 195 K. As the reaction mixture
was allowed to warm from 195 K to 260 K, a well resolved isotropic EPR spectrum
was observed as a doublet of doublet of doublets with Mo satellites [A(!H) 8.0 G,
A(31P!) 23.7 G, A(3,P2) 37.8 G, A(95’97Mo) 17.0 G; giso = 2.011] (Figure 4.6). On
warming to room temperature, the signal collapsed suggesting that the reaction
involved an initial one-electron oxidation to form the 17e‘ radical cation (8)*+, which
was stabilised by significant delocalisation of the spin onto the q 2-vinyl fragment. It
was therefore conceivable that the q2(4e)-alkyne cation (7)+ was generated by H* loss
from the p-carbon of the q 2-vinyl radical cation (8)*+.
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Figure 4.6

EPR Spectrum o f (8 ) + [Fe(rj-CsH5) 2][PF 6].

When this reaction was repeated with the deuterated r|2(3e)-vinyl complex
[Mo{=C(Ph)CDPh}{P(OMe)3}2(Tl-C5 H 5 )]

(8D)

at

260

K

in

CH2C12,

the

corresponding EPR signal was observed (Figure 4.7) as a doublet of doublets with Mo
satellites [A(P!) 23.8 G, A(P2) 37.9 G, A(Mo) 16.9 G; gls0 = 2.011]. Thus, the EPR
data for (8) and (8D) fully support the rationale shown in Scheme 4.11.
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EPR Spectrum o f( 8 D) + [Fe(Tj-C5H 5) 2][PF6].

Interestingly,

when B(C6 Fs) 3

was

added

to

a

solution of (8)

in

CtbCh/dichloroethane at 195 K and the reaction mixture was allowed to warm to 260
K, the EPR spectrum was identical to that observed when [Fefn-CsHs^][PFe] was
added to a solution of (8) (Figure 4.8). In addition to this was a minor unidentified
molybdenum centred radical species, thus implying that B(C6 F5 ) 3 was acting as a oneelectron oxidant. Significantly, there was no evidence for the formation of a boron
centred radical species. When B(C6F5)3 was reacted with the deuterated complex (8D)
in CH2 CI2 , the EPR signal for (8D)** appeared as expected and was stable at 260 K.
This also contained the same minor molybdenum radical species present in (8),+, which
appears as a triplet in the EPR and has a g value of 1.975 (Figure 4.9).
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EPR spectrum o f (8) + B(C6F5) 3 .
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These observations were very surprising as they implied that the
corresponding radical cation (8)*+ could be efficiently generated by using [Fe(r]C5H5)2][PF6] or B(C6F5)3. From the evidence presented for both systems, the most
probable explanation indicated that B(C6F5)3, like [Fe(r|-C5H5)2][PF6] can also act as a
one-electron oxidant. This result was unexpected as, to the best of our knowledge,
there were no reports of B(C6F5)3 acting as a one-electron oxidant, moreover, this
possibility did not seem to have been considered.
In fact, when it is remembered that B(C6F5)3 is isoelectronic to the well-known
one-electron oxidant [CPh3]+, it becomes a very plausible suggestion that B(C6F5)3
should also have the potential to be a one-electron oxidant.

In making a further

analogy, ri2(3e)-vinyls can be viewed as metallacyclopropenes and because of the
isolobal relationship which exists between C H ^M oL 2(rj-C5H5), it can be expected
that they would show reactivity patterns similar to those found with cyclopropenes.
This was confirmed when it was observed that addition of [Ph3C][BF4] to a
solution of (8) exhibited the same signal as was observed when adding [Fe(r|C5H5)2][PF6] and B(C6F5)3. In addition to the signal attributed to the radical cation
(8),+ was the characteristic signal of the Ph3C* radical142 (Figure 4.11). Both signals
disappeared on warming to room temperature and it was interesting that the rate of
disappearance of (8)*+was faster than was observed when this species was generated
from (8) and [Fe(Ti-C5H5)2][PF6] or B(C6F5)3.
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Further support for these suggestions came from both an EHMO calculation
and a Cyclic Voltammogram. An EHMO calculation based on the established bond
parameters for (8), indicated the presence of a metal centred HOMO (32 % d22, 42 %
dxy, 2% (^2 , 4% dyj from which an electron could be easily removed (Figure 4.12).

Il l

HOMO

\

LUMO
Figure 4.12

Representations o f the theoretical HOMO and LUMO orbitals fo r
[Mo{=C(Ph)CHPh} {P(OMe)3} 2 (tj-C5H5)] (8 ).
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The cyclic voltammogram (CV) of (8) in CH2 CI2 at a platinum electrode shows
a reversible oxidation wave at ca. -0.11 V, implying the ready formation of (8)*\
followed by a second wave at ca. 0.1 V (Figure 4.13).
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Figure 4.13

Cyclic voltammogram o f (8).

In view of this it was clearly important to establish whether B(C6 F 5 ) 3 could act
as a one-electron oxidant towards other organometallic compounds and the study was
therefore extended to compounds which were known to undergo one electron transfer
reactions in the presence of suitable oxidants. Hence, the one-electron oxidation of
c/s-[Cr(CO)2 (dppe)2] is known to generate the well characterised 17e' cation trans[Cr(CO)2 (dppe)2 ]-+.143 Evidently, when one equivalent of B(C6 F5 ) 3 was added to a
solution of the d6-complex c/s-[Cr(CO)2 (dppe)2] in toluene at 195 K, a rapid reaction
occurred. On monitoring this reaction by EPR spectroscopy, a well resolved signal
appeared at 260 K in CH2 CI2 . This signal was a 1:4:6:4:1 quintet, [A(31P), 28.5 G, g
value 2.012] which was consistent with literature data [A(31P) 28.6 G, g value
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2.012]143 for /tra«^-[Cr(CO) 2 (dppe)2]*+ (Figure 4.14), thus providing further support
that B(C6F 5)3 can act as a one-electron oxidant.
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Figure 4.14

EPR spectrum o f cis-[Cr(CO)2 (dppe)2] + B(C6Fs)3.

Although the evidence to support the suggestion that B(C6F5)3 can act as a
one-electron oxidant appeared clear, there were still questions that needed to be
answered with respect to the nature of the borane radical once the one-electron
transfer reaction has taken place. In contrast to the reactivity o f (8) with [Ph3C][BF4],
in which the generated trityl radical was seen in the EPR, there was no evidence for a
boron centred radical in the EPR of (8) with B(C6F5)3. However, it was felt that the
conditions for stabilising such a reactive radical species were not possible and that it
was probable that the highly reactive species [B(C6F5)3]*" scavenges traces o f water
from the solvent, generating the known counter anion [HOB(C6F5)3]" and H* (Scheme
4.13).
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B(C6F5)3-

+

[HOB(C6F5)3]'

h 2o

+

H*

Scheme 4.13

This assumption was consistent with all the reactions which have been
reported for B(C6F5)3 in which the borane anions were still unidentified. The anion
[HOB(C6F5)3]' has been characterised previously and is shown to have a nB NMR
resonance at -4.2 ppm.85 As mentioned previously, the reactions of (8) with B(C6F5)3
in the presence of either fBuC=P or CO, both contain two nB NMR resonances that
we were unable to formally identify. However, it is highly likely that the peak at -4.3
ppm can be attributed to [HOB(C6F5)3]' and that at -5.6 ppm to [(C6F5)3B(pOH)B(C6F5)3]', which is generated by further reaction of [HOB(C6F5)3]' with B(C6F5)3
(previously discussed in Chapter Two, Section 2.5).
Thus, it is suggested that the reaction can take two main reaction paths
(Scheme 4.14). As already discussed, the evidence suggests that step one is a one
electron oxidation process generating the radical cation (8),+ and the radical anion
B(C6F5)3*\ It is at this stage when there are two reaction paths, the reason being
because of the highly reactive anion. The radical anion scavenges water, probably
from the solvent, generating the hydroxy anion 'HOB(C6F5)3 and H \ Simultaneous to
this process, the radical cation is undergoing two processes, the first being a H* loss to
generate the 4e' alkyne as seen with [Fe(r|-C5H5)2][PF6] and [Ph3C][BF4]. The second
however, is a radical-radical combination reaction, with the radical cation (8)*+
reacting with H* (generated from *‘B(C6F5)3 + H20 ) to generate the frvms-stilbene
complex (92) (Scheme 4.14).
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This rationale explains why in the reactions of (8) with B(C6F5)3 in the
presence of CO or fBuC=P, the alkyne complex is generated in addition to (88) or
(87).

The 4e* phosphaalkyne complex and the ds-carbonyl complex are both

generated by a stilbene displacement reaction. Therefore, in the case of dBuC=P and
CO, H* addition to (8)*+ is much faster than H* loss thus giving rise to the co-ordinated
/raws-stilbene complex (92). Thus, stilbene displacement reactions predominate over
the formation of the ri2(4e)-alkyne complex (91).
Surprisingly, although the reaction of (8) with B(C6F5)3 in the presence of
P(OMe)3 generated the tetrakis phosphite complex (90) and the r|2(4e)-alkyne
complex (91), only (91) was stable. The formation of (91) can be explained by the
initial one-electron oxidation taking place, however, as the radical cation is produced,
the radical anion reacts with P(OMe)3 in preference to traces of water. This means
that the radical anion forms [MeOB(C6F5)3]* rather than [HOB(C6F5)3]' and in doing
so, hinders the generation of H#. Because there is little or no H* formed, the radicalradical combination reaction between H* and the radical cation (8)*+, and thus, the
formation o f the frvms-stilbene complex (92), is curtailed. Consequently, there is very
little or no competing process between H* loss and H* addition and the radical cation is
forced to lose H*, generating the r|2(4e)-alkyne complex (91) almost exclusively.
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Scheme 4.14 (i) B(C6F5) 3, (ii) -H*, (iii) -FT, (iv) +/T.

It was obviously desirable to try and obtain a crystal structure of an r|2(4e)bonded phosphaalkyne complex and as (85) and (87) were oils the aim was to
investigate the protonation of (8) in the presence of phosphaalkyne using other
protonation sources, with the aim of promoting access to a more crystalline complex.
Therefore, [HNMe2 Ph]+[B(C6 F5 )4 ]\ a source of Y f proved effective in this aim. The
reaction of (8) with [HNMe2 Ph]+[B(C6 F5 )4 ]' in the presence of /BuC=P was carried out
by

Lynam144 and

was

found

to

generate

C5H 5 )]+[B(C6F5 )4 ]' in quantitative yield.
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[Mo(p2-P=QBu){P(OMe)3}2 Cn-

At this time, it was decided to monitor this reaction by EPR spectroscopy to
ensure that straightforward protonation of (8) does not proceed via a one-electron
oxidation reaction. This would provide further evidence that B(C6F5)3 is not just a
large proton and that it can act considerably differently. Unexpectedly, however, this
EPR study also showed that when H+ is added to (8) at low temperature, the same
signal that was seen in the cases of B(C6F5)3, [Fe(rj-C5H5)2][PF6] and [Ph3C][BF4] was
also generated.
This was a significant result as this EPR signal suggested that protonation of
(8) by [HNMe2Ph]+[B(C6F5)4]' proceeded via a one-electron transfer reaction. This
also calls into question whether general protonation reactions result from a single
electron transfer pathway rather than a charge controlled mechanism as is presently
believed.

However, this result also had other implications which concerned the

reactions of B(C6F5)3. If single electron transfer was the favoured process by H+, we
had to be certain that the one electron oxidation was originating from B(C6F5)3 and not
from its hydrolysed counterpart, H[HOB(C6F5)3], which is also a source of H+.
Further efforts were therefore made to solve this problem by a more detailed
analytical study on all of the data. The presence of a signal at +52 ppm in the nB
NMR in the reaction between (8) and B(C6F5)3 in the presence of phosphaalkyne gave
the primary evidence that there remained unreacted B(C6F5)3 in this reaction which
was still intact, i.e. not hydrolysed. Secondly, we began to realise that it was only in
the cases where B(C6F5)3 had been employed as the oxidant towards (8) that we had
the emergence of two products, the q 2(4e)-alkyne complex (91) and the stilbene
complex (92).

