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ABSTRACT.

A number of topics related to olefin exchange in five- and six-coordinate
transition metal complexes have been investigated. Alkene exchange at
Fe(CO)4-(7€-alkene) is found to follow a simple dissociative pathway with
campetition ratios for the forward and backward reactions indicating that
alkenes are poorer nucleophiles than Group v? ligands and carbon monoxide.
The thermal stability of ligand exchange products with cycloalkenes appears
to depend on entering group conformation. In contrast alkadiene
substitution at Fe(co)3-(76-enone) appears to follow a "ring-opening”
pathway with competing associative and dissociative initial steps since the
rate of reaction depends on the electronic and steric properties of the
entering group. The stereochemistry of the products of the reaction using
the assymetric entering group 7-methylcycloheptatriene suggests no
significant stereospecificity for the substitution. Work on alkadiene
exchange at the six~coordinate centre in Cr(CO)4-(qf-a1kadiene) indicates
that the rate is dependent on substrate concentration only. Perfect first-
order kinetics are found with the exchange rate influenced by the
electronic properties of the leaving group. When using the substrates
Fe(CO)4~(qf-alkene) or Fe(CO)ao(q?-alkAGiene) ligand exchange may be
accompanied by isomerisation of the free olefin. The isomerisation is
interpreted in terms of a 1f{-allylmetalhydride mechanism. In the case of
Fe(CO)4-(q?-a1kene) the catalytic species seems to be generated through a
carbonyl bridged intermediate; the equilibrium free alkene ratios indicate
thermodynamic control. Alkadiene isomerisation at iron and ruthenium
centres yields conjugated dienes as the primary products; however ratios of

the free dienes generated suggest rather different rates of isomerisation

and dechelation of the ligands at the two types of metal centre.
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CHAPTER ONE : A SURVEY OF MECHANISTIC ORGANOMETALLIC CHEMISTRY.

1.1 A HISTORICAL PERSPECTIVE.

The systematic study of transition metal organometallic chemistry is
generally accepted to have originated in the early 1950's with the
publication of the Dewar-Chatt-Duncanson model for bonding in complexes
between transition metals and alkenes. The volume of work published in the
field has shown a continuous expansion since that period, with emphasis
primarily directed towards the development of synthetic methods of
investigating the reactivity of the new class of compounds. Quantitative
methods of study, which are needed if an adequate theoretical framework for
describing the underlying trends in reactivity is to be established, have
received considerably less attention. .Indeed in 1967 it was still possible
to produce a review article covering all work published in the field of
ligand substitution in metal carbonyl complexes, perhaps the most
extensively studied group of organometallic complexes1. Nevertheless,
research into mechanistic transition metal organometallic chemistry does
offer considerable rewards in determining the factors influencing the
reactivity of low valent transition metals, and for this reason an
increasing number of workers have taken advantage of the opportunities

offered by the growth of this new area of study.

With the advent of systematic organometallic chemistry it has become
pPossible to study the reactions of low valent transition metals in non-
polar media2'3, with consequent advantages in terms of mechanistic
interpretation., Unlike transition metal coordination complexes, which are
generally studied in polar media such as water or methanol, organometallic

complexes can be studied under conditions where solvent effects are

negligible. Accordingly rather more subtle influences on transition metal



reactivity can be identified when studying organometallic complexes. Indeed
a number of recent publican:ions‘b6 have attempted to use molecular orbital
treatments to describe the change in reactivity of an organic ligand on

coordination to a low valent transition metal centre.

This type of approach to transition metal reactivity offers exciting
possibilitieS, particularly in view of the importance of transition metals

as catalysts in organic synthesis.

1.2 CLASSIFICATION OF METAL TO LIGAND BOND TYPES IN

ORGANOMETALLIC COMPLEXES.

In view of great variety of transition metal organometallic
complexes which have been described in the literature it is perhaps
appropriate to outline the most commonly encountered forms of metal to
ligand bonding. The most convenient model for describing bonding in
transition metal complexes is that put forward by Dewar, Chatt and
Duncanson to account for the structures of complexes of silver and platinum
with alkenes7. The synergistic, or "back bonding", model originally
proposed has been developed considerably in recent years and now provides a

versatile tool for describing the structure of a wide variety of

organometallic species 8. The model envisages two concurrent bonding

bProcesses in the formation of a metal to ligand bond :

(a) o0~donation : This process involves donation of

electron density from a suitable o-type orbital of the ligand to a suitably
orientated o~type acceptor orbital of the metal. It should,'however, be
noted that the donor orbital is only of o-symmetry and may in fact be of o

or m-character., The term "o-donor" is often used to describe the latter

case.




(b) The w-acceptor process : This process involves transfer of electron
density from a T-type orbital of the metal to a suitably orientated w-type
orbital of the ligand. Again it should be noted that the acceptor orbital

is only required to be of 7-symmetry and may in fact be of 7t or d=

character.

The bond order of the resulting species is dependent on the relative
importance of the two competing processes for each of the ligands
concerned; and consequently ligands are often described as "¢-donors" or "x
~acceptors" depending upon which of the processes predominates in the
particular case. A special term has arisen to describe the type of bond
formed between a metal and an unsaturated organic ligand. Since, in this
case, both the ligand donor orbital and the ligand acceptor orbital are of =
-character the resultant complex complex is termed a metal w-complex. A
typical example of a "g-donor" ligand is piperidine which bonds to the
metal by a o-bond through the amino group. Since the nitrogen has no
available orbitals of r-symmetry to serve as T-acceptors ¢<-bonding only is
observed with this type of ligandg. The carbonyl group is a good example of
a m-acceptor ligand. In this case the ¢-donor orbital of the ligand is a

formally antibonding - molecular orbital, whilst the acceptor orbital is

*
of w* =character.

An examination of the literature indicates that a wide variety of
ligand types have been used in studies of substitution mechanisms 0peratihg
at metal centres; "¢-donor" and "T-acceptor" ligands are represented in
addition to more typical ligands exhibiting both donor and acceptor
properties. To date the majority of published kinetic and mechanistic work
has been concerned with the study of ligand substitution or ligand
isomerisation occurring in mononuclear metal complexes. It is only recently

that metal-metal bonded complexes have become the objects of mechanistic



study1o. Complexes of metals in the d6, d8 and d10 electron configurations

have received most attention in the literature.

When considering the mononuclear metal complexes it is noticeable
that species involving organic fi-ligands have received relatively little
attention. In view of the extensive use of complexes of coordinated organic
ligands as intermediates in organic and organometallic synthesis, and of
the importance of transition metal catalysts in the manufacture of organic
chemicals, detailed work in this area seemed desirable. The work described
in this thesis is concerned with the mechanism of Mf-ligand exchange at five
and six-coordinate transition metal centres; rather more information is

available for complexes of the four coordinate metals’

In choosing complexes for kinetic and mechanistic study a number of
factors need to be taken into consideration. Perhaps the most important
consideration is the need for a substrate whose physical properties are
suited to rapid and accurate spectroscopic measurement, thus permitting
convenient monitoring of the reaction. Early workers found that metal
carbonyl complexes were readily synthesised and could be monitored
conveniently by means of infrared spectroscopy. For this reason a large
number of publications have been concerned with the mechanisms of
substitution of metal carbonyl complexes despite the poor "d-donor"
broperties of the carbonyl group which make it a rather atypical ligand.
The very strong infrared and ultraviolet absorption of this ligand enable
Studies to be carried out at metal complex concentrations of the order of
1074 Mol dm—3; whilst the sensitivity of the infrared spectrum of the
carbonyl group to small changes in the electron distribution at the metal
centre enable the experienced chemist to follow the course of a reaction in
great detail. Infrared intensities may further be used to calculate metal=-

ligand bond strengths12 and to obtain information concerning the symmetry



of the substrate and hence its structure. in view of the large amount of
information to be gained about the course of a reaction taking place at a
metal carbonyl centre employing such simple and inexpensive methods of

13 the relative paucity of information on other types

spectroscopic analysis
of metal complex is perhaps not surprising. However with the increasing
availability of more sophisticated instrumental techniques such as Fourier

Transform nuclear magnetic resonance spectroscopy it is to be hoped that

the range of ligand types investigated kinetically will widen rapidly.
1.3 CLASSIFICATION OF LIGAND SUBSTITUTION PATHWAYS.

On the basis of the information currently available it is possible to
outline a number of elementary processes which are believed to operate
during ligand substitution at a low-valent transition metal centre. The
principal processes are %iven in the following subsections; it should be
emphasised at this stage éﬂézhéie'term "Nucleophilicity" should be
interpreted with caution when applied to organometallic systems since such

systems involve ligands with both o-donor and ®-acceptor properties14 For

this reason the Langford and Gray terminology15 will be used in preference

to the more common Ingold classification wherever possible.

1.3.1 The "Dissociative® Pathway.

The "Dissociative" or "d" process is the analogue of the Ingold SN1
(limiting) mechanism when applied to organometallic systems. The rate
determining step of the "d" process is taken to involve complete
dissociation of the leaving group to form a coordinatively unsaturated
intermediate; the free coordination site is then rapidly attacked by the
entering group. For the "ad" process to be assigned it is necessary that a

stable intermediate be observed, whilst an "Id" description is to be
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preferred if an intermediate cannot be directly observed. The "d" process
involves a rate determining step in which the metal-ligand bond order
decreases and for this reason a reaction proceeding by this pathway would
be expected to show a small positive activation entropy accompanied by a
high activation enthalpy. A true "d" process should display a negligible
solvent effect and should be completely independent of the entering ligand
concentration if pseudo-first-order conditions are employed. This is
reflected in the apblicable rate law, given as equation (1-1).

(1-1) ~fas)] = k1[S]

dat

FIGURE 1-1 illustrates a typical example of a reaction proceeding by

the "d" pathway.
1.3.2 The "Associative™ Pathway.

The "Associative" or "a" pathway is the organometallic analoque of the
Ingold SN2 (limiting) mechanism. The rate determining step is taken to
involve the formation of an intermediate in which both entering and leaving
groups have formed bonds to the metal centre. As in the case of the "a"
mechanism the intermediate must be observed for the pathway to be
unambiguously assigned. When considering organometallic substrates it
should be remembered that an eighteen electron transition metal complex
would form a twenty electron intermediate if substitution were to take
place by an "a" pathway. This type of intermediate would be expected to be
favoured only for complexes of low initial coordination number or large
atomic radius and it is interesting that "a" type kinetic behaviour is
often seen to become more important in going down a metal triad where the
latter effect would be expected to app1y16. In considering the "a" process
it would be expected that rates of reaction would be markedly effected by

both entering group and solvent properties, since the intermediate involves



' .
increased bond order'’, The increased bond!order would also be expected to
be reflected in a large negative activation entropy whilst the absence of

bond-breaking should result in a relatively small activation enthalpy.

The strong entering group dependency of the "a" pathway is illustrated
by the applicable rate law as given in equation (1-2) :
(1-2) =dls] = x,Is]lL]
dt

FIGURE 1-2 illustrates a typical reaction pathway.
1.3.3 The "Interchange (dissociative)™ Pathway.

The "Interchange (dissociative)" or "Id" pathway ressembles the SN1
(general) mechanism of the Ingold classification and 1s therefore taken to
involve a transition-state in which both entering and leaving groups have
formed bonds to the metal centre. For a process to be designated as "Id"
the transition-state must involve more bond-breaking than bond-making
character. For this reason the pathway may be seen as a ligand-assisted
dissociative mechanism without formation of an observable intermediate.
Solvent effects in "Id" systems should not be large but rates will increase
in polar solvents capablerof behaving as additional entering groups. Covey
and Brown '8 have provided a detailed analysis of the "Id" pathway which
aPpearé to be very common in transition metal substitution reactions. The
rate law applicable to "Id“ systems has been demonstrated to vary with the
solvent properties18 but the general form is given in equation (1-3).