In contrast, the reactions that used [Fe(r|-C5H5)2] or [Ph3C][BF4]
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generated (91) only and from the experiment using [HNMe2Ph]+[B(C6F5)4]' and (8),
only the toms-stilbene complex (92) was obtained.
Therefore, this evidence suggested that the formation of the two products
derived from a competitive reaction path, i.e. (91) is not an intermediate to the
formation of (92) and vice versa. However, the interesting observation that B(C6F5)3
demonstrates a duality with respect to the other one-electron oxidants gave us an
insight to the problem. In order to propose a plausible explanation, a mechanism has
been depicted in Scheme 4.15 which suggests a stepwise pathway for the formation of
both (91) and (92) and therefore complexes (87), (88) and (90).
Scheme 4.15 depicts three possible routes: route 1 = (i) -» (iii), route 2 = (i) —»
(iv) and route 3 = (i) or (ii) —> (v). Interestingly, the common factor through out each
reaction path is that they all generate the radical cation fragment (8)** as the initial
step. The reaction paths are then dependent upon two conditions: firstly, whether we
are using B(C6F5)3 or its hydrolysed counterpart H[HOB(C6F5)3] and secondly,
whether the reaction conditions e.g. solvents are totally anhydrous or contaminated
with traces of H20 .
Route 1 can only be followed by using B(C6F5)3 in conjunction with P(OMe)3.
The r|2(4e)-alkyne complex (91) is generated by the one-electron oxidation of (8) by
B(C6F5)3, followed by the reaction of the radical anion “B(C6F5)3 with P(OMe)3. The
radical cation is forced to stabilise itself by losing H# as the radical anion combines
with P(OMe)3 to form [MeOB(C6F5)3]\
The mechanistic pathway of route 2 can only be obtained by using B(C6F5)3
under completely anhydrous reaction conditions. In an earlier discussion we pointed
out the isoelectronic relationship between [CPh3]+ and B(C6F5)3. Theoretically, this
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could imply that under the right reaction conditions, *'B(C6 F 5)3 could also abstract H*
from the radical cation (S)**, generating the r)2(4e)-alkyne cation (91)+ and
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Scheme 4.15 (i) B(CeF'5) 3, (ii) H[HOB(C6F5) 3 ], (Hi) P(OMe)3, (iv) anhydrous
conditions, (v) traces o f H2 O, (vi) tBuC=P, (vii) CO, (viii) P(OMe)3 .
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Experimentally, [HB(C6F5)3]' has never been identified as the major counter
anion in any of the experiments where B(C6F5)3has been used, however, a minor peak
in the 11B-{1H} NMR at -17.4 ppm (in the reaction between (8) and B(C6F5)3 in the
presence of CO) correlates to the generation of [HB(C6F5)3]' in small yield. Therefore,
it can be suggested that under ideal reaction conditions, the reaction between (8) and
B(C6F5)3 would generate (91)+ and [HB(C6F5)3]‘ in quantitative yield.
Route 3 can be followed by using either B(C6F5)3 or H[HOB(C6F5)3]. Initially,
this is true as the EPR data imply that both reagents can act as one-electron oxidants.
However, to generate the co-ordinated fraws-stilbene complex involves either the
radical anion *’B(C6F5)3 reacting with H20 , generating a source of H* which combines
with (8),+ to form the stilbene complex (92) or the radical anion *'H[HOB(C6F5)3]
which reacts with (8)*+ to also form (92). In the presence of reagents such as fBuC=P,
CO and P(OMe)3, stilbene can be displaced creating the complexes (87), (88) and (90)
[Scheme 4.15 (vi)-(viii)].
Therefore, we suggest that the reason why (91) and (92) can both be generated
is due to a combination of routes 1-3. In particular, the reactions that were carried out
in the presence of CO and /BuC=P clearly established by NMR studies that the
counter-anions [HB(C6F5)3]\ [HOB(C6F5)3]' and [(C6F5)3B(p-OH)B(C6F5)3]‘ were all
produced in varying yields. This is a subtle indication that the formation of these
anions are co-dependent upon the reaction conditions as the hydrolysis of B(C6F5)3 to
H[HOB(C6F5)3] and the amount of trace H20 in the solvent or glassware will vary
significantly in each reaction. We conclude that these are the reasons why we suggest
that B(C6F5)3 can act as a one-electron oxidant and why, with respect to other
established one-electron oxidants, B(C6F5)3 can display a duality.
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The only experiment that we are uncertain about is the low temperature NMR
study concerning the addition o f B(C6 F5 ) 3 to (8) at -78 °C.

The NMR spectra

(Figures 4.3 and 4.4) appear to be dynamic and upon raising the temperature from -78
°C to room temperature there is evidence to suggest the formation o f kinetic and
thermodynamic isomers, which we had previously explained in terms of cis- and transisomers o f (F5C6 )3 BCPh=CPhH, the essential feature being that the kinetic isomer is
unstable. Our original thoughts on this study was that H* reacts with (8)* to initially
form co-ordinated cw-stilbene. One could argue that this dynamic process could be
caused by one end o f the co-ordinated cw-stilbene turning through an angle o f 180 °,
generating the /nms-stilbene complex (92) (Scheme 4.16).

This process is

energetically favourable when it is considered that the co-ordinated alkene can slip
from r]2—> rj1which facilitates the isomerisation process.145
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Scheme 4.16 (i) -78 °C -> +25°C (where [Mo] = [Mo{P(OMe)3}i(n-C5Hs)]).

However, we have found that all six o-fluorines, all six w-fluorines and all three
/7-fluorines present in the B(C6F5)3 residue also undergo the mutual interconversion
(Figure 4.4) This could indicate that the [HOB(C6 F5)3 ]' does not act as an innocent
anion and as the cis/trans-stilbene complexes are co-ordinatively unsaturated, there is a
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vacant co-ordination site available at the metal to which the anion could co-ordinate
(Scheme 4.17). This would be in analogy to the work o f Puddephat60 who reported
that [HOB(C6 F5) 3 ]’ co-ordinates to [PtMe(bu2bpy)]+ through the oxygen atom
(Chapter 2 Scheme 2.15).
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Ph
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+25°C

(where[Mo] = [Mo(P(OMe)

A third explanation for this dynamic process is that H* reacts with the
molybdenum metal centre rather than the vinyl ligand, hence generating the metal
hydride complex [Mo{=C(Ph)CHPh}H{P(OMe)3}2(Ti-C5H5)]+[HOB(C6F5)3]'.

This

can then rearrange to the rran^-stilbene complex by migration o f the hydrogen from the
metal onto the a-carbon o f the r|2(3e)-vinyl ligand (Scheme 4.18).

[Mo]
(i)

H— [Mo]

Ph
H

+

H
Ph

Scheme 4.18 (i) -7 8 ° C -> +25°C (where [Mo] = [MofP(OMe)3} 2 (Tj-C5H5)]).

This kinetic/thermodynamic transformation is currently being investigated as
more

information is required to determine whether the kinetic isomer is the cis-
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stilbene complex or the hydride complex.

This may potentially lead to a better

understanding of the sequence of steps followed by the reactivity of H* and H+
towards r|2(3e)-vinyl complexes.

4.3

Coupling Reactions of Phosphaalkynes and Alkynes in the Co
ordination Sphere of a Metal
Complexes containing r|2-bonded phosphaalkyne ligands, in particular 2e'

donor ligands, are now well established. However, studies dealing with the coupling
reactivity of these species towards /BuC=P and alkynes have lead to a variety of
different products. These reactions range from dimerisations (head to head and head
to tail) of phosphaalkynes in the co-ordination sphere of a transition metal to the
coupling

of phosphaalkynes

and

alkynes

to

generate

metallacyclopentadienes and mono-phosphacyclobutadienes.

a

wide

range

of

The most noteworthy

feature of these products has been the investigation into their formation in which it
has proven extremely difficult to provide clear cut evidence for the mechanisms
involved.
Bauers133 found that when one equivalent of /BuC=P was added to (85) and
stirred for 3 days, the 1,3-diphosphacyclobutadiene complex (93) was obtained in 48
% yield.

The proposed mechanism for this was that (85) undergoes a switch in

bonding mode of the co-ordinated /BuC=P [r|2(4e)->r|2(2e)] so as to accommodate a
second r|2(2e)-bonded phosphaalkyne. Head to tail coupling of the r|2(2e)-bonded
phosphaalkynes takes place to form the metallacyclopentadienes which is followed by
reductive elimination to generate the 1,3-diphosphacyclobutadiene ring (Scheme
4.19). This mechanism has been reported to account for a large majority of the 1,3diphosphacyclobutadiene ring systems as it has the analogy with the reaction
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sequence for the oxidative coupling of two alkynes in the formation of
cyclobutadiene.146,147

P

Scheme 4.19

(i) tBuC=P, toluene, 25 °C, 3 d, (ii) reductive elimination (where LTL
= [(MeO)2POBF2OP(OMe)J).

The introduction to this chapter remarked on how the electron density of the
transition metal had a considerable effect on the metal mediated coupling of two
phosphaalkyne ligands. A recent paper by Creve148and co-workers has addressed the
puzzling issue about the formation of phosphaalkyne dimers by using density
functional theory calculations. Surprisingly, their findings shed new light upon the
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reaction pathway of diphosphacyclobutadienes and introduces the theory that other,
novel reaction intermediates could be involved.
The study revealed that there are several possible routes which can lead from
the bis(7i-phosphaalkyne) to the diphosphacyclobutadiene

complexes.

The

computational study was carried out on free diphosphacyclobutadiene species and
then on various representative metal complexes. As expected, it was found that in
some

metal

complexes

such

as

[Ti {rj4-P2C2(^Bu)2}COT],

the

diphosphacyclopentadiene complex is the most probable reaction intermediate.
However, by changing the metal complex to [Co{r|4-P2C2(fl3u)2}(r|-C5H5)], the
complex 1-cobaltadiphosphacyclopentadiene has a relatively high energy content
which means it is highly unlikely that it acts as a reaction intermediate. In contrast to
experimental observations, an unknown species described as a tilted

1,3-

diphosphabicyclobutanediyl ligand, is energetically more favourable.
These results postulate that the oxidative coupling of two phosphaalkynes in
the co-ordination sphere of a metal is influenced by both the electron density and the
regiochemistry of the metal complex. Therefore, this paper gives more insight as to
why some diphosphacyclobutadienes are formed via head-to-head coupling and others
head-to-tail and also, that it is not possible to generalise on the mechanistic pathway
of the formation of diphosphacyclobutadienes.
Although we had planned to investigate the reactivity of (87) towards /BuC=P
so as to generate [Mo{r|4-P2C2(/Bu)2} {P(OMe)3}2(r|-C5H5)]+, we found that the rj2(3e)vinyl complex [Mo{=C(Ph)CHMe}{P(OMe)3}2(ri5-C9H7)] (94) reacts with B(C6F5)3 in
the

presence

of

one

equivalent

of

/BuC=P

to

generate

the

1,3-

diphosphacyclobutadiene complex [Mo{r|4-P2C2(fBu)2}{P(OMe)3}2(r|5-C9H7)]+ (95)+
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in 42 % yield. Although this was surprising, indenyl complexes are known to react
much faster than their cyclopentadienyl analogues,149 which would therefore promote
access to the rj4-diphosphacyclobutadiene complex rather than the r|2(4e)phosphaalkyne complex (Scheme 4.20).

Me
(MeO)3P'" y
(MeO)3P

ill

Mo

(MeO)3P
(MeO)3P

H

tBu

Ph
(94)

(95)

Scheme 4.20 (i) B(C6F J 3>tBuC=P.

The characterisation of (95) was accomplished by NMR spectroscopy and the
resonances were similar to those found for the diphosphacyclobutadiene complex
(93).

The

31P-{1H}

NMR

spectrum

shows

two

singlets

for

the

diphosphacyclobutadiene ligand at 67.1 and 65.7 ppm [(93) = 56.5 and 51.1 ppm] and
a singlet for the two phosphite ligands at 160.0 ppm [(93) = 151.7 ppm]. In analogy
to (93), the te/7-butyl protons are chemically equivalent but the ring exhibits two
different resonances for the phosphorus atoms suggesting that the ring is not rotating
but

spanning

a

plane

of symmetry.

The

13C-{]H}

resonance

of the

diphosphacyclobutadiene carbon atoms was observed as an apparent triplet at 97.7
ppm [J(CP) = 54.3 Hz]. The signals for the ring carbons are expected to be split into
an apparent triplet due to coupling with the two inequivalent phosphorus atoms as was
also reported for the system [Co(q4-P2C2(/Bu)2)(r|5-C9H7)] at 109.6 ppm [J(CP) 54.4 =
Hz].150
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Unlike the well reported dimerization of phosphaalkynes in the co-ordination
sphere of transition metal complexes to produce diphosphacyclobutadienes, reports of
cooligomerizations between phosphaalkynes and other unsaturated systems such as
alkynes, however, are very rare. A report by Binger151 found that the rhodium r|4monophosphacyclobutadiene complex (97) can be afforded in high yield when one
molecule of fBuC=P is refluxed with (96) in thf (Scheme 4.21).

Rh

Ph

(0

z'Pr,

Rh
iP r,F

A
/ V - 'X
p;
c — vb.

Q

C

Ph

\

(96)

(97)

Ph

Scheme 4.21 (i) tBuC=P.

As is shown in Scheme 4.21, the phosphaalkyne and alkyne ligands couple to
form the monophosphacyclobutadiene ring.

It therefore, seemed feasible that the

r)2(4e)-phosphaalkyne complex (87) could react with an alkyne to also form a rj4monophosphacyclobutadiene complex. Therefore, complex (87) was treated with an
excess of but-2-yne and left in an NMR tube at room temperature. Over a period of
two weeks there was a progressive colour change (blue -» red) and a dramatic change
in the 31P-{1H) NMR spectrum as the features characteristic for the metal complex
(87) slowly disappeared and were replaced by a new set of resonances, indicative of
the formation of a novel product.
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The characterisation of this novel compound (98) was accomplished by NMR
spectroscopy, which revealed that the compound possibly contained a l-metalla-3monophosphacyclopentatrienyl unit, which must have been formed by a P-C coupling
of the diphenylacetylene and phosphaalkyne ligands (Scheme 4.22). The appearance
in the ^C-^H } NMR of two low field resonances at 224.6 and 175.3 ppm suggested
that two carbons were bound to the molybdenum metal centre. The other carbon
signal attributed to the cyclopentatrienyl unit was found as a doublet of doublets at
143.0 ppm [J(CP) = 67.9 Hz, J(CP) = 20.4 Hz]. It was suggested that the large
coupling is attributed to the phosphorus atom directly bonded through the P-C double
bond and the smaller coupling to the phosphorus of the P(OMe)3 ligand lying trans to
the P-C bond. Consistent with this structure was the ^P-^H } spectrum where three
singlets of equal intensity were detected at 181.0, 159.8 and 134.8 ppm. Due to the
fact that the phosphite ligands are inequivalent it is impossible to assign which
phosphorus resonance is that of the cyclopentatrienyl unit, especially since chemical
shifts attributed to both phosphite and phosphaalkene moities can typically fall within
this range.

(M eO h P '^ yA°

(MeO)3P
(MeO)3p'

II

(MeO)3P

(98)

(87)

Scheme 4.22 (i) M e C ^ e , rt, 2 weeks.
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As the time taken for this transformation to take place was two weeks, it is
possible that complex (98) is an intermediate for the r|4-monophosphacyclobutadiene
complex and that over a longer period of time reductive elimination could occur to
facilitate this.

Unfortunately, complex (98) could not be studied by an X-ray

diffraction study and further work is currently being undertaken to obtain structural
evidence for the proposed complex. However, detailed analysis of the NMR spectra
provided

good

evidence

for

the

structure

of

the

l-metalla-3-

monophosphacyclopentatrienyl unit, the most interesting feature being how it is the
carbon of the phosphaalkyne that is co-ordinated to the molybdenum and not the
phosphorus.