(1=3)  -dls] = x,ls] + k_[s]IL]
dt
It should be noted that the ka term in the rate law is much less strongly
influenced by entering group properties than the corresponding term in the

"a" process rate law, and that the magnitude of the observed k, Value for a
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given entering group will be seen to diminish with increasing solvent
coordinating power. Since "Id" processes involve transition-states with
more bond-breaking than bond=-making character Activation Entropies should
be close to zero in most cases with Enthalpies ressembling those of true
"d" processes. The "Id" process provides perhaps the most plausible
explanation of entering group dependent kinetics in systems where expansion

of the metal coordination number is unlikely for kinetic or steric reasons.
1.3.4 The "Interchange (associative)™ Pathway.

A fourth mechanism commonly invoked to describe organometallic systems
is the "Interchange (associative)" or "Ia" pathway. The "Ia" process
ressembles the SN2 (general) mechanism of Ingold, involving the formation
of a transition-state in which bond-making is more important than bond-
breaking. In terms of kinetic behaviour it is very difficult to
discriminate between "a" and "Ia" processes, with the latter distinguished
only by the absence of an observable intérmediate. Solvent and entering
group effects should be of much greater magnitude than those observed for
"Id" processes though rate equation (1-3) applies to both "Id“ and "Ia"

processes. The "I_" process may be distinguished from the "I4" process by

the fact that ka[L] >> k, except at low [L], whilst the "Ia" is

distinguished from the "a" by the non~-zero intercept of a plot of kobs (the

pPseudo-first-order rate constant) against [L] for the former.

The differences in the forms of the Kobs against [L] plots for each of

the mechanisms so far outlined are given in FIGURE 1-3.



1.3.5 The "Ring-opening™ Mechanism for substitution

of Chelating ligands.

When ligand substitution at a low valent transition metal centre
involves dispacement of a polydentate chelating ligand the observed kinetic
behaviour may not resemble that to be expected for any of the mechanisms so
far described. It was for this reason that Dobson and coworkers proposed
the so-called "Ring-opening" mechanism19. The mechanism is illustrated in
FIGURE 1-4 and provides the general rate law given in (1-4):

(1-4) -dls] = Xxq:k,[s] (L)
at koy t k2[L]
where (L= a mono or bi~dentate entering group ).

Detailed consideration of the mechanism indicates that three different

types of kinetic behaviour may be displayed by “ring-opening" systems.

(a) If rechelation of the free end of the leaving group, as represented by
k_4+ is less favoured than displacement by the entering group, k2[L],

observed kinetic behaviour will follow eguation (1-5)

(1-5)  =als] = k,Is]

dt when k_, << k, (L]

(b) When both entering and leaving groups have similar bonding properties
it is likely that rechelation of the leaving group, k_4+ will be favoured
due to the very high effective leaving group concentration. (see the review
by Angelici' |

gelici’). The applicable rate law then becomes (1-6) :

(1-6) —d[s] = kqk,[s][L]

at k_q when k_; >> k,lL]
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(c) Under conditions where k1:= kz[L] for the range of ligand
concentrations studied no simplification of the rate law given in (1-4)
will be applicable and consequently plots of the pseudo-first-order rate
constant (kobs) against [LJ will not be linear. Condition (c) is the only
case where a "ring-opening"™ mechanism can be unambiguously invoked from the
kinetic evidence. Characteristic plots of kobs against [L] for each of the
three conditions are provided in FIGURE 1-5. It will be appreciated from
the plots that condition (a) is kingtically indistinguishable from a "d"

pathway and that condition (b) from an “a" or "Ia“ pathway.

The "ring-opening” pathway is the last of the generally applicablé
mechanisms which need to be considered in this introductory sectionj
schemes of more specialised applicationkﬁiil be outlined at the relevant
points in the survey. It should be stressed that the "ring-opening” model
pﬁt forward in this section covers only the case where the initial "ring-
openingﬁ proceeds dissociatively: Dobson'é éroup have also encountered more

complicated systems involving a competing associatively activated step.

1.4 FACTORS INFLUENCING THE REACTIVITY OF

TRANSITION METAL COMPLEXES.,

Before attempting to discuss the implications of thelavailasle
experimental evidence it is first necessary to outline the factors which
are presently believed to influence the reactivity of transition metali
ComPiexes. Five different influences on reactiv%ty have been put forward in

’

the literature and these will be discussed in turn in the following

sections, :
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1.4.1 Effective Atomic Number.

The concept of Effective atomic number, or E.A.N., was proposed by
C.A.Tolman specifically to account for marked preference of low valent
transition metals for particular electron configurations. The main tenets

are laid out in the author's 1972 review article20

"(a) Diamagnetic organometallic complexes of transition metals may exist
in significant concentration at moderate temperatures only if the metal's

valence shell contains 16 or 18 electrons. A significant concentration is

one that may be detected spectroscopically or kinetically and may be in the

gaseous, liquid or solid state.

(b) Organometallic reactions, including catalytic ones, proceed by

elementary steps involving only intermediates with 16 or 18 electrons.™

Although originally postulated as an empirical rule the E.A.N. concept has
been given a theoretical basis following a series of papers by Mingosz1-23.

A topological Huckel model is employed depending on full utilisation of

metal valence orbitals.

1.4.2 cCoordination Number and Geometry of the Metal centre.

A second factor which has been observed to exert a systematic effect on
the reactivity of transition metal complexes is the coordination number of
the metal centre. A number of experimental studies have given evidence for
subtle electronic and steric effects in examining the behaviour of a series
of complexes with similar coordination and geometry but different metal
Ceétres. A good example of this approach is provided by a study of the

formally four~coordinate series Ni(c0)4, Co(NO)(CO)3 and Fe(NO)z(CO)z. The
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similar structure and properties of these complexes enable comparison of
metal reactivities to be carried out. In this case24 increasing the
electron density at the metal in passing from Ni to Fe increases the
importance of the ligand-dependent component in the rate law derived from
kinetic measurements. It is interesting to note that a sophisticated
molecular orbital calculation carried out for a similar series of formally
four-coordinate complexes produced essentially the same resultszs. A number
of theoretical studies have been produced in an attempt to account for the
observed similarities in reactivity of complexes of different transition
metals sharing a common coordination number and geometry26-33. The present
position is summarised in a review by Mingos31, which employs the following

rationalisation :

"..the spatial extent, hybridisation, and energies of the valence

orbitals of an ML fragment are very sensitive to the geometric

arrangements of the ligands.."

and in the transition-state the fragments "remember" the position of the
low energy orbitals of the parent complex thus effecting product structure.

1.4.3 The Electronic Configuration of the Metal Centre.

Experimental evidence suggests that the strength of a bond formea
between a transition metal and afl ~acceptor ligand is markedly dependent on
the oxidation state of the metal. A further observation is that metal
cations form complexes with g-donor ligands more readily than their
isoelectronic neutral analogues. The first attempt to explaiﬁ these
observations employed the Hard and Soft Acid and Base theory ofFPearson34.

In the Pearson nomenclature metal centres in complexes of low valent

transition metals are classified as "soft"” acids and as such would be
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expected to form strong bonds with "soft" bases such as tff-acceptor ligands.
An increase in the oxidation state of the metal would be expected to
increase the "hard" acid character of the species resulting in increased

metal-ligand ¢ -bonding.

Using molecular orbital arquments it is possible to rationalise the
observed trends on the basis of the greater pH -de ligand-metal orbital
overlap for metal in a low oxidation state bonding to a ff-acceptor ligand,

when the W -bonding capability is compared with that of a metal in a higher

oxidation state.

The result of the contrasting effects of increased nuclear charge and
increasing dd electron density are illustrated by the general reactivity
order towards fl-acceptor ligands in going down a metal triad. The observed
order for the reactivity of the Group VIb metals with1-ligands is Mo > Cr
>> W . In this case the order reflects the maximum electron polarisab}lity
reached at Mo which has a lower effective nuclear charge than W owinq to
the gbsence of the lanthanide contraction for the second row transition
element. It is significant that thermochemical measurements35 show Fhat the
reactivity of the Grou§ VIb metals towardsd -donor ligands decreases in the

order W >> Mo > Cr in line with the decrease in effective nuclear charge.

1.4.4 The Role of Auxiliary Ligands.

The effect of auxiliary ligands in determining the site and rate of
bongd breaking in substitution reactions has been one of the most_intensely
studied areas ?f mechanistic organometallic chemis£;y since it became
apparent that a number of different types of auxiliary ligand will cause

labilisation of carbonyl groups towards dissociation’- Brown and coworkers

have carried out extensive investigations of the so-
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called "cis-labilisation" effect in the substitution of metal carbonyl

complexes36'37 but as yet no convincing general model labilisation of

leaving groups by auxiliary ligands has been produced. Angelici, in his
1967 review1, attempted to subdivide ligands into two classes :

(a) Labilising towards carbonyl dissociation;
Halides, chelating nitrogen ligands such as o-phenanthroline, and
nitro groups.

(b) Non-labilising towards carbonyl dissociation;

Phosphines, phosphites,isonitriles,arsines,stibines and sulphur

ligands.

The reviewer also noted that monodentate amines were readily displaced from

aminepentacarbonylmetal complexes.

The two groups fall broadly into the "hard" and "soft" base categories

respectively of the H.S.A.B. scheme34. However the detailed behaviour of

the metal complexes is difficult to rationalise using either simple
H.S.A.B. descriptions or conventional molecular orbital approaches. Recent
experimental and theoretical studies have indicated that the orders of
reactivity observed reflect a number of factors, which are often subtle. A
good example is the labilisation order for complexes of the type
(M(co) x]™* = ; - =

5 . where (M= Cr; n= =1; M= Mn; n= 0; X=Cl,Br,I ). For this
series the lability of the carbonyls cis to the halide varies in the order
Cl>Br>1 38

+ Fenske and coworkers™  have explained the observed

labilisation order in terms of a “direct-donation" of lone pair electron
density from the halogen P, orbital into the ﬂ' orbitals of the cis-

carbonyl ligands. The halogen-carbonyl bond would be expected to be

strongest for the iodo complex due to the size and symmetry of the halogen

P, Orbitals and the low lability of the complex towards carbonyl
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dissociation seems to support this argument. The situation is less clear
for labilising ligands withff -acceptor properties as well as a d-donor
capability; the most plausible explanation of the effects of auxiliary
ligands on the reactivity of such complexes rests with the ability of the
ligands to stabilise the first transition-state of the substitution
process. This may be seen as either stabilisation of a coordinatively
unsaturated species generated by a dissociative process (typically for
complexes with auxiliary ligands which are good fl-acceptors); or as a
steric rate enhancement due to increased geometrical relaxation energy in

the transition-state (where bulky auxiliary ligands are present)37.

More detailed discussion of these effects will be deferred until the

appropriate point in the survey of experimental observations.

1.4.5 Entering Group Properties.

The behaviour of a substrate towards a variety of different types
of entering group has often been used successfully to prévide information
about the elementary processes responsible for ligand substitution. It is
therefore rather unfortunate that the majority of reported kinetic studies
in organometallic chemistry have used a very restricted range of entering
groups. Phosphines and phosphites have been the most common entering groups
in published work, whilst other trivalent Group v ligands have been used
extensively., Carbon monoxide has been widely employed as an entering group
both in substitution experiments and in carbonyl exchange reactions. Very

little information is available for other types of ligand.

Various authors1'39 have been tempted to devise tables of entering

group "Nucleophilicities". It must be remembered however that several

factors are involved in the relative success or failure of a given ligand
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as an entering group and, bearing this in mind, the evidence of relevant
physical measurements provides a better insight into entering group
reactivity. Three useful recent studies of simple, neutral inorganic
ligands are available?0-42 whilst Tolman43 has provided a simple model for

the formation equilibrium constants of a variety of metal-alkene complexes.