4.4

Conclusion
In summary, the work discussed in this chapter has further developed the idea

that r|2(4e)-phosphaalkyne complexes can be accessed by using r|2(3e)-vinyl
complexes as precursors. In accordance with other r)2-bound phosphaalkyne ligands,
preliminary studies revealed that (87) readily couples with unsaturated ligands
affording diphosphacyclobutadienyl and monophosphacyclopentatrienyl type ligands.
More importantly, we have shown that the reactivity of the r|2(3e)-vinyl
complex (8) towards one-electron oxidants is a rich source for further investigation, in
particular, by the finding that B(C6F5)3 can act as a one-electron oxidant. At the onset
of these findings, there was no other evidence to suggest that B(C6F5)3 has ever been
considered as a one-electron oxidant.

However, a recent report by Norton152 has

carried out similar work, which suggests that B(C6F5)3 is a possible one-electron
oxidant.
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We believe, therefore, that it is clearly possible that other organometallic
species can undergo one-electron oxidation on treatment with B(C6F5)3 and also, we
have shown, probably contrary to what most chemists think, that single electron
transfer reactions could also be the driving force behind many other established
reactions. Hence, the possibility that H+ can also effect single electron transfer must
also be considered.

131

CHAPTER FIVE
REACTIVITY OF t ] 2(2e)PHOSPHAALKYNE COMPLEXES
OF PLATINUM
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5.1

Introduction
The first transition metal phosphaalkyne complex to be reported was

[Pt(PPh3)2(/BuC=P)] (86) back in 1981.115 Since then there has been a vast expansion
into the synthesis and reactivity of phosphaalkyne complexes and the reactivity of
(86) with complexes such as Pd(PPh3)4 to form the unusual pentametallic cluster
[Pd2Pt3(PPh3)5(fBuC=P)3], is a good example of both the phosphaalkyne P=C bond
and the phosphorus lone pair electrons being used in bonding.153
This chapter reports on the investigation of the behaviour of (86) and the
analogous novel complex [Pt(dppf)(/BuC=P)] (99) towards electrophilic attack. The
first approach involved reacting (86) or (99) with dimethyl dioxirane (DMD), a
valuable

reagent

in

organometallic

chemistry

for

performing

oxidative

transformations. Secondly, with the insight gained from Chapter Four on B(C6F5)3,
the aim was to extend this work to complex (86). This chapter extends current work
with phosphaalkyne systems and describes synthetic and reactivity studies.

C

C

P t—

Fe

P t—

p

Ph3P

p

(99)

(86)

Figure 5.1
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5.2

Reactivity of [Pt(ri2-fB uO P )(L )2] [where L = (PPh3)2, (PMe3)2 or (dppf)]
towards DMD
The idea for this research was initiated by recent work carried out within the

group. Following the work of Bauers133 into the synthesis of ri2(4e)-phosphaalkyne
complexes it was hoped that these investigations could be extended to rhenium
chemistry. Protonation of the rj2(3e)-vinyl complex [Re{=C(Ph)CHPh}Br(PPh3)(r|C5H5)] (100) by HBF4.Et20 in the presence of diphenylacetylene was carried out by
Carr154,155 and was shown to afford frms-stilbene and a cationic complex which was
identified as being [Re(ri2(4e)-PhC2Ph)Br(PPh3)(ri-C5H5)][BF4] (101) (Scheme 5.1).
However, there was evidence to suggest that there were trace amounts of another
product which was identified by X-ray crystallography as being the dicationic, oxygen
bridged species [Re2Br2(PPh3)2(p-0)(r|-C5H5)2][BF4]2 (102) (Scheme 5.1).
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Re

Re

Ph

PPh
PPh( 100)

00
v

Re

Br

PPh

Ph

( 101)

Scheme 5.1

(i) HBF4.Et20, - trans-stilbene, (ii) HBF4.Et20 + PhCJPh, - trans
stilbene.

Further insight into the formation of (102) was provided when (100) was
treated with HBF4.Et20 , in the absence of diphenylacetylene, as the oxygen-bridged
species was formed, in a yield of 68 % and was the only rhenium-containing species
isolated from the reaction. These results led to the suggestion that protonation of
(100) by HBF4.Et20 initially generates co-ordinated /nms-stilbene to give a thermally
unstable 16e' complex.

In the presence of diphenylacetylene, trans-stilbene is

displaced to afford the mononuclear complex (101), however, it appeared that in the
absence of diphenylacetylene, /raws-stilbene is displaced by a source of O2' to afford
the dinuclear complex (102). The source of O2' possibly originates from traces of
water in the solvent or the HBF4.Et20 .
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It was anticipated, therefore, that when (100) is treated with HBF4.Et20 in the
presence of rBuC=P, the r|2(4e)-phosphaalkyne complex [Re(/BuC=P)Br(PPh3)(r|C5H5)][BF4] would be formed as /BuC=P would be able to displace the co-ordinated
stilbene.

Surprisingly, the product of the reaction was a green neutral solid and

although spectroscopic data from NMR indicated that the r|2(3e)-vinyl group had
disappeared there was no indication that the product contained the r|2(4e)-bonded
phosphaalkyne ligand. An X-ray diffraction study indicated that the phosphaalkyne
was bound to the rhenium in a phospha-r|2(3e)-vinyl group fashion and the
phosphorus was also co-ordinated to a proton and a F3B '0 ligand.

Of particular

interest was the P-C bond length which was significantly shorter than a typical P-C
single bond which suggested that there was multiple bond contribution from the
canonical form, which contains the r|2(4e)-bonded ^-phosphaalkyne (F3B)'OP(H)=CrBu (103) (Scheme 5.2).
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Br

tBu
PPh
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Scheme 5.2

(i) HBF4.Et20 + tBuC=P.

The fact that the oxidation state of the phosphorus had been promoted from
P(III) to P(V) was very unexpected, especially since this included the co-ordination of
BF30 \

From the experiments shown in Scheme 5.1 it was possible to rationalise

these results.

Firstly, protonation of (100) in the absence of added substrates

generates the co-ordinated fraws-stilbene complex which is rapidly oxidised to an
unsaturated rhenium-oxo compound which, in the case of (102) can be captured by the
stilbene complex. However, in the presence of fBuC=P, the unsaturated rhenium-oxo
compound undergoes a reaction through transfer of the oxygen from the rhenium
metal centre onto the phosphorus. The subsequent bonding of the BF3 and hydrogen
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atom originate from the HBF4.Et20 and it is therefore possible that this is the source
of the oxygen.
In an effort to extend this work, our objective was to elaborate on this idea of
functionalisation by accessing the chemistry of X,5-phosphaalkynes through the
transfer of oxygen onto the phosphorus centre of an rf-bound phosphaalkyne
complex. As shown in Chapter 4 Scheme 4.1, the phosphorus lone pair within co
ordinated phosphaalkyne complexes is easily utilised for co-ordination with other
metal centres, so it was interesting to determine how facile co-ordination with oxygen
would be.
It was decided as a preliminary investigation to examine the reactivity of (86)
towards a suitable oxidising agent. The r|2(2e)-phosphaalkyne platinum complex is
readily available from the reaction of [Pt(rj2-C2H4)(PPh3)2 ] with rBuC=P115, however,
choosing an appropriate oxidising agent was very important. The main concern was
in finding a relatively sensitive oxidising reagent that would work under mild
conditions and would not fragment the platinum complex (86).
The idea of using DMD as a possible oxidant was adopted after a report by
Schenk155 who described DMD as having the ability to act as a mild electrophilic
oxygen transfer reagent. This report identified how DMD had contributed in a novel
stereoselective synthesis of chiral sulfoxides via oxidation of Ru-coordinated
thioethers. DMD proved successful as it generated better yields and enantioselectivity
compared to other previous attempts.
The oxidation of metal-coordinated thioethers with DMD occurs in three
stages (Scheme 5.3): firstly, the co-ordination of a prochiral thioether to an
enantiomerically pure transition metal complex which is, secondly, followed by the
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oxidation of the metal co-ordinated thioether by DMD.

Finally, subsequent

decomplexation of the sulfoxides is obtained by reaction of the metal complex with
Nal.

(0

(105)

(104)

(ii)

(106)

Scheme 5.3

(i)DMD,(ii) N al

The reason why the enantiomeric purity of these sulphoxides significantly
improved by using DMD is due to the high diastereoselectivity of the oxygen transfer.
When the sulphoxides are diastereoisomers, they exist as three rotamers.

The

energetically favourable rotamer occurs when the two sulphur substituents are
oriented towards the cyclopentadienyl ring, allowing the sulphur lone pair to be
protected by the chelating phosphine.157'159 This suggests that it is one of the two high
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energy rotamers that the oxygen atom preferentially transfers onto. Therefore, the
diastereoselectivity of the oxidation is dependent upon the difference in energy of the
two remaining rotamers.
The only problem encountered with using DMD was that it had the capability
to release ligands present in transition metal complexes. For example, it had been
reported

that

addition of

DMD

under

mild

conditions

to

arene

tricarbonylchromium(O) compounds resulted in the liberation of the organic ligand
(Scheme 5.4).160 Therefore, it was uncertain whether DMD would be an effective
oxygen transfer reagent towards complex (86) as it was possible that it could result in
fragmentation.

R

R

(CO)3Cr

Scheme 5.4

(i) DMD.

The reaction was carried out by slowly adding a freshly prepared solution of
DMD to a suspension of (86) in acetone at -78 °C. As the mixture was allowed to
warm to room temperature there was a noticeable progressive colour change. At room
temperature, the volatiles were removed in vacuo and the solid was extracted with
CH2C12 and filtered through a Celite pad. Recrystallisation from CH2C12 and hexane
resulted in the precipitation of a fine yellow powder (107).
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Characterisation of the powder by IR revealed that the spectra exhibited a band
at 1090 cm '1 which is typical of a P=0 stretch.

The 3lP-{'H} NMR spectrum

exhibited three phosphorus signals, the first was observed at 38.8 ppm [c/(PtP) = 322
Hz], the second at 22.9 ppm [J(PP) = 13.4 Hz, J(PtP) = 1998.7 Hz] and the third at
14.0 ppm [J(PP) = 13.3 Hz, J(PP) = 6.7 Hz, J(PtP) = 4748.7 Hz] (Figure 5.2).

ppm
- 1—

i

-10
Figure 5.2

31P-{lH} NMR o f (107).

It was interesting to compare the magnitude of the J(PtP) coupling constants
and particularly significant in this sense was the J(PtP) value o f 4748.7 Hz which
suggested that there was nothing directly bonded to the platinum trans to P1.161
Therefore, our initial thoughts on the structure of the complex derived from NMR and
IR spectroscopy was that the complex adopted a carbene-type structure with a double
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bond between the platinum and the carbon. The phosphorus was bound to a single
oxygen atom via a double bond (Figure 5.3).

p h3R

/

tBu

cl

P = 0

Ph3
(A)
Figure 5.3

However,

after

further

characterisation through

high-resolution mass

spectroscopy, the m/z at 869 suggested that the complex may have incorporated more
than one oxygen atom. A second structure was proposed which was consistent with
the data obtained from NMR, IR and mass spectroscopy. The structure was now
proposed to exhibit a zwitterionic carbene-type structure where the phosphorus of the
phosphaalkyne is pentavalent (107).

(107)
Figure 5.4

After long consideration we believe that on addition of the DMD to the
phosphaalkyne complex (86), there is an instantaneous reaction in which an oxygen
atom is co-ordinated to the phosphorus atom via its lone pair (Scheme 5.5). There is a
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possibility of two structures that the complex can adopt at this stage. However, it is
more conceivable that the structure initially forms the penta-valent structure which
then quickly rearranges to the tri-valent species in which the phosphorus regains its
lone pair.
From the evidence supported by mass spectroscopy we know that the tri-valent
structure is only an intermediate and we recognise that it is a highly reactive species
due to its lone pair of electrons. It has been reported that oxophosphines, a 2r|3-P (two
co-ordinate) have been characterised with a high degree of reactivity and at this time
no oxophosphine is known to be stable at room temperature.162 However, from
various spectroscopic techniques it is certain that these two co-ordinate compounds do
exist. For example, a number of reactions are suspected to involve elimination of an
oxophosphine, but this has not yet been proved with trapping reactions. It is assumed
that they are so reactive, traces of water found in the solvent would be more than
adequate to transform them into a stable species.

The species H-P=0 has been

generated by flash photolysis, but other species such as H 0 0 -P = 0 were also detected
which gave reason to believe that the oxophosphine was very reactive towards
water.163
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Therefore, instantaneously the oxophosphine picks up a molecule of water.
The origin of the water is most probably from the DMD as its synthesis requires water
and although it is dried before use over molecular sieves, the oxophosphine only
requires a trace amount to react. It is then possible that as a tri-valent phosphorus
complex, it is still susceptible to oxidation via the lone pair of electrons on the
phosphorus. The final steps of the reaction are that another molecule of DMD reacts
with the intermediate [Pt{=C(fBu)P(OH)2}(PPh3)2] by transfer of an oxygen atom
onto the phosphorus to generate the intermediate [Pt {=C(/Bu)P(0H)2= 0 }(PPh3)J (A)
which

loses

H

to

generate

the

zwitterionic

metal

carbene

[Pt=C(fBu)P(0H)(0)=0(PPh3)2] (107).
However, an alternative structure to the zwitterion is the structure shown
below in Figure 5.5. In this case, the carbon of the phosphaalkyne is not a carbene
which is more consistent with the ^C-^H} NMR data. Both structures are possible
and this area of work requires further study to determine the structure.
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Figure 5.5

Unfortunately, although the complex is crystalline, crystals grown of the
complex have not been good enough to diffract. So although we have been
unsuccessful in identifying the structure crystallographically we feel that the
spectroscopic evidence fully supports the proposed mechanism. The end result also
accords with our aim, with the oxidation state of the phosphorus increasing from
P(III) to P(V). To conclude, in the case we have reported, oxidation has triggered a
remarkable new reaction.
To extend this investigation, we decided to look at analogous platinum
phosphaalkyne complexes, in particular those which contained chelated phosphines.
Firstly, addition of one molar equivalent of fBuC=P to a solution of [Pt(r|2C2H4)(dppf)] in CH2C12 at room temperature resulted in the formation of a bright
yellow solution. After one hour the volatiles were removed in vacuo which afforded a
good yield of a bright yellow powder which was identified as [Pt(rj2-®uC=P)(dppf)]
(99).
Complex (99) was characterised by NMR and mass spectroscopy and was
identified by means of the 3,P resonance at 80.1 ppm characteristic of other [Pt(r|2-

rBuC=P)(PR3)2] complexes. An interesting feature concerning the 31P NMR spectrum
for complex (99) was that unlike complex (86) where the signals attributed to the
phosphine moieties resonate as two sets of doublet of doublets, the phosphine
moieties resonated as an apparent triplet at 23.1 ppm.