Yarbrough and Hall40 have carried out a study of a number of
complexes of general formula M(CO)S-L, where (M= Cr,Mo,W; L=PR30PF3:
P(OR)3.P(NR2)3,CO; using photoelectron spectroscopy. The authors claim that
this technique provides direct evidence of the relative é-donor and
fl-acceptor properties of the ligands. Results were claimed to be in
qualitative agreement with those of Barbeau and 'I'urcotte44 based on
analysis of carbonyl force constants. A complementary X-Ray
crystallographic study by Carty et al.41 suggests that metal=-ligand bond
order increases with L in the order PPh3 < AsPh3 < sbPh3 < BiPh3 for
complexes of the type Cr(CO)s.L, presumably reflecting the increasingly
strong s component in the d ~orbital of the Group va ligand. Yarbrough and
Hall's relative order of d-donor and fr-acceptor abilities is as follows:

d-donor ability: PRy > P(OR)5 > P(NR2)3 > PFy = CO

n-acceptor ability: CO = PF5 > P(OR); > P(NR,); > PR

3 3

The molecular orbital study of Ziegler and Rauk, which was concerned with
weakly basic ligands attached to a [Ni(co)3] fragment, suggests that the
PF4 / CO order may be dependent on ligand environment since the following

results are claimed:

d¢=donor ability: CS = CO > CNCHy > N, = PF,

M-acceptor ability: CNCH, > CS > CO > PFy > N,
The reported orders of ¢ -donor ability are in good agreement with measured
ligand "nucleophilicities" for the substitution reactions proceeding by a

ligand-dependent pathway, assuming that steric hindrance is disregarded.

The significance of the fi-acceptor property order is more difficult to
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interpret but does appear to reflect the observed "reservoir" ff-density
compensation effect for thiocarbonyl and carbonyl complexes40. The
considerable recent interest in the substitution reactions of complexes of
nitrogen donor 1igands45 with other Group v ligands as entering groups
would suggest that ¢ -donor ability determines "nucleophilicity" in ligand-
dependent processes but that the stability of the resulting complex is
markedly dependent on the ft~acceptor properties of the entering group.

Tolman's 1974 study43

of the formation constants for the reactions
between tris(tri-o-tolylphosphite)Ni(0) and a wide range of alkenes enabled
the author to draw up a simple model for the metal-alkene bond strength.
The author contended that the rate of dissociation of the metal-ligand bond
in nickel=-alkene complexes was determined by the degree of back deonation
from the metal &1 orbitals, which form the Highest Occupied Molecular
Orbital (or H.0.M.O.) set, into the n* orbitals of the alkene ligand, which

form the Lowest Unoccupied Molecular Orbital (or L.U.M.0O.) set. The

calculated energies of the metal 4ff set were found to increase in the

following order:

Ag{I) < Pt{(II) < Rh(I) < Pt(0) < Fe(0) = Ni(0)
At nickel the ligand ﬂ* (or L.U.M.0O.) set would be expected to lie very
close in energy to the metal df¥ (or H.O0.M.0.) set, an observation which
was supported in the paper by ultraviolet spectroscopic assignments. The
author therefore concluded that, in nickel systems, small changes in the
energy of the L.U.M.0. set brought about by structural modifications to the
alkene ligand would substantially influence the degree of metal-ligand back
donation. Evidence for the model was provided by a linear plot of the
logarithmn of the Equilibrium constant (log K) against the calculated
energy of the 1igand|; orbital or L.U.M.O. Tolman's model also provides an
interesting explanation for the observed decrease in discrimination of the

metal centre towards the structure of the alkene entering group in passing
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from Ni(0) to Pt(II) and Ag(I). In the case of the latter elements the
H.O.M.0. to L.U.M.0. energy separation should be such that small electronic

effects at the alkene should have negligible effect on the metal-ligand

bond strength.

1.5 KINETIC AND MECHANISTIC STUDIES OF LIGAND SUBSTITUTION IN

SIX-COORDINATE SYSTEMS.

Having outlined the concepts which are needed to describe the
structure and reactivity of low valent transition metal complexes according
to currently accepted models, it is now important to examine the
experimental evidence. The various systems which have been studied in the
past are most convenlently classified according to coordination number,
since this groups together complexes which display common trends in
reactivity. The experimental survey will be largely restricted to Iow
valent mononuclear transition metal complexes which undergo ligand
substitution in non-aqueous solvents so that experimental observations may
be readily compared and interpreted. For this reason the survey will be
concerned primarily with five- and six-coordinate systems, since suitable
substrates of other coordination numbers are not common. All experimental
measurements have been converted to S.I. units; errors, where quoted,

represent one standard deviation of the mean.

1.6 LIGAND SUBSTITUTION PROCESSES AT SIX-COORDINATE TRANSITION

METAL CENTRES.

Six-coordinate systems for which kinetic information is available

can be described most conveniently using the general formula :

[MLs_m-Am]n+ . where L represents the auxiliary ligands and A is the

leaving group or groups. For the majority of systems so far studied the
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auxiliary ligands (L) are carbon monoxide groups although a few systems
have been reported with auxiliary ligands such as PF3. For this reason a

general symbol for the auxiliary ligands seems appropriate.

1.6.1 Complexes of the General Formula [MLS-A]n+ .

The most commonly studied six-coordinate systems are those with a

single, monodentate leaving group. Since a considerable range of species of

this general formula have been investigated this section will be further
subdivided to consider related species together. The simplest derivatives

of this type, the hexacarbonylmetals, will be considered first.

(i) (n=0: M=V, Cr, Mo, W ; n=1t: M= Mn, Re; L= CO; A= CO).

The hexacarbonylmetals were the subject of much of the early work in
the kinetics of organometallic species and it is for this reason that
most of the evidence available was collected in the reviews of Angelici1
14

and Werner ~ in the late 1960's. Later experimental and theoretical studies

have been concerned with the refinement of mechanistic schemes in the light

of observed trends in ligand 1ability37’48.

Work with hexacarbonylmetals has been hindered by the unusual thermal
stability of the complexes towards carbonyl dissociation; indeed the
paramagnetic species V(CO). ,which is reported to be the most thermally
labile of the species46 , undergoes carbon monoxide at 25°C with a half-
life of several hours. Of the other hexacarbonylmetals, Mn(CO)G+ shows no
measurable exchange with isotopically labelled carbon monoxide in acetic
acid at 30°C, whilst Re(C0)6+ has been shown to be inert to carbonyl
exchange at temperatures as high as 60°C 47. In contrast to the above
species for which little accurate data is available, the reactivity of the

Group VIb hexacarbonylmetals towards ligand substitution has been
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extensively documented and the results suggest that two types of pathway

are distinguishable.

Processes exhibiting a ligand-independent rate law.

A number of ligand exchange experiments with Group VIb
hexacarbonylmetals have been shown to follow ligand-independent kinetics
consistent with a "d" type pathway. For measurable exchange to occur with
these substrates rather high temperatures are required; in the 'case of
Mo(CO)6 exchange studies require temperatures in the range 100 - 120°C ,

whilst W(CO)g does not undergo exchange below 150°C.

Cetini's group have carried a comparison of ligand exchange in the gas
phase and in decalin solution for the substrates M(CO)6 (M= Cr, Mo, W). The
results indicate that the solvent effect on the rate of exchange is

negligib1e49. TABLE 1-1 gives the experimental data with the authors'

., derived activation parameters for the reactions. It is interesting that the

enthalpies of activation of the hexacarbonylmetals towards carbonyl

dissociation reflect the calculated force constants of the metal-~carbonyl

bondsso.

More recent studies51 employing flash photolysis methods, indicate

that the rate constant for carbonyl recombination according to equation (1=

7) is approximately 3 x 106 mol.1 dm3 5-1.
(1-7)  cr(co), - Cr(co), *+co

This observation reflects a low discrimination of the pentacarbonylmetal

intermediate towards the entering group.

5
Werner>2 has reported that hexacarbonylmolybdenum is substituted by

monodentate amine d ~donor ligands by a ligand-independent rate law to yielqa

aminepentacarbonylmolybdenum and carbon monoxide.
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Processes exhibiting a ligand-dependent rate law.

Reactions of hexacarbonylmetals with entering groups of appreciable
basicity have generally been found to exhibit a second-order component in
the rate law. With neutral Group vd ligands as entering groups reactions in
solvents 6f low polarity almost invariably display a two term rate law of
the form (1-8):

(1-8) ks = k4 + k,lentering group]
The ligand-dependent term becomes more important with change in the
metal centre in the following order: Cr < Mo < W ; suggesting that the

effective atomic radius influences the mechanism of substitution.

Angelici and coworkers have published extensively on the kinetics of

substitution of the Group VIb hexacarbonylmetals by trivalent phosphorus

and arsenic compound953'54. The processes studied are given in equation (1=
9):
(1-9) M(CO)6 +E oo M(CO)5E + CO

where (M= Cr; L= PBu”,, PPh,, P(OPh),; M=Mo; L= PBu",, PPh,, P(OPh),,

AsPhy, P(OCH,);CR; M=; L= PBu'3, PPhy, P(OEt)s, P(OCH,);CR ).

The experiments were found to require temperatures similar to those used
for carbohyl exchange. Using a solvent of low polarity the first-order term
in the rate law was found to be‘identical to that found for ligand exchange
(within experimental error) whilst the derived éctiiation parameters were
consistent with a dissociative pathway. The second~order term was fouhd to

depend on the relative d -donor abilities of the entering groups and

increased in magnitude in the order :
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- = n_ .
AsPh, < P(OPh), = PPh, P(OEt)y < PBu 4
In all cases the second-order rate constant was found to fall within
an order of magnitude of the first-order constant, whilst solvent effect
work suggested that the second-order term was inhibited by increasing

solvent polarity. TABLE 1-2 gives representative rate and activation

parameters for the systems with (E= PBun3).

Although activation parameters for systems exhibiting two term rate
laws must be treated with caution it appears that the second-order pathway
has a substantially lower activation enthalpy than the ligand-independent
pathway, but that the increased order of the transition-state produces a
markedly less favourable entropy of activation. The low discrimination of
the second-order term towards nucleophiles, with the significant negative
entropies of activation, would suggest that an "Id" pathway operates for

ligand-dependent substitution in these systems.

More recent work by Dobson55 concerned with amine substitution at
hexacarbonylmetal centres (M= Cr, Mo, W; L= benzylamine, cyclohexylamine,
aniline ) suggests that a two term rate law is applicable to these systems
as well., This is in marked disagreement with Werner's observationssz. On

the basis of the low discrimination of the intermediate towards the

entering group the author postulates competing "d" and "Id" pathways.

A contrasting ligand-dependent mechanism has been proposed by Asali
and Dobson56 for the regction between W(CO)6 and strongl& nucleophilic
entering groups of the type [PPN+ X1,
where (PPN' = bis(triphenylphosphine)iminium+ ; X= CN, OCN, SCN ).

These reactions which yield W(CO)S-X- (pPN)* and co, show perfect second-

order kinetics in chlorobenzene at 90 - 120°C . The rate law for the

substitution process and the strongly negative entropiés of activation
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suggest that an associative pathway is involved with initial nucleophilic

attack at carbonyl carbon.

Substitution of hexacarbonylmetals by chelating ligands.

Little work has been published on the kinetics of substitution of

57 58

hexacarbonylmetals by polydentate ligands. Werner and Brown have both
investigated the kinetics of substitution of hexacarbonylmolybdenum by
arenes and related carbocyclic ligands. Both groups concluded that a purely
dissociative mechanism was involvgd but it is noticeable that values for
the measured dissociative rate constant (k1) were found to be significantly
smaller than those reported for work with carbon monoxide or Group v?
entering groups at the same temperature. The marked discrepancy between

values of k, for bicyclo{2.2.1]hepta-2,5~-diene and cyclohepta=-1,3,5~triene

entering groups also casts doubt on the simple mechanism put forward.