However, this resonance

exhibited two sets of platinum satellites which indicated that the triplet was actually
two apparent triplets that were coincident with each other 23.1 ppm [/(PP) = 26.9 Hz,
/ ( PtP) = 3642.0 Hz] and 23.1 ppm [/(PP) = 16.8 Hz, / ( PtP), 3192.6 Hz].
A freshly prepared solution of DMD was added to (99) in CH2C12 at -78 °C.
On reaching ambient temperature, the volatiles were removed in vacuo and the solid
was extracted with CH2C12 and filtered through Celite. Recrystallisation from CH2C12
and hexane resulted in the precipitation of a bright yellow powder which was
characterised

as

being

the

[Pt{=C(tBu)P(OH)(0)=0}(dppf)] (108).

zwitterionic

carbene

complex

The 31P NMR signals were analogous to

those exhibited for complex (107) i.e 39.6 ppm [/(PtP) = 311.9 Hz], 21.0 ppm [/(PP)
= 16.8 Hz, /(PtP) = 2107.7 Hz] and 12.5 ppm [/(PP) = 16.7 Hz, /(PP) = 6.7 Hz,
/(PtP) = 4732.7 Hz].
However, when the reaction is carried out with the PMe3 system [Pt(r|2rBuC=P)(PMe3)2] the reaction does not work and we assume that the DMD
fragmented the complex. This can be explained in terms of steric and electronic
effects of the complexed phosphines.

It is generally accepted that the structural

characteristic of a phosphine in a complex is its cone angle which can influence the
structure and reactivity of the complexes.164 Generally, the bigger the cone angle of
the phosphine, the bigger the steric bulk of the co-ordinated phosphine. Therefore,
when these complexes are reacted with reagents like DMD, the steric bulk of the
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phosphine can offer a degree of stability which can protect the metal and hence the
molecule from fragmentation.
Measured cone angles have calculated the value for PMe3 to be 123° and for
PPh3 to be 150°,165 a significant larger cone angle in the case of triphenylphosphine.
Therefore, we can put forward the assumption that in the systems which contain the
phosphines PPh3 and dppf, the directed approach of the DMD to the P3 is aided by the
steric bulk of the phosphine ligands. In the case of the system containing PMe3, the
steric bulk of the phosphine is much smaller and is not enough to sterically guide the
DMD to the P3, driving the reaction pathway to the fragmentation of complex.

5.3

Reactivity of [Pt(r|2-*BuC=P)(PPh3)2] (86) towards B(C6F5)3
Our interest in the chemistry of B(C6F5)3 led us to investigate its reactivity

towards the platinum complex (86).

We wondered whether the B(C6F5)3 would

interact with the phosphorus lone pair causing the phosphaalkyne ligand to rearrange.
The reaction was carried out by adding a dropwise solution of B(C6F5)3 in CH2C12 to
(86) at -78 °C. An instantaneous colour change in the reaction mixture indicated that
a reaction had taken place, and as the solution was allowed to warm to room
temperature, there was a further progressive colour change of the solution. After 2 hr
at ambient temperature, the solvents were removed in vacuo, leaving a purple oily
residue.
The 3,P-{1H} NMR spectrum of the oil was messy, however, it was possible to
identify two main resonances, the first being an apparent triplet at 185.7 ppm [/(PP)
=19.9 Hz, /(PtP) 135.9 Hz]. The second resonance appeared to be a triplet at 20.7
ppm [/(PP) =35.6 Hz]. However, it was obvious due to the sharp 31P resonances that
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there was no phosphorus-boron interaction and the 11 B NMR spectrum exhibited one
broad peak at -4.4 ppm which from previous knowledge, indicated that the B(C6F5)3
could have hydrolysed.
It was decided to carry out the reaction and monitor it by NMR as the
temperature was increased from -78 °C —» 20 °C. Examination of the 31P-{,H} NMR
spectrum at -78 °C exhibited a broad resonance at 130 ppm, characteristic of a
phosphorus-boron interaction.

As the temperature was elevated to -50 °C, there

appeared more resonances including signals at 185.7 and 168.3 ppm, both of which
appeared to have splitting although it was not possible to resolve it. There was also
the appearance o f a multiple set of resonances between 21.0 and 17.3 ppm. At -25 °C,
it became evident that the signals at 168.3 and 130.0 ppm had disappeared and it was
possible to detect that the resonance at 185.7 ppm was a doublet of doublets. It was
also possible to detect that the multiplet signals between 21.0 and 17.3 ppm were two
sets of apparent triplets. When the temperature was raised to room temperature, the
spectrum exhibited a doublet of doublets at 185.7 ppm [./(PP) = 24.1 Hz, J(PP) = 13.9
Hz and ./(PtP) = 134.8 Hz], and two sets of apparent triplets at 22.8 ppm [./(PP) = 16.5
Hz] and 22.5 ppm [J(PP) = 20.3 Hz].
It appeared that the low temperature NMR study was important as it revealed
that on initial reaction with (86), B(C6F5)3 reacted to form a P-B(C6F5)3 interaction,
which means that initially the borane was not hydrolysed.

However, it becomes

evident that as the temperature was raised, this interaction breaks down. Also, another
interesting feature was at -25 °C where there are two similar resonances at 168.3 and
185.7 ppm, which it seems could indicate the presence of kinetic and thermodynamic
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isomers as the disappearance of the peak at 168.3 ppm is in conjuction with the
increase in intensity of the peak at 185.7 ppm.
In trying to determine the structure of this novel compound it was interesting
that the low value of J(PtP) resembled that of the starting material [Pt(rj2fBuC=P)(PPh3)2], in which the phosphorus of the r|2-/BuC=P is found at 81.2 ppm
[J(PtP) = 62.0 Hz].
From these NMR studies we propose that the first step of the reaction is an
interaction between B(C6F5)3 and (86) via a phosphorus dative bond (Scheme 5.6).
This can then rearrange into the phosphaalkene type structure (A). Due to the final
product containing a single resonance in the nB NMR spectrum at -4.4, we believe
that the B(C6F5)3 slowly begins to react with traces of water, resulting in the
displacement of the B(C6F5)3 from the phosphorus by H+ to form (109), which is
stabilised by the anion [HOB(C6F5)3]\ As (109) is a 14 e' species it is possible that
there is electronic stability facilitated by the phosphorus lone pair within (E)-(109)
and from a p-agostic interaction within (Z)-(109).
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(i) B(C6F5) 3, (ii) H20.

The final product is interesting 21s it contains a phosphaalkene. Recent work by
Weber165 has reported on the synthesis of various phosphaalkenyl complexes, some of
which are similar to our proposed structure where it is the carbon of the
phosphaalkene which is co-ordinated to the metal. Scheme 5.7 illustrates the synthesis
o f a phosphaalkenylrhenium complex which was synthesised by the nucleophilic
addition o f a phosphide to a CO ligand at low temperature.166 Interestingly, when the
reaction mixture was warmed to -40 °C, a l,3-Si(CH3)3 shift takes place which affords
the kinetic isomer (£)-(l 12). At temperatures above -40 °C, the kinetic isomer rapidly
isomerises to the thermodynamic isomer (Z)-(l 12).
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Interestingly, the 31P data for the phosphaalkene complex (112) indicates that
the stronger the electron donor ability of the R substituent, the more low field the
corresponding phosphaalkenyl shift becomes i.e. [where R = fBu 5 = 272.8, R =
(CH3)3Si 8 = 212.4, R = Ph 8 = 194.4]. Therefore, the resonance at 185.5 ppm,
exhibited for complex (109) would be consistent with the presence of a
phosphaalkenyl unit with a hydrogen substituent on the phosphorus. Also consistent
with the rhenium system is the generation of kinetic and thermodynamic isomers.
Therefore, the product identified at 168.3 ppm is most probably the kinetic
(£)-isomer (109) which isomerises between -50 °C and 20 °C to generate the
thermodynamic (Z)-isomer (109).
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5.4

Conclusion
To summarise, the results discussed in this chapter report the reactivity of the

r|2(2e)-phosphaalkyne complexes o f platinum towards electrophilic reagents.

The

interesting features found in this study was the readiness of the phosphaalkyne ligand
to rearrange into carbene and phosphaalkene-type structures to accommodate
substituents on the phosphorus atom.
In comparing the reactivity of (86) towards both DMD and B(C6F5)3 it is
interesting to note the direction of the phosphorus shift of the phosphaalkyne, i.e.
(107) exhibited an upfield shift in the 31P NMR from 81.2 to 38.8 ppm, whereas (109)
exhibited a large downfield shift in the 31P NMR from 81.2 to 185.7 ppm, both
reflecting the change in electron density and oxidation state of the novel complexes.
Unfortunately, due to a lack of time, a more detailed investigation of these
reactions is still required and further work is currently been carried out with regards to
determining structural evidence for the proposed carbene and phosphaalkene-type
complexes.
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CHAPTER SIX
EXPERIMENTAL PROCEDURE
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6.1

General Experimental Procedures
All reactions were carried out under an atmosphere of dry, oxygen-free

dinitrogen, using standard Schlenk techniques, unless otherwise stated. All solvents
were freshly distilled over an appropriate drying agent and further degassed before use
where necessary. Reagents were obtained from commercial sources and were used as
received, unless otherwise indicated. Chromatography columns used BDH alumina
(Brockman activity II) as solid support.
NMR spectra were recorded on JEOL JNM GX270 (270 MHz) or JEOL
EX400 (400 MHz) Fourier transform spectrometers at the temperatures indicated.
NMR spectra were referenced to the following standards: !H, Me4Si; 13C, Me4Si; 31P,
85% H3P 0 4; nB, BF3Et20 ; 19F, CFC13.
Infrared spectra were recorded on a Nicolet 51 OP FT-IR spectrometer. The
samples were dissolved in the stated solvents and the absorption recorded using
sodium chloride cells.
Microanalyses were determined in the Department of Chemistry and FAB
mass spectra were determined in the Department of Materials, both within the
University of Bath.
EPR studies were obtained courtesy of Dr T. Padget and Dr. N. Connelly,
University of Bristol. X-band EPR spectra were recorded using a Bruker ESP-300E
spectrometer with a Bruker variable temperature accessory and a Hewlett Packard
5350B microwave frequency counter. Radical species were generated in-situ at low
temperature by allowing a frozen solution of one reactant topped with the second to
melt.

The field calibration was checked by measuring the resonance of the

diphenylpicrylhydrazyl radical.
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Crystal data was collected on a CAD4 automated four-circle diffractometer
and was corrected for Lorentz, polarisation and X-ray absorption effects.

The

structures were solved by Patterson methods and refined using the SHELX suite of
programs.xx This procedure was carried out by Dr. Mary Mahon of the University of
Bath.
EHMO calculations were carried out by Dr. Mary Mahon and Dr. Jason
Lynam of the University of Bath.

6.2

Preparation of Starting Materials
The following compounds were prepared according to the published literature

procedures:
[Mo(NCMe)2(CO)2(rj-C5Me5)] [BF4]105
[Mo{=C(Ph)CHPh}{P(OMe)3}2(ri-C5H5)]16
[Pt(rj2-P=C/Bu)(PPh3)2]115

?BuC=P was kindly donated by Dr C. A. Jones (University of Wales, Cardiff).

6.3

Preparation of 5-m-[Mo(r|4-CH2CHCHCHOAc)(CO)2(Ti-CsHs)][BF4] (63)
An excess of 1-acetoxy-1,3-butadiene (9.40 cm3, 79.0 mmol) was added to a

solution of the blood-red complex cw-[Mo(NCMe)2(CO)2(r)-C5H5)][BF4] (62) (3.05 g,
7.90 mmol) in CH2C12 (55 cm3). After stirring at ambient temperature for 2 d a bright
yellow precipitate was observed. Stirring was continued for a further 2 d, resulting in
the formation of more precipitate.

The mixture was filtered via cannula and the

yellow solid was washed with several portions o f CH2C12 and then pentane. Removal
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o f the solvent followed by drying, first under nitrogen and then in vacuo, afforded sd 5 -[Mo(Ti4 .CH 2 CHCHCHOAc)(CO)2 (r|5 -C5 H5 )][BF4 ] (63) (2.80 g, 85 %) obtained as
a pale yellow powder.

HV

2.H

■Tk

If1

44 IHf- H
I f-

'H NM R:

[(CD3 )2 CO, 20°C]:

8

5>=0
Me

6.48 (br m, 1H, i f ) , 6.29 (br m, 1H, IT),

6.12 (s, 5H, C5 H5), 6.07 [br d, 1H, H \ J(Hal f ) =

6

.8 ], 3.01

[ddd, 1H, I f , J(HdHc) = 7.8, J ( l f l f ) = 2.0, J(HdHb) = 1.4],
2.38 [br d, 1H, I f , J ( l f l f ) = 10.7], 2.06 (s, 3H, Me).
,3C-{‘H} NMR:

[(CD3 )2 CO, 20°C]:

8

220.2 (CO), 219.2 (CO), 167.9 (C5),

102.8 (C1), 93.9 (C2 or C3), 91.6 (C5 H 5 ), 88.3 (C2 or C3), 50.0
(C4) and (Me).
IR:

Vco/cm'1(M eN02) at 2068 (vs), 2020 (s) and 1759 (mw).

FAB Mass Spectrum: (+) FAB in NBA:

331, [M]+; 303, [M-CO]+; 275, [M2CO]+ and 232, [M-2CO-Ac]+.

Microanalysis:

6.4

(-) FAB in NBA:

87, [BF4]\

C 13 H 13 BF4 M 0 O4

requires:

C = 37.5, H = 3.1 %

found:

C = 37.0, H = 3.2 %

Preparation of g#itf-[Mo(ri3 -CH 2 CHCHCHO)(CO) 2 (Ti-CsHs)] (54)
Sodium hydrogen carbonate (75 cm3, 70 g of a 0.1 M aqueous solution, pH

8.5, ca, 7.50 mmol) was added to a solution of the yellow complex s-czs-[Mo(ri4CH2CHCHCHOAc)(CO)2(ti-C 5 H 5 )][BF4 ] (63) (3.00 g, 7.21 mmol) in CH2C12 (60
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cm3). The two-phase system was vigorously stirred at room temperature for 0.5 hr.
The aqueous layer was removed and extracted several times with CH2 CI2 .

The

extracts and organic layer were combined and washed with several portions o f water,
before drying over magnesium sulphate. The mixture was filtered and the yellow
filtrate was concentrated to a small volume under reduced pressure, before being
chromatographed on alumina. Elution with CH2 CI2 afforded a bright yellow band
which gave, after removal of solvent and recrystallisation from CTLCL/hexane, anti[Mo(ti3-CH2CHCHCHO)(CO)2(ti-C 5 H 5 )] (54) (1.80 g, 87 %) as a bright yellow
powder.
NMR spectroscopy showed (54) to exist in solution at room temperature as a
10:1 mixture o f the exo and endo.

Low temperature NMR experiments were

necessary for the determination o f the coupling constants.

Exo-anti isomer (54) (major)
'H NM R:

(CD2 CI2 , 20°C): 5 7.14 (br s, 1H, H*), 5.40 (br s, 5H, C5H5),
4.76 (br s, 1H,H°), 4.05 (br s, 1H, i f ) , 3.03 (br s, 1H, Hd) and
1.77 (br s, 1H, IT).
(CD2 CI2 , -40 °C): 8 6.98 [d, 1H, I f , J(HaHb) = 7.9], 5.40 (s,
5H, C5 H 5 ), 4.78 [ddd, 1H, IT, ./(MW) = 11.9, J(HcHd) = 8.2,
J(HcHb) = 7.0], 4.00 [ddd, 1H, Hb, J(HbH*> = 7.9, / ( i f l f ) =
7.0, / ( H t f ) = 1.4], 3.02 [ddd, 1H, i f , J ( l f l f ) = 8.2, / ( i f l f )
= 2.7, J (lf H b) = 1.4], 1.68 [dd, 1H, I f , J ( l f l f ) = 11.9,
/ ( I f I f ) = 2.7].
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(CD2C12, 20 °C): 5 234.7 (br s, CO), 234.3 (br s, CO), 186.7 (br
s, C'), 92.2 (br s, C5HS), 72.2 (br s, C3), 59.5 (br s, C2), 40.2 (br
s, C4).
(CD2C12, -50 °C): 5 234.7 (CO), 234.5 (CO), 186.1 (C1), 92.0
(C5H5), 71.8 (C3), 58.7 (C2), 40.0 (C4).

Endo-anti isomer (54)
‘H NMR:

(CD2C12, 20°C): 8 7.84 (br s, 1H, Ha), 5.30 (br s, 5H, C f t ) ,
4.50 (br s, 1H, H°), 4.19 (br s, 1H, Hb), 2.78 (br s, 1H, Hd), 2.65
(brs, 1H,H').
(CD2C12, -40 °C): 8 7.71 [d, 1H, H”, J(HaHb) = 7.9], 5.30 (s, 5H,
C5Hs), 4.46 [ddd, 1H, Hc, J(HcHe) = 11.2, J(HcHd) = 7.3, J(HcHb)
= 6.2], 4.28 [dd, 1H, Hb, J(HbHa) = 7.9, J(HbHc) = 6.2], 2.77 [d,
1H, Hd, J(HdH°) = 7.3], 2.65 [d, 1H, He, J(H'H°) = 11.2],

(CD2C12, 20 °C): 8 234.7 (br s, CO), 234.3 (br s, CO), 186.7
(br, s, C1), 92.2 (br s, C5H5), 72.2 (br s, C3), 59.5 (br s, C2), 40.2
(br s, C4).
(CD2C12, -50 °C): 8 235.4 (CO), 235.1 (CO), 186.6 (C1), 90.9
(C5H5), 86.4 (C3), 61.0 (C2), 34.2 (C4).

IR:

vco/cm'' (CH2C12) at 1973 (vs), 1896 (s) and 1649 (m).

FAB Mass Spectrum: (+) FAB in NBA:

288, [M f; 260, [M-CO]* and 232, [M2CO]*.

Microanalysis:

CnHl0MoO3 requires
found

158

C = 46.2, H = 3.5 %
C = 46.3, H = 3.5%

6.5

Preparation of s-ctHMo(V-CH2CHCHCHOAc)(CO)2(ti-C5Mes)l[BF4]
(64)
_______
______
An excess o f l-acetoxy-1,3- butadiene (0.460 cm3, 435 mg, 3.88 mmol) was

added to a solution o f the blood-red complex c/>[Mo(NCMe)2(CO)2 (r|-C 5 Me)5 ][BF4 ]
(72) (177 mg, 0.39 mmol) in CH2 CI2 (25 cm3) and the mixture was stirred at room
temperature for 4 d.

Monitoring by infrared spectroscopy showed the gradual

consumption o f the starting material and the formation o f a new product. The solvent
was removed in vacuo, and the resulting green-brown residue was extracted with
CH2 CI2 and filtered through Celite. The bottle-green filtrate was concentrated to a
small volume under reduced pressure, following which addition o f Et20 precipitated a
green solid. The supernatant liquid was removed via syringe and the solid washed with
several portions o f Et20 and then pentane. A further purification was effected by
recrystallisation

from

CH2Cl2/Et20

to

afford

s-c/s-[Mo(r|4-

CH2CHCHCHOAc)(CO)2(Ti-C5Me5)][BF4] (64) (133 mg, 71. %) as a green powder.

Me

HNMR:

(CD2 CI2 , 20 °C): 8 6.08 (m, 1H, H°), 5.97 (m, 1H, if*), 4.58 [d,
1H, Ha, J(HaHb) = 6.8], 2.57 [d, 1H, IT1, /(FT*If) = 7.8], 2.03 (s,
3H, Me), 1.98 (s, 15H, C5Me5), 1.05 [d, 1H, H®, ./(H®If) =
10.7].

I3C-{!H} NMR:

(CD2 CI2 , 20 °C): 8 221.6 (CO), 220.3 (CO), 169.3 (C5), 106.1
(C5Me5), 100.1 (C1), 95.3 (C2 or C3), 89.0 (C2 or C3), 59.5 (C4),
20.5 (Me), 10.8 (C5Me5).
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Vco/cm’1 (CH2C12) at 2053 (vs), 2006 (s) and 1759 (mw).

IR:

FAB Mass Spectrum: (+) FAB in NBA:

401, [M]+; 373, [M-CO]+ and 345, [M2CO]+.

Microanalysis:

6.6

(-) FAB in NBA:

87, [BF4]\

ClgH23BF4Mo04

requires

C = 44.5, H = 4.8 %

found

C = 45.0, H = 5.0 %

Preparation of £X0 -aw#-[Mo(r|3-CH 2 CHCHCHO)(CO)2 (r|-C5 Me5)] (55)
Sodium hydrogen carbonate (50 cm3, 50 g of a 0.1 M aqueous solution, pH

8.5, ca, 5.0 mmol) was added to a solution of the green complex s-c/.y-[Mo(r|4CH2CHCHCHOAc)(CO)2(r|-C5Me5)][BF4] (64) (1.94 g, 3.99 mmol) in CH2C12 (50
cm3). The two-phase system was vigorously stirred at room temperature, causing the
mixture to turn yellowish in colour. After 2 hr, the aqueous layer was removed and
extracted several times with CH2C12. The extracts and organic layer were combined
and washed with several portions of water, before drying over magnesium sulphate.
The mixture was filtered and the yellow filtrate was concentrated to a small volume
under reduced pressure, before being chromatographed on alumina. Elution with Et20
afforded a single yellow fraction which gave, after removal of solvent and
recrystallisation from Et20 , exo-a«rt'-[Mo(r|3-CH2CHCHCHO)(CO)2(ri-C5Me5)] (55)
(1.15 g, 81 %) as bright yellow crystals.
The molecular structure of (55) was determined by X-ray crystallography. Xray quality crystals were obtained by CH2Cl2/Et20/hexane layer diffusion at room
temperature.
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'H NM R:

(CD2 CI2 , 20°C): 8 7.00 [d, 1H, H", J(H"Hb) = 7.8], 3.51 [ddd,
1H, IT, /(FO T) = 11.6, JO TII1) = 8.4, J(HCHI>) = 7.1], 3.42 (m,
1H, H"), 2.28 [ddd, 1H, Hd, J(H<IHC) = 8.4, JiJT’H ') = 2.8,
7[HdHb) = 1.4], 1.88 (s, 15H, C5Me5), 1.75 [dd, 1H, IT, ./(ITH0)
= 11.6, J(HeH<i) = 2.8],

,3C-{‘H} NMR:

(CD2 CI2 , 20°C): 8 237.5 (CO), 237.2 (CO), 184.8 (C1), 104.9
(C5Me5), 80.1 (C3), 65.0 (C2), 42.4 (C4), 10.4 (CsMe5).

IR:

vco/cm1 (CH2 CI2 ) at 1960 (vs), 1883 (s) and 1664 (m).

FAB Mass Spectrum: (+) FAB in NBA:

359, [M]+; 330, [M-CO]+ and 302, [M
-2CO]4

Microanalysis:

6.7

C 16 H2 0 M 0 O3

requires

C = 53.9, H = 5.7 %

found

C = 54.0, H = 5.7%

Preparation of gyg-g/iri-[Mo(Ti3-CH2CHCHCH20H)(CO)2(Ti-C5Hs)] (65)
Sodium borohydride (20 mg, 0.53 mmol) was added to a solution o f the yellow

complex u«//-[Mo(ri3-CH2 CHCHCHO)(CO)2 (ri-C5 H 5 )] (54) (100 mg, 0.35 mmol) in
methanol (10 cm3) and the mixture was stirred at ambient temperature for 0.5 hr.
Monitoring by infrared spectroscopy indicated the complete consumption o f starting
material and the formation o f a new product. Water (0.5 cm3) was added and the
mixture was stirred for 0.5 hr before the solvents were removed in vacuo. The yellow
residue was extracted with several portions o f Et2 0 which were concentrated to a
small volume under reduced pressure and chromatographed on alumina. Elution with
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Et20/hexane (1:1) afforded a yellow fraction which gave, after removal o f solvents and
recrystallisation from Cf^Cb/pentane, exo-anti- [Mo(ri 3-CH2CHCHCH20H)(C0)2(ri C 5 H 5 )]

(65) (65 mg, 65 %) as yellow crystals.

13d
H6 H1

'H NM R:

(CDC13, 20 °C):

OH

8 5.28 (s, 5H, C5 H5), 4.12 [ddd, 1H, I f ,

J(HcHe) =11. 4, ./(I flf) = 7.7, ./( I f lf ) = 7.5], 3.93 (m, 1H,
H"), 3.78 (m, 1H, H*), 2.94 [ddd, 1H, i f , J(HdHc) = 7.5,
J[HdlF) = 2.4, J(HdHb) = 1.6], 2.14 [dd, 1H, Hf, J(HfHb) =
11.0], 1.50 (hr s, 1H, OH), 1.41 [dd, 1H, I f , J(IPir) = 11.4,
J ( I f l f ) = 2.4],

I3C-{‘H} NMR:

(CDC13, 20 °C): 8 236.8 (CO), 236.3 (CO), 91.6 (C5 H5), 69.1
(C1),

IR:

6 6 .6

(C3), 53.9 (C2), 38.1 (C4).

vco/cm 1 (CH2 C12) at 1948 (vs) and 1865 (s).

FAB Mass Spectrum: (+) FAB in NBA: 273, [M-OH]+; 245, [M-OH-COf and 217,
[M-OH-2CO]+.

Microanalysis

C11H 12 M0 O3 requires:
found:

6.8

C= 45.9, H = 4.2 %
C= 46.0, H = 4.2 %

Preparation of a>rtf-[Mo(ri3-CH2CHCHCHO)(CO)2(ri-C5 H 5 )| (54)
Morpholine N-oxide (274 mg, 2.34 mmol) was added to a solution o f (65)

(450 mg, 1.56 mmol) in CH2 CI2 (5 cm3) which contained 4 A molecular sieves. After
stirring at room temperature for 10 m, [BiLtNJfRuOJ (27 mg, 0.08 mmol) was added.

The reaction was monitored by IR spectroscopy and after 10 hr was complete. The
reaction mixture was diluted with CH2 CI2 (50 cm3) and washed with sodium sulphite
solution (0.5 M, 10 cm3), and NaCl (0.5 M, 10 cm3). The organic layer was dried
(Na2 SC>4 ) and the volatile material removed in vacuo. The residue was extracted with
CH 2 CI2 (10 cm3) and filtered through a small pad o f alumina, the volume reduced in
vacuo to 3 cm3 and chromatographed on alumina. Elution with CH2 CI2 gave a single
yellow band, which on recrystallisation from CP^Ch/hexane afforded the bright yellow
powder (54) (268 mg, 60 %), identification reported in 6.4.

6.9

Preparation of exo-q/itf-[Mo(ri3 -CHPhCHCHCPhO)(CO) 2 (Ti-C5 Hs)] (76)
Phenyllithium (0.39 cm3 o f a 1.8 M solution in thf, 0.69 mmol) was added to a

solution o f the yellow complex [Mo{r|3 -OC(0 )CHCHCH}(CO)2 (ri-C5 H 5 )] (54) (100
mg, 0.35 mmol) in thf (15 cm3) at -78 °C. The mixture was allowed to warm to
ambient temperature and was then treated with H 2 O (0.5 cm3), stirring continued for
10 m, after which the solvents were removed in vacuo. The residue was extracted
with CH2 CI2 and hexane (ratio 1:1) (10 cm3), the volume reduced in vacuo to 3 cm3
and the solution chromatographed on alumina. Elution with CH2 CI2 gave a single
orange band, which on recrystallisation from CfkCh/pentane afforded bright orange
crystals (111 mg, 72 %) o f ^o-a«//-[M o(r|3 -CHPhCHCHCPhO)(CO)2 (ri-C5 H5)] (76).