(ii) (n= ~1: M=Cr, Mo, W; n= 0: M= Mn, Re; L= CO; A= Cl, Br, I ).

Kinetic studies show that the pentacarbonylmetal halides of the Group
VIb and VIIb elements undergo carbonyl substitution at a substantially
greater rate than the analogous hexacarbonylmetals and this observation has
resulted in considerable interest amongst theoretical workers attempting to
establish the causes of carbonyl labilisation. Halide ligands are unusual
in causing cis-carbonyl labilisation whilst being very poorlﬁ-acceptor
ligands; indeed the filled p orbitals of the halide ion would suggest thatg

I
and fl-donor properties would be exhibited but with negligfble Y -acceptox

capability38.

-

Systems exhibiting a ligand-independent rate law.

The neutral halide complexes of the Group VIIb metals show a rate law
which is independent of the nature and concentration of the entering group

but is strongly influenced by the nature of the halogen atom.
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Investigations of the rate of carbonyl exchange for the species of the
type Mn(co)s.x show the following order of increasing exchange rate:

(X=1I < Br < Cl ).
Isotopic labelling experiments suggest that the postulated five-coordinate
intermediate in the exchange process is fluxional during its lifetime since
labelled carbon monoxide shows no preferential site of incorporation into

59, 60 61 62

the product . Brown and coworkers ' and Cetini et al.

have studied
carbonyl exchange for Re(CO)S-x and have obtained results similaf to those
found for the manganese analoques; indeed Brown's report includes a direct
comparison of the rates of 13cO exchange for the species M(Co)s-Br , where
(M= Mn, Re ) , in hexane. Although both processes were observed to be
ligand~-independent it is notable that the rhenium complex is several orders
of magnitude less labile than the manganese analogue. The same trend was
noted for species of the type:

M(CO),+Br.L , where (M= Mn, Re; L= PPhy, pyridine, P(OPh)3 ).
Early work carried out on the systems given in equation (1=10) should be
treated with suspicion since a ligand-independent pathway is(postulated
though the quoted entropies of activation are strongly negative63. |

(1-10) Mn(C0)5~X + X* - Mn(CO)sz* + X

where (X= Br, I; X*= labelled halogen )

The reactions of the Group VIIb pentacarbonyl halides with Group v ligands
closely parallel the carbonyl exchange experiments. Angelici and

coworkers64

have studied the kinetics of ligand substitution for the
systems illustrated by (1-11).
(1-11) Mn(co)s.x + EPh3 - Mn(co)4.x.EPh3 + Cco
where (E= P, As; X=Cl, Br, I )
Temperatures of 25 - 45°C were required for substitution to take place with
chloroform as the chosen solvent. Activation parameters were determined for

systems with AsPh3 as the entering group; for the case (X= Br‘) identical

parameters were obtained if the reaction was carried out in nitrobenzene,



thus indicating that solvent participation in the carbonyl dissociation

step is negligible.

The most recent work for the analogous rhenium systems is that of
Brown and Sane65 ; considerably higher temperatures were required for
measurable substitution with these substrates. The temperatures used were
55 - 60°C for (X=Cl ) up to 75 - 85°C for (X= I ). Despite the lower
lability of the rhenium complexes an analogous rate law was found to appiy,

with the observed carbonyl lability order (X= I < Br < Cl ) paralleling

that for the manganese systems.

The published activation parameters for ligand substitution by Group
V2 entering groups are given in TABLE 1-3 . The data available is fully
consistent with a limiting "4d" process, whilst the most satisfactory
explanation of the observed carbonyl labilisation order is the Fenske
Direct Donation mode138 outlined earlier. Brown et al. have provided a

useful transition-state geometrical argument to account for the labilising

properties of halide ligands as a group37

Systems exhibiting a ligand-dependent term in the rate law.

The anionic Group VIb pentacarbonylmetal halides have been shown to

. '
undergo ligand substitution by a two termirate law involving ligand-

.l et b s

dependent and ligand-independent components.

Kinetic measurements on these halide systems have been carried out

by Allen and Barrett66 employing a variety of Group va ligands as entering

groups. The reactions, carried out in diglyme, required temperatures in the
range 15 - 25°C. The authors observed that the ligand-dependent pathway
resulted in a different product to that resulting from the ligand-

independent route. The mechanistic scheme illustrated in FIGURE 1-6 is
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claimed to be applicable to the cases:

(M= Cr: X= Cl1l, Br, I; M= Mo: L= Cl, Br, I; M=W: L= Cl, PPh3, P(p-

chlorophenyl),, P(p-fluorophenyl), ) .

The results for the molybdenum systems give a good illustration of the
trends displayed by the Group VIb pentacarbonylmetal halides in general and
relevent kinetic data are presented in TABLE 1-4 . It is notable that the
order of carbonyl labilisation for the first-order process parallels that
for the manganese and rhenium systems and is the only pathway observed when
{X= C1 ). For the cases (X= Br, I ) a ligand-dependent term becomes
significant; this second-order term shows only a relatively small variation
with basicity of the entering group. It is perhaps significant that the
term increases in importance in the order (M= Cr < Mo =W ) as the
effective atomic radius of the metal becomes greater. From the evidence
presented it is not possible to draw any more definite conclusions as to
the second order pathway.

(ii1) (n= 0; M= Cr, Mo, W; L=CO; A= NR, ).

The study of the kinetics and mechanism of ligand substitution at
aminepentacarbonylmetals has been a very important area in recent times.
The evidence to date suggests that a two term rate law of the form:

Kops = ky + kzlentering group]
is generally applicable to this type of system with simple ligand-
independent kinetics found only for thermolytic reactions. A substantial
body of work has been carried out in elucidating the detailed mechanism of

the ligand-dependent pathway for these systems.
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Systems for which a ligand-dependent term has not been observed.