14
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Exo-anti isomer
'HNM R:

CD2 C12, 20 °C):

8

7.96-7.81 (m, 2H, C6 H5), 7.57-7.15 (m, 8 H,

C6 H5), 6.0 [d, 1H, Hc, J(HcHb) = 11.5], 5.42 [dd, 1H, Hb, J(HbHc)
= 11.5, J(HbHa) = 7.1], 5.34 (s, 5H, C5 H5), 4.59 [d, 1H, Ha,
J(HaHb) = 7.1],
,3C-{‘H} NMR:

(CD2 C12, 20 °C): 5 250.8 (br s, CO), 248.5 (br s, CO), 198.0 (br
s, C1), 141.2 (br s, C5), 94.1 (br s, C,H5), 84.9 (br s, C3), 73.7
(C2), 65.6 (C4) and 50.3.

Endo-Anti isomer
'HNMR:

(CD2 C12, 20 °C): 5 7.96-7.81 (m, 2H, C6 H5), 7.57-7.15 (m, 8 H,
C6 H,). 5.11 [dd, 1H, Hb, J(HbHc) = 1 1.7, J(HbHa) = 6 .6 ], 5.03 (s,
5H, C5H5), 4.76 [d, 1H, Ha, J(HaHb) = 6.2], 4.73 [d, 1H, H°,
J(H°Hb) = 10.5],

"C-{'H} NMR:

(CD2 C12, 20 °C):

8

250.8 (br s, CO), 248.5 (br s, CO), 198.0 (br

s, C1), 141.2 (br s, Cs), 93.5 (br s, C 5H5), 84.9 (br s, C3), 71.2
(C2), 29.8 (C4).

IR:

vc0 /cm'' (CH2 CI2) at 1956 (vs), 1877 (s) and 1636 (m).

FAB Mass Spectrum: (+)FA BinN B A :

439, [M]+; 412, [M-CO]+ and 384, [M2CO]+

Microanalysis

C23 H 18M o0 3 requires:
found:
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C = 63.0, H = 4.1 %
C = 62.6, H = 4.1 %

6.10

Preparation of [Mo(ti2-P=C<Bu){P(OMe)3}2(ti-C5H5)nH O B (C 6F5)3]7
[(C6F5)3B(p-OH)B(C6F5)3]- (87)
A solution of the r| 2 (3e)-vinyl complex [Mo{=C(Ph)CHPh}{P(OMe)3 }2 (r|-

C 5H5 )] ( 8 ) (150 mg, 0.25 mmol) in CH2 C12 (15 cm3) was cooled to -78 °C and treated
with (BuC=P (42 pi, 1.25 mmol). B(C6 F S) 3 (130 mg, 0.25 mmol) was then dissolved
in CH 2 C12 (5 cm3) and added to the mixture via cannula. The mixture was allowed to
warm to ambient temperature and stirred for 1 hr. The solvent was removed in vacuo
which

afforded

[Mo(ri2 -P=CtBu){P(OMe)3 }2 (Ti-C5H 5)]*[HOB(C(;F5 )3 ]7[(C6 F 5) 3B(p-

OH)B(C6 F5)3]' (87) (201 mg 76 %) as a green/blue oil.
assuming the [HOB(C6 F5)3]' anion was produced in

1 0 0

Yield was calculated by

% yield.

Mixture o f (87) and trans-stilbene
1H N M R:

(CD2 C12, 20 °C): 5 7.41-7.01 (m, 12H, trans-stilbene), 5.53 (s,
5H, CsH5), 3.38 [vt, (7(HP) +/(HP’)} = 11.32, 18H, POMe],
2.95 (br s, 1H, B-OH), 1.49 (s, 9H, tBu).

nC-{‘H) NMR:

(CD2 C12,
148.1

2 0

°C):

6

334.6 [dt, 7 (CP) =113.9,7(CP) = 8 .6 , P = q ,

[d, 7(CF) = 234.2, o-B(C6 F5)3], 138.8 [d, 7(CF) = 242.8,

p-B(C 6 F5)3], 137.4 (s, ipso-Ph), 136.7 [d, 7(CF) = 257.9, mB(C 6 F3)3], 128.8 (s, C6H5), 128.6 (s, C6H5), 128.3 (s, C 6 H5),
127.7 (s, C6 H5), 126.5 (s, C6 H5), 123.7 [s br, i>so-B(C6 F5)3],
94.4 (s, CjH5), 33.6 (s, CMe,), 31.7 (s, CMe3).

'P -f H} NMR:

(CD2 C12, 20 °C):

8

492.4 [t, 7(PP) = 30.1, P=C], 175.1 [d,

7(PP) = 30.1, P(OMe)3],

B -fH } NMR:

(CD2 C12, 20 °C):

8

-4.2 (s, IB, HOB), -5.6 [s, 2B, B(p-OH)B],
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19FNMR:

(CD2C12, 20 °C): 5 -134.6 [s, 6F, o-F, HOB(C6F5)3], -136.0 [s,
12F, o-F, [(C6F5)3B(p-OH)B(C6F5)3], -162.4 [s, 3F, p-F,
HOB(C6F5)3], -163.1 [s, 6F, p-F, [(C6F5)3B(p-OH)B(C6F5)3],
-166.7 [s, 6F, m-F, [HOB(C6F5)3], -167.2 [s, 12F, m-F,
[(C6F5)3B(|a-OH)B(C6F5)3].

FAB Mass Spectrum: (+) FAB in NBA:

481, [M-2CH3]+; 391, [M-fBuOP-CH3]+
and 221, [M-fBuC=P-P(OMe)3]+.

6.11

Preparation of [Mo(CO)2{P(OMe)3}2(r1-C5H5)]+[HOB(C6F5)3]7[(C6F5)3B(^
OH)B(C6Fs)3]- (88)_________________________________________________
A solution of the rj2(3e)-vinyl complex [Mo{=C(Ph)CHPh}{P(OMe)3}2(r|-

C5H5)] (8) (100 mg, 0.17 mmol) in CH2C12 (15 cm3) was cooled to -78 °C and treated
with a solution of B(C6F5)3 (87 mg, 0.17 mmol) in CH2C12 (5 cm3). The mixture was
bubbled with carbon monoxide and was allowed to warm to ambient temperature.
Monitoring the reaction by infrared spectroscopy indicated the presence of two strong
infrared absorption bands at 1998 and 1927 cm'1. After 1 hr at ambient temperature
the solvent was removed in vacuo which afforded [Mo(CO)2{P(OMe)3}2(riC5H5)]+[HOB(C6F5)3]7[(C6F5)3B(p,-OH)B(C6F5)3]' (88) (114 mg 68 %) as a bright
yellow oil. Yield was calculated by assuming the [HOB(C6F5)3]' anion was produced
in 100 % yield.

Mixture o f (88) and trans-stilbene
!HNMR.:

(CD2C12, 20 °C): 6 7.42-7.02 (m, 12H, rraw-stilbene), 5.31 (s,
5H, C5H5), 3.64 [d, J(PH) =11.6, 18H, POMe], 2.93 (br s, 1H,
B-Otf).

ilP-{lH} NMR:

(CD2C12, 20 °C): 6 170.3 [s, POMe)3].
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llB-{lH} NMR:

(CD2C12, 20 °C): 6 17.4 [s, IB, H5(C6F5)3], -4.3 (s, IB, H 05),
-5.8 [s, 2B, B(p-OH)B].

19F NMR:

(CD2C12, 20 °C):

5 -134.8 [d, J{FF) = 21.2, 6F, o-F,

HOB(C6F5)3], -136.4 [d, J(FF) - 19.8, 12F, o-F, (C6F5)3B(pOH)B(C6F5)3], -161.4 [t, J(FF) = 21.2, 3F, p -F, HOB(C6F5)3],
-163.5 [t,

FF) = 19.8, 6F, p-F, (C6F5)3B(p-OH)B(C6F5)3],

-167.2 [t, J(FF) = 18.4, 6F, m-F, HOB(C6F5)3], -167.5 [t, J(FF)
= 12F, 18.4, m-F, (C6F5)3B (p-OH)B(C6F5)3].

IR:

Vco/cm'1(CH2C12) at 1998 (br), 1927 (br).

FAB Mass Spectrum: (+) FAB in NBA:

467, [M]+; 439, [M-CO]+ and 284, [M2CO - 20M e3 - C5H5]+.

6.12

Preparation of [Mo(ti2-PhC=CPh){P(OMe)3}2(ri-C5H5)]+[MeOB(C6F5)3 ](91)______________________________________________________________
A solution of the r|2(3e)-vinyl complex [Mo{=C(Ph)CHPh}{P(OMe)3}2(rj-

C5H5)] (8) (150 mg, 0.25 mmol) in CH2C12 (15 cm3) was cooled to -78 °C and treated
with P(OMe)3 (60 pi, 0.50 mmol). B(C6F5)3 (130 mg, 0.25 mmol) was then dissolved
in CH2C12 (5 cm3) and added to the mixture via cannula. The mixture was allowed to
warm to ambient temperature and stirred for 1 hr. The solvent was removed in vacuo
and the residue washed several times with hexane. The solvent was again removed in
vacuo which afforded [Mo(r|2-PhC=CPh){P(OMe)3}2(r|-C5H5)]+[MeOB(C6F5)3]' (91)
(214 mg 74 %) as a red/brown powder.
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‘HNMR:

(CD2C12) 20 °C):

6 7.47-7.37 (m, 10H, C6H5), 5.67 (s, 5H,

C5H5), 3.52 [vt, {./(HP) +/(HP’)} = 10.99, 18H, POMe], 3.08
(br s, 3H, BOMe].

l3C-{'H} NMR:

(CD2C12, 20 °C): 8 223.6 [t, /(C P) = 13.5, =CC6H5], 148.0 [d,
/(C F) = 241.5, o-B(C6F5)j], 139.5 [d, /(C F) = 246.9, pB(C6F5)3], 138.6 (s, ipso-C6H5), 136.9 [d, /(C F) = 241.4, mB(C6F5)3], 129.7 (s, C6H5), 128.7 (s,C6H5), 127.5 (s, C6H5),
127.3 (s, C6H5), 126.3 (s, C6H5), 123.1 [s br, i/ wo-B(C6F5)3],
95.1 (s, C3H5), 54.7 (s, BOAfe).

3,P-{‘H} NMR:

(CD2C12, 20 °C): 8 175.6 [s, POMe)3],

“B-{‘H} NMR:

(CD2C12, 20 °C): 8 -5.4 (s, IB, BOMe).

19F NMR:

(CD2C1j , 20 °C):

8 -134.7 [d, /(FF) = 20.8, IF, o-F,

MeOB(C6F5)3], -134.9 [d, /(FF) = 15.2, IF, o-F, MeOB(C6F5)3],
-135.4 [d, /(FF) = 19.7, 2F, o-F, MeOB(C6F5)3], -136.3 [d,
/(FF) = 19.6, 2F, o-F, MeOB(C6F5)3], -161.0 [t, /(FF) = 20.8,
2F, p-F, MeOB(C6Fs)3], -161.1 [t, /(FF) = 16.1, IF p-F,
MeOB(C6F5)3], -166.2 [t, /(FF) = 19.7, 3F, m-F, MeOB(C6F,)3],
-166.6 [t, /(FF) = 18.5,2F, m-F MeOB(C6F5)3], -167.1 [t, /(FF)
= 20.2, IF, m-F MeOB(C6F5)3],

FAB Mass Spectrum: (+) FAB in NBA:

589, [M f; 481, [M-30Me3-Me]+ and
427, [M-P(OMe)3 -OMe]+.
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6.13

Reaction
B(C6F5)3

of

[Mo{=C(Ph)CHPh}{P(OMe)3}2(r|-C5H5)]

(8)

with

In the absence of a trapping reagent, B(C6F5)3 (87 mg, 0.17 mmol) was added
to a solution of (8) (100 mg, 0.17 mmol) in CD2C12 at -78 °C.

There was an

instantaneous colour change (green -» red) and the mixture was monitored by a
temperature dependent NMR study. An EPR study was also carried out.

'HNMR:

(CD2C12, -78 °C):

8 7.52-7.26 (m, 10H, C6HS), 4.83 (s, 5H,

C5H5), 3.62 [d, /(PH) = 9.04,18H, POMe],
(CD2C12, -50 °C):

8 7.58-7.31 (m, 10H, CtHs), 5.01 (s, 5H,

C5H5), 3.63 [d, /(PH) = 11.06, 18H, POAfe], 3.33 (br s, 1H, BOH).
(CD2C12, +25 °C): 8 7.43-7.23 (m, 10H, C6H5), 5.17 (s, 5H,
CsH5), 3.42 [dd, /(PH) = 9.05, /(PH ) = 2.01, 18H, POAfe], 3.23
(brs, 1H, B -0H).

31P-{'H}NM R:

(CD2C12, -78 °C):8 171.0 [dd,/(PP) = 351.8,/(PP)

= 70.3,

thermodynamic product], 169.1 [dd, /(PP) = 70.3, kinetic
product].
(CD2C12, -50 °C): 5 170.9 [dd, /(PP) = 301.6, /(PP) = 60.3,
thermodynamic product], 168.8 [dd, /(PP) = 120.6, /(PP) =
60.3, kinetic product].
(CD2C12, -25 °C): 8 170.6 [dd, /(PP) = 372.0, /(PP) = 70.3,
thermodynamic product], 168.7 [dd, /(PP) = 120.6, /(PP) =
60.3, kinetic product].
(CD2C12, 0 °C):

8 170.7 [dd, /(PP) = 221.2, /(PP) = 70.4,

thermodynamic product], 168.3 [dd, /(PP) = 251.3, /(PP) =
60.3, kinetic product].
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(CD2C12, +25 °C): 5 170.5 [dd, /(PP) = 181.0, /(PP) = 70.4,
thermodynamic product], 168.3 [dd, ./(PP) = 301.6, /(PP) 50.2,
kinetic product],

UB-{'H} NMR:

(CD2C12, -78 °C): S -5.0 (s br, IB, HOB).
(CD2C12, -50 °C): 6 -3.8 (s br, IB, HOB).
(CD2C12, +25 °C): 6 -2.5 (s br, IB, HOB).

,9FNMR:

(CD2C12, -78 °C): 8 -136.5 [s, 6F, o-F, HOB(C6F5)3], -160.9 [d,
/(FF) = 221.2, 3F, p-F, HOB(C6F5)3], -165.8 [d, /(FF) = 110.6,
6F, m-F, HOB(C6F5)3],
(CD2C12, -50 °C):

5 -136.4 [d, /(FF) = 20.1, 6F, o-F,

HOB(C6F5)3], -161.1 [s, 3F,p-F, HOB(C6F5)3], -166.0 [s, 6F, mF, HOB(C6F5)3],
(CD2C12, +25 °C):

8 -136.3 [d /(FF) = 10.1, 6F, o-F,

HOB(C6F5)3], -160.5 [s, 3F,p-F, HOB(C6F5)3], -165.8 [s, 6F, mF, HOB(C6F5)3],

EPR

(Chapter 4 Figure 4.4)

[260 K, CH2C12: CH3CHC12 (ratio 1:1)]

observable hyperfine coupling constants were detectable at:
giso = 2.011, ddd[A('H) 8.0 G, A(3'P) 23.9 G, A(31P1) 37.9 G],
Mo satellites [A(,5,97Mo) 16.9 G].
giso= 1.976, t[A(3'P) 27.7 G],
triplet satellites not resolved.

6.14
E PR study of the reaction of [Mo!=C(Ph)CDPh}{P(OMe)3}2(ii____________ C5H;)] (8D) with B(C6F,)3_____________________________________
EPR

(Chapter 4 Figure 4.5)

[260 K, CH2C12]

observable hyperfine coupling constants were detectable at:
giso = 2.011, dd[A(3lP) 24.0 G, A(31P1) 37.9 G],
Mo satellites [A(95,97Mo) 21.3 G].
gi» = 1-975, t[(3lP) 27.7 G],
170

Mo satellites [A(,!,” Mo) 22.0 G],

6.15

Preparation of [Mo(Ti2-PhC=CPli){P(OMe)3}2(T|-C5H5)n P F <]' (Tf'TFi
[Fe(r|-C5Hj)2][PF6] (73 mg, 0.22 mmol) was dissolved in CH2C12 (5 cm3) and

was

added

to

a

solution

of

the

ri2(3e)-vinyl

complex

[Mo{=C(Ph)CHPh}{P(OMe)3}2(ri-C5H5)] (8) (130 mg, 0.22 mmol) in CH2C12 (15
cm3) at -78 °C. The mixture was allowed to warm to ambient temperature and after 1
hr the solvent was removed in vacuo and the residue was washed with hexane (60
cm3). The hexane washings were yellow and were found to contain [Fe(ti-CjH5)2].
The remaining residue was recrystallised from CH2Cl2/hexane to afford [Mo(r|2PhCsCPh){P(OMe)3}2(ti-C5H5)]+[PF6]' (7)+PF6‘ (123 mg 76 %) as a red/brown
powder.

'HNMR:

(CD2C12, 20 °C):

6 7.56-7.15 (m, 10H, C6HS), 5.70 (s, 5H,

C5H5), 3.53 [vt, {./(HP) +J(HP’)} = 11.36,18H, POMe],

(CD2C12, 20 °C): 8 223.2 [t, ./(CP) = 12.4, =CC6H5], 137.3 (s,
ipso-C6Hs), 128.8 (s, C6H5), 128.7 (s,C6H5), 127.4 (s, C6H5),
127.2 (s, C6H5), 126.5 (s, C6HS), 95.5 (d, J(CP) = 16.3, C5H5).
(CD2C12, 20 °C): 8 175.6 [s, POMe)3], -143.6 [q, 7(PF) = 711,
PFJ.

EPR

(Chapter 4 Figure 4.2)

[240 K, CH2Cl2:thf (ratiol:2)]

observable hyperfine coupling constants were detectable at:
glso = 2.011, ddd[A('H) 8.0 G, A(31P) 23.7 G, A(3IP1) 37.8 G],
Mo satellites [A(n ” Mo) 17.0 G].
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6.16

EPR

EPR study of the reaction of [Mo{=C(Ph)CDPh}{P(OMe)3}2(r|C5H5)] (8D) with [Fe(rj -C5H5)2] [PF6]
(Chapter 4 Figure 4.3)

[260 K, CH2C12]

observable hyperfine coupling constants were detectable at:
giso = 2.011, dd[A(3,P) 24.4 G, A(31P1) 37.2 G],
Mo satellites [ A ^ M o ) 19.9 G].

6.17

EPR

EPR study of the reaction of [Mo{=C(Ph)CHPh}{P(OMe)3}20nC5H5)] (8) with [CPh3][BF4]
(Chapter 4 Figure 4.6 and 4.7)

[240 K, CH2C12]

observable hyperfine coupling constants were detectable at:
giso = 2.011, ddd[A('H) 8.1 G, A(31P) 23.4 G, A(31P1) 37.7 G],
Mo satellites [A(,5,7Mo) 17.0 G],

6.18
EPR

EPR study of the reaction of c«-[Cr(dppe)2(CO)2] with B(C6FS)3
(Chapter 4 Figure 4.9)

[240 K, CH2C12]

observable hyperfine coupling constants were detectable at:
giso = 2.012, q[A(3lP) 28.7 G].

6.19

Preparation of [Mo{ti4-P2C2(tBu)2}{P(OMe)3}2(ri5-C9H,)]+HOB(C6F 5)3 ]/[(C6F5)3B(n-OH)B(CtF5)3]- (95)
A solution o f the ri2(3e)-vinyl complex [Mo{=C(Me)CPhH}{P(OMe)3}2(r|5-

C9H7)] (94) (100 mg, 0.15 mmol) in CH2C12 (15 cm3) was cooled to -78 °C and treated
with rBuC=P (24 pi, 0.15 mmol). B(C6F5)3 (78 mg, 0.15 mmol) was then dissolved in
CH2C12 (5 cm3) and added to the mixture via cannula. The mixture was allowed to
warm to ambient temperature and stirred for 1 hr. The solvent was removed in vacuo
which

afforded

[Mo{ri4-P2C2(rBu)2} {P(OMe)3}2(r15-C9H7)]+[HOB(C6F5)3 ]-
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/[(C6F5)3B(p-OH)B(C6F5) J (95) (71 mg, 42 %) as a brown oil. Yield was calculated
by assuming the [HOB(C6F5)3]' anion was produced in 100 % yield.

'HNMR:

(C6D6, 20 °C): 8 7.61-7.53 (m, 4H, C,H7), 7.44-7.21 (m, 10H,
CSHS), 6.28-6.03 (m, 2H, C9H7), 5.25 (m, 1H, C,H7), (3.62 [d,
/(PH ) = 9 .0 4 ,18H, POMe], 0.92 (s, 18 H, (Bu).

l3C-{'H} NMR:

(CDjClj, 20 °C): 6 147.3 [d, /(C F) = 238.7, o-B(C6F5)3], 138.7
[d, ./(CF) = 252.3, p-B(C6F5)3] 136.1 [d, /(C F) = 246.9, mB(C6F5)3], 137.4 (s, jpso-C5H5), 125.9 (s, C,H7), 125.3 (s, C,H7),
125.3 (s, C,H,), 119.9 [br s, /pso-B(C6F5)3], 114.8 9 (s, C,H7),
109.6 (s, C,H7), 97.7 [at, /(PC ) = 54.3, C=P], 82.4 (s, CH,
C,H7), 77.2 (s, C9H7), 53.7 (s, POMe), 35.7 (s, CMe3), 31.9 (s,
CMe3).

3lP -f‘H} NMR:

(CD2C12, 20 °C): 8 160.0 (s, POMe), 67.0 (s, P=C), 65.6 (s,
P=C).

"B-{'H} NMR:

(CD2C12, 20 °C): 8 -4.3 (s, IB, HOB), -5.5 [s, 2B, B(p-OH)B],

19F NMR:

(CD2C12, 20 °C): 8 -134.8 [br s, 6F, o-F, HOB(C6F5)3], -136.3
[br s, 12F, o-F, (C6F5)3B(p-OH)B(C6F5)3], -161.0 [t, J(FF) =
20.2, 3F, p -F, HOB(C6F5)3], -163.0 [t, /(FF) = 20.2, 6F, p -F,
(C6F5)3B(n-OH)B(C6F5)3], -166.6 [t, /(FF) = 18.0, 6F, m-F,
HOB(C6F5)3], -167.1 [t, /(FF) = 12F, 18.5, m-F, (C6F5)3B(pOH)B(C6F5)3],
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6.20

Reaction of [Mo(Ti2-P=C/Bu){P(OMe)J}2(ri-C5H!)]+[HOB(C(iF5)3 l /
[(C6F 5)3B(p-OH)B(C6Fs)3] (87) with M eO C M e.
An

excess

of MeC=CMe

was

P -C tB uX PC O M e^W ti-C yyriH O B C Q FJJ/

added to

a

solution

of

[Mo(r|2-

[(C6F5)3B(p-OH)B(C6F5) J

(87)

CD2C12 (4 cm3) in an NMR tube and the mixture was continually monitored over a
period of two weeks by NMR spectroscopy.

‘HNMR:

(C6D6, 20 °C): 5 7.55-7.15 (m, 10H, C6H5), 5.58(s, 5H, C5HS),
3.73 [d, ./(PH) = 10.99,18H, POMe], 1.26 [s, 6H, CJTJ, 0.91 [s,
9H, /Bu],

n C-{‘H} NMR:

(CD2C12, 20 °C): 5 224.6 [t, J(CP) = 13.6, Mo=C],175.0

[s,

M o = q , 148.1 [d, J(CF) = 238.7, o-B(C6F5)3], 143.0 [dd, J(CP)
= 67.9, J(CP) = 20.4, C=P], 137.4 [d, J(CF) = 252.3, pB(C6F5)3], 137.4 (s, jpso-QH,), 136.8 [d, J(CF) = 249.5, mB(C6Fs)3], 129.3 (s, C6H5), 128.8 (s,C6Hs), 128.6 (s, C6H5),
127.7 (s, C6H5), 126.5 (s, C6H5), 121.7 [s br, ipjo-B(C6F5)3],
95.1 (s, CjH5), 33.2 (s, CM;,) and 31.0 (s, CMe3).

“P-{‘Hj NMR:

6.21

(CD2C12, 20 °C): 8 181.0 (s), 159.8 (s), 134.8 (s).

P reparation of [Pt=C(/BuC)P(OH)(Q)=Q(PPh3)2] (107)_________________
[Pt(T|2-P=CfBu)(PPh3)2] (86) (200 mg, 0.24 mmol) was suspended in

(CH3)2CO (20 cm3) at -78 °C. Dimethyldioxirane (8.0 cm3 of 0.04 M solution in
acetone, 0.32 mmol) was added to the solution and the resulting suspension was
allowed to warm to ambient temperature. The volatiles were then removed in vacuo
and the solid was extracted with CH2C12 (10 cm3) and filtered through a Celite pad.
The volume of the solution was reduced to 3 cm3 and hexane (40 cm3) was added to
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precipitate a very pale yellow powder. The supernatant liquid was removed and the
powder washed with hexane (2 x 10 cm3) and dried in vacuo to yield
[Pt{=C(ffluC)P(OH)(0)=0}(PPh3)2] (107) (154 mg, 73 %).

Ph3\

+
Pt-

PhiP

/

fBu

' C\

1^°

O

OH

‘HNM R:

(CD2C12, 20 °C): 8 7.75-7.13 (m, 30H, Ph), 0.91 (s, 9H, Me3).

“ C - f H j NMR:

(CD2C12, 20 °C): 8 135.6-128.2 (m, 36 C, Ph), 68.1 [s, P t = q , ,
35.2 (s, CM>3), 32.3 {s, CMe3).

“ P-{'H} NMR:

(CD2 CI2 , 20 °C): 8 38.8 [br s, J(PtP) = 322.0, P1], 22.9 [d,
J(PP) = 13.4, J(PtP) = 1998.7, P2], 14.0 [dd. J(PP) = 13.3,
J(PP) = 6.7, J(PtP) = 4748.7, P3].

IR:

vpo/cm1 (CH2 CI2 ) at 1090 (s).

FAB Mass Spectrum: (+) FAB in NBA:

869, [M]+; 719, [M -C(/Bu)P(0H)(0)0]+;
456, [M-C(tBu)P(0H)(0)0-PPh3]+; 377,
[M-C(/Bu)P(0H)(0)0-PPh3-Ph]+.

Microanalysis

C4iH38Pt03P3

requires:

C = 56.8, H = 4.41 %

found:

C = 52.5, H = 4*25 %

requires:

C = 53.0, H = 4.23 %

Possibly crystallises with 1 mole o f CH2 CI2 :
C42H4oPt03P3Cl2
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6.22

Preparation of [Pt(tBuC=P)(dppf)] (99)
A solution of [Pt(r|2-C2H4)(dppf)] (200 mg, 0.26 mmol) in CH2C12 (15 cm3)

was cooled to -78 °C and treated with fBuC=P (41 pi, 0.26 mmol). The mixture was
allowed to warm to room temperature and was stirred for 30 min. After this period,
the solvent was removed in vacuo and the product extracted with CH2C12 (30 cm3) and
filtered through a pad o f Celite.

Removal of solvent and recrystallisation from

CH2Cl2/hexane afforded [Pt(rBuC=P)(dppf)] (99) as a bright yellow powder (174 mg,
79 %).

1H N M R:

(CD2C12, 20 °C): 8 7.88-7.66 (m, 8H, Ph), 7.43-7.32 (m 12H
Ph), 4.36 (s, 4H, C5H4), 4.09 (s, 2H, C5H4), 3.89 (s, 2H, C5H4),
0.91 (s, 9H, Me3).

I3C -fH } NMR:

(CD2C12, 20 °C):

8 134.4 [dd, /(CP) = 57.0, /(CP) = 13.6,

P=Q , 130.0 (s, C6H5), 129.5 (s, C6H5), 127.9 (s, C6H5), 127.8 (s,
C6H5), 127.6 (s, C6H5), 33.4 [d, /(CP) = 10.8, CM?3], 31.2 [d,
/(CP) = 5.4, CMe3].

31P-{lH} NMR:

(CD2C12, 20 °C): 8 82.7 [dd, /(PP) = 26.8, /(PP) = 16.8, /(PtP)
= 104.0, P=C], 23.1 [at, /(PP) = 26.9, /(PtP) = 3642.0], 23.1 [at,
/(PP) = 16.8, /(PtP) = 3192.6].

FAB Mass Spectrum: (+) FAB in NBA:

850, [M]+; 749 [M-/BuC=P]+.

Microanalysis

requires:

C = 55.1, H = 4.39 %

found:

C = 53.7, H = 4.19 %

C39H37PtFeP3
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6.23

Preparation of [Pt{=C(fBuC)P(0H)(0)=0}(dppf)] (108)
[Pt(r|2-P=QBu)(dppf] (99) (110 mg, 0.13 mmol) was suspended in (CH3)2CO

(12 cm3) at -78 °C. Dimethyldioxirane (4.8 cm3 of 0.04 M solution in acetone, 0.19
mmol) was added to the solution and the resulting suspension was allowed to warm to
ambient temperature. The volatiles were then removed in vacuo and the solid was
extracted with CH2C12 (10 cm3) and filtered through a Celite pad. The volume of the
solution was reduced to 3 cm3 and hexane (40 cm3) was added to precipitate a very
pale yellow powder. The supernatant liquid was removed and the powder washed
with

hexane

(2

x

10

cm3)

and

dried

in

vacuo

to

yield

[Pt{=C(fBuC)P(OH)(0)=0}(dppf)] (108) (84 mg, 72 %).

31P-{1H} NMR:

(CD2C12, 20 °C): 8 39.6 [br s, J{PtP) = 311.9, P1], 21.0 [d,
J(PP) = 16.8, J{PtP) = 2107.7, P2], 12.5 [dd. J{PP) = 16.7, J(PP)
= 6.7, J(PtP) = 4732.7, P3].

IR:

Vpo/cm'1 (CH2C12) at 1090 (s).

FAB Mass Spectrum: (+) FAB in NBA:

6.24

900, [M]+; 749, [M-C(/Bu)P(0H)(0)0]+.

Preparation of [Pt{C(/Bn)=PH}(PPh3)2]+[HOB(C6Fs)3](109)_____________
A solution of B(C6F5)3 (86 mg, 0.16 mmol) in CH2C12 was added dropwise to a

solution of the yellow complex [Pt(r|2-PsQBu)(PPh3)2] (86) (139 mg, 0.16 mmol) in
CH2C12 (15 cm3) at -78 °C. The mixture was allowed to warm to ambient temperature
and stirred for a further 1 hr. The solvents were removed in vacuo to afford the purple
oil [Pt{C(/Bu)=PH}(PPh3)2]+[HOB(C6F5)3]‘ (109) in good yield (183 mg, 81 %).
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'HNMR:

(CD2C12, 20 °C): S 7.01-7.64 (m, 30 H, C6H5), 0.91 (s, 9H,
fBu).

nC-{‘H} NMR:

(CD2C12, 20 °C): 8 148.1 [d, J(CF) = 240.8, o-B(C6F5)3], 139.6
[d, J(CF) = 261.1, p-B(C6F5)3], 137.2 [d, J(CF) = 235.3, mB(C6F5)3], 135.9-128.0 (m, C6H5), 120.8 [s br, *pso-B(C6F5)3],
66.6 (s, C=P), 33.9 (s, CM?3) and 31.0 (s, CMe3).

3IP-{‘H} NMR:

(CD2C12, -78 °C):

8 130.0 [br d, J(PB) = 324.0, J(PPt) =

3236.6, P-+B], 26.3-15.4 (m, PPh3).
(CD2C12, -50 °C): 8 185.7. [s br,C=P,thermodynamic isomer] ,
168.3 [s br, C=P, kinetic isomer], 130.0 [br d, J(PB) = 324.0,
7(PPt) = 3236.6,

B], 26.3-15.4 (m, PPh3).

(CD2C12, -25 °C): 8 185.7.6 [dd, J(PP) = 24.1, J(PP) = 13.9,
C=P, thermodynamic isomer], 168.3 [s br C=P, kinetic isomer],
20.9-17.3 (m, PPh3).
(CD2C12, +25 °C): 8 185.7 [dd, J(PP) = 24.1, J(PP) = 13.9,
J(PPt) = 134.8, C=P, thermodynamic isomer], 22.8 [at, J(PP) =
16.5, J(PPt) = 3440.9, PPh3], 22.5 [at, J(PP) = 20.3, J(PPt) =
2998.4, PPh3].

" B - f H } NMR:

(CD2C12, 20 °C): 8 -4.3 (s, IB, HOP).

,9F NMR:

(CD2C12, 20 °C): 8 -136.1 [s, 6F, o-F, HOB(C6F5)3], -161.3 [s,
3F,p-F, HOB(C6F5)3], -165.4 [s, 6F, m-F, [HOB(C6F5)3].
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A1

Crystal Data for (76)

Empirical formula
Crystal System
Space Group
Unit Cell Dimensions (A): a
b
c

C^HjgMoC^
orthorhombic
JP212121
8.198(4)
14.899 (2)
15.546 (2)
90.000(10)°
1901.0 (10)
1.531 gem'3
4
888
293 K

P

Volume (A3)

i-^calcd
z
F(000)
T
Table A l.l

Fractional atomic coordinates (*10*)
Atom

X

y

2

M o(l)
0(1)
0(2)
0(3)
C(l)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
0(8)
0(9)
0(10)
0(11)
0(12)
0(13)
0(14)
0(15)
0(16)
0(17)
0(18)
0(19)
C(20)
0(21)
C(22)
C(23)

8081(1)
4352(7)
7221(9)
5522(8)
5713(9)
7557(10)
8366(15)
9294(17)
10521(11)
10421(19)
9114(27)
8733(10)
8815(11)
7476(10)
10110(10)
11727(11)
12932(11)
12620(15)
11028(17)
9782(12)
5853(10)
4613(10)
3338(10)
2166(12)
2209(17)
3438(13)
4641(11)

15(1)
-245(5)
-235(5)
2170(4)
-112(6)
-128(6)
-1308(11)
-1379(6)
-800(7)
-349(8)
-633(12)
1393(5)
1446(6)
1363(6)
1423(5)
1321(6)
1395(6)
1558(8)
1629(7)
1575(5)
1739(5)
1633(5)
2248(6)
2179(7)
1494(8)
888(6)
948(5)

2356(1)
2373(5)
4279(4)
2480(4)
2356(5)
3579(6)
1620(17)
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1583(10)
1129(7)
3124(5)
2233(7)
1680(5)
3729(6)
3462(6)
4076(8)
4917(9)
5174(7)
4571(6)
1837(6)
1150(5)
1097(5)
469(6)
-108(7)
-87(6)
536(5)
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Crystal Data for (55)

Empirical formula
Crystal System
Space Group
Unit Cell Dimensions
b
c

(A ):

^16^2oMoO;
monoclinic
P2,/n
10.919(2)
10.578 (2)
13.724 (2)
90.18(2)°
1585.1
1.49 gem'3
4
728
293 K

a

P

Volume

( A 3)

D calcd

z
F(000)
T

Table A2.1

Fractional atomic coordinates (*104)
Atom

X

y

z

M o(l)
0(1)
0(2)
0(3)
C(l)
C(2)
C(3)
C(4)
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C(6)
C(7)
C(8)
C(9)
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C( l l )
C(12)
C(13)
C(14)
C(15)
C(16)
O (l’)
0 (2 ’)
0 (3 ’)
C ( l l ’)
C(12’)
0(16’)

-56(1)
-2452(11)
-1912(11)
-1799(15)
898(7)
284(8)
852(8)
1841(7)
1853(8)
652(10)
-697(9)
600(10)
2804(11)
2765(10)
-1566(14)
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785(11)
132(12)
-1183(16)
-1808(26)
-2536(27)
-1801(33)
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-1576(42)
-1116(46)
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1227(13)
-668(16)
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C(2)-C(l)-M o(l)
C(4)-C(l)-C(2)
C(5)-C(l)-C(2)
C(6)-C(l)-M o(l)
C(6)-C(l)-C(4)
C(l)-C(2)-M o(l)
C(3)-C(2)-C(l)
C(7)-C(2)-C(l)
C(2)-C(3)-Mo(l)
C(4)-C(3)-C(2)
C(8)-C(3)-C(2)
C(l)-C(4)-M o(l)
C(3)-C(4)-C(l)
C(5)-C(4)-C(l)
C(9)-C(4)-Mo(l)
C(9)-C(4)-C(3)
C(l)-C(5)-M o(l)
C(4)-C(5)-C(l)
C(10)-C(5)-C(l)
0 (l)-C (ll)-M o (l)
0 (1 ’)-C(11)-0(1)
C ( l l ’)-C (ll)-0(1)
C(12’)-C(l l)-M o(l)
C(12’)-C (ll)-0 (1 ’)
0 ( l) - C ( ll’)-M o(l)
0(1 ’)-C(l 1’)-O(l)

c(ii)-c(ir)-o(i)
C( 15)-C( 11 ’)-Mo( 1)

c(i5)-c(ir)-o(i’)

C(16)-C(H’)-Mo(l)

c(i6)-c(ir)-o(r)
C (16)-C (ll’)-C(15)
0 (2 ’)-C(12)-Mo(l)
C( 12 ’)-C( 12)-Mo( 1)
C(12’)-C(12)-0(2’)
C(16’)-C(12)-0(2)
C(16’)-C(12)-C(12’)
0 (2 ’)-C(12’)-M o(l)
C(1 l)-C(12’)-M o(l)
C (ll)-C (12’)-0 (2 ’)
C(12)-C(12’)-0(2)
C(12)-C(12’)-C (ll)
C(16’)-C(13)-Mo(l)
C(13)-C(14)-Mo(l)
C(15)-C(14)-C(13)
C( 14)-C( 15)-Mo( 1)
C( 16)-C( 15)-Mo( 1)
C(16)-C(15)-C(14)

71.1(6)
72.1(6)
107.3(8)
124.6(7)
160.7(7)
72.6(6)
107.9(8)
125.8(9)
72.2(6)
107.7(8)
127.5(10)
60.2(4)
72.2(6)
35.7(5)
130.1(7)
126.3(10)
71.1(6)
109.1(9)
124.5(10)
174.7(13)
62.8(14)
101.9(28)
60.8(17)
149.6(19)
109.3(24)
62.8(26)
41.0(18)
69.5(14)
117.4(38)
101.0(20)
82.7(32)
45.7(11)
114.3(16)
70.5(32)
44.5(30)
90.2(21)
121.2(39)
166.3(37)
63.3(16)
112.7(38)
42.8(22)
139.1(44)
102.3(29)
76.8(8)
123.5(12)
66.7(7)
106.3(9)
121.7(14)

C(4)-C(l)-Mo(l)
C(5)-C(l)-Mo(l)
C(5)-C(l)-C(4)
C(6)-C(l)-C(2)
C(5)-C(l)-C(5)
C(3)-C(2)-Mo(l)
C(7)-C(2)-Mo(l)
C(7)-C(2)-C(3)
C(4)-C(3)-Mo(l)
C(8)-C(3)-Mo(l)
C(8)-C(3)-C(4)
C(3)-C(4)-Mo(l)
C(5)-C(4)-Mo(l)
C(5)-C(4)-C(3)
C(9)-C(4)-C(l)
C(9)-C(4)-C(5)
C(4)-C(5)-Mo(l)
C(10)-C(5)-Mo(l)
C(10)-C(5)-C(4)
0 ( l ’)-C(ll)-M o(l)
C (ll’)-C(l l)-M o(l)
c (ir )- c (ii) -o (r )
C(12’)-C (ll)-0(1)
c ( i 2> c ( i i ) - c ( i r )
o ( r ) - c ( i i ’)-Mo(i)
c (ii)-c (ir )-M o (i)
c (ii)-c (ir )-0 (r )
c ( i5 ) - c ( ir ) - o ( i)
C (i5)-C (ir)-C (ii)
C(16)-C(ll’)-0(1)
C (i6)-C (ir)-C (ii)
0(2)-C( 12)-Mo( 1)
0 (2 ’)-C(12)-0(2)
C(12’)-C(12)-0(2)
C(16’)-C(12)-Mo(l)
C(16’)-C(12)-0(2’)
0(2)-C(12’)-Mo(l)
0 (2 ’)-C(12’)-0(2)
C(ll)-C(12’)-0(2)
C( 12)-C( 12’)-Mo( 1)
C(12)-C(12’)-0(2’)
C(14)-C(13)-Mo(l)
C(16’)-C(13)-C(14)
C(15)-C(14)-Mo(l)
C ( ll’)-C(15)-Mo(l)
C(14)-C(15)-C(ir)
C(16>C(15)-C(11’)
0(3)-C (16)-0(l’)
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61.4(4)
73.8(6)
35.2(4)
126.8(9)
125.7(9)
72.4(6)
124.1(8)
126.1(9)
73.7(6)
124.8(7)
124.5(10)
70.3(5)
73.1(6)
108.0(8)
159.5(8)
124.9(10)
72.5(6)
124.2(8)
126.4(10)
119.9(16)
80.5(26)
39.4(23)
119.6(22)
129.2(31)
171.9(39)
68.5(25)
103.5(40)
162.1(24)
132.7(33)
119.9(23)
125.5(31)
174.7(16)
61.0(14)
105.1(35)
94.7(18)
123.5(19)
125.8(31)
62.9(24)
159.6(30)
83.1(36)
105.2(43)
66.9(8)
130.7(30)
75.8(8)
55.9(14)
120.9(16)
67.4(15)
56.2(14)

C (11>C (16)-0(1’)
C(15)-C(16)-0(l’)
C(15)-C(16)-C(ll’)
C(13)-C(l 6’)-0(3 ’)

C(H ’)-C(16)-0(3)
C(15)-C(16)-0(3)
C(12)-C(16’)-0(3’)
C(13)-C(16’)-C(12)

30.7(12)
91.4(13)
66.9(15)
137.6(60)
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86.4(19)
125.4(16)
82.7(44)
78.7(29)