A number of simple monodentate amine-pentacarbonylmetal complexes
of the Group VIb elements have been found to undergo the;molysis in
solution at ambient temperature to yield the free amine, the
hexacarbonylmetal, and metallic decomposition products. Darensbourg, Brown
and coworkers have published a number of papers concerned with the

thermolysis of this type of complex, with results which are in good general

agreement67-70’18. The earliest report was concerned with the decomposition

of Mo(CO)g.amine , where (amine= piperidine, pyridine) , in hexane and in
carbon disulphide67. Activation parameters obtained suggested that the

amine-metal bond was approximately 40 kJ mol-1 weaker than the mean
carbonyl-metal bond strength in hexacarbonylmolybdenum. Subsequent work

13

with “cO labelled species such as Mo(CO)S-piperidine suggested that the

five-coordinate intermediate [Mo(CO)S], generated by dissociation of the
amine-metal bond, was fluctional over its expected lifetime68. A much more
comprehensive study by Dennenberg and Darensbourg69 provides useful
information about the factors contributing to amine-metal bond strength. By
comparing the infrared structural data and decomposition kinetics of a

number of complexes of the type Mo(CO)5~(cyclic amine) where (M= Cr, Mo ) ,

the authors reached the following conclusions:

(a) saturated amines were found to show & -donation exclusively; the

strength of the metal=-ligand bond was a direct reflection of amine

basicity.

(b) Unsaturated amines, such as pyridine, showed a small fY -acceptor
component in the metal-ligand bond; rate constants, but not entropies of
activation or infrared force constants indicated that a stronger metal=-

ligand bond was formed with this type of amine. Within the unsaturated
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amine complexes bond strength again correlated directly with amine

basicity.

(c) The enthalpies of activation for the M(CO)S.amine species were
calculated to decrease in the order (M= Cr > Mo = W ) , reflecting the
expected maximum in metal-ligand orbital overlap population for the
chromium systems. The enthalpies of activation within the chromium series
were found to be identical within experimental error indicating that the
structure of the amine had little influence on the metal-ligand bond
strength. In general, reaction rates seemed to be dependent on the
activation entropies, which probably reflected steric control in the
transition-state. Measured activation entropies varied from -4 J K | mol”!
for (M= Mo; amine= piperidine ) to +19 J K~ mol-1 for (m=Cr; amine=
aniline ) with substantially more negative values for the molybdenum

systems than their chromium analogques.

(d) The calculated enthalpies of activation for M(CO)S.amine were found to
be consistently 40 - 60 kJ mol”' lower than those for M(CO)6 suggesting

that the reduced fV-acceptor properties of amines when compared with carbon

monoxide produced weaker metal-ligand bonding.

Covey and Brown, in a later analysis18, confirmed the general

conclusions of Darensbourg et al. with experiments on the thermolysis of

MO(CO)S.piperidine . However it was noted that the reported rate constants

of the prior work69 were based on the disappearance of the amine complex

and that to adequately represent the stoichiometry of the decomposition

process the rate constants should be divided by two according to equation

(1-12):
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(1-12)  M(CO)g.amine - [M(CO)gl + amine
(M(cO)gl - M+ 5CO0
[M(CO)g] + CO = M(CO)g
Hyde and Darensbourg have studied the thermal decomposition of the
analogous systems of the type: M(CO)4.amine.L '
where (M= Mo; amine= piperidine , pyridine; L= PPh, ).
The products of this reaction were found to be:
M(CO),.L, (40%) , M(CO),4.L (20%), with decomposition products.
The activation parameters were found to be in accord with those of the

aminepentacarbonylmetal analogues.

Darensbourg and Kump76 have observed that thermal substitution of
monodentate amine complexes by isotopically labelled carbon monoxide
proceeds stereospecifically to yield an equatorially substituted cis-
Mo(CO)4.amine.(13CO) product from cis-Mo(CO)4.amine2 starting materials. It
is claimed that the postulated [Mo(CO),.amine] intermediate does not

display fluxional properties over its expected lifetime.

Systems exhibiting a ligand-dependent term in the rate law.

Preliminary studies of the substitution of aminepentacarbonylmetals
by strongly basic entering groups were reported in 1968 by two group867'71.
Work by Angelici et al. was concerned with systems of the type illustrated
by equation (1-13):

(1-13) W(CO)g.A + L ~—= W(CO)z.L + A

where (A= amine; L= PR3, P(OR);, AsR3 ).
The amines used in the study showed a wide range of pKa and the authors
reported that the ligand-independent term in the rate law increased with
increasing leaving group PK,, as had been observed for the thermolysis

experiments. The ligand-dependent term was found to increase according to
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the following entering group series:

AsPhy = P(OPh); < PPhy < P(OCH,)4CEt < P(OBu"),

Activation parameters for the two pathways were as follows:
ky: AH
k_: Au

a

94.1 kI mol~ 1 ; AS = -54.4 eu.

-4600 el.

87.9 kI mol™' ; As
Although the relatively low discrimination of the substrate towards the
entering ligand is suggestive of an "Interchange" pathway rather than a
true associative process the close similarities between the activation
parameters for the k, and k, processes does seem rather surprising. The

72

same authors produced a later paper which provided "equilibrium

constants" for the above reactions. In view of the unusual behaviour
claimed for the thermodynamic properties of the complexes and the fact that

73

a later author'~ has claimed that the reactions in question are

irreversible the results must be treated with suspicion.

The most detailed study which has been published for substitution

of monodentate amine complexes of the pentacarbonylmetals is that of Covey

and Brown18. The following aspects of the substitution process were

investigated:

(a) Competition ratios, with recombination constants.
(b) The dependence of the rate of substitution on the leaving group.
(c)The activation parameters for the ligand-dependent
and ligand-independent terms in the rate law.
(d) The solvent dependence of the rate for both the ligand-dependent
and ligand-independent terms in the rate law.

(e) The dependence of rate on the entering group.
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The system studied can be represented by equation (1-14):

(1-14) Mo(CO)g.amine + L - Mo(CO)s-L + amine
where (amine= quinuclidine, piperidine, cyclohexylamine; L= PPh3, AsPh3.
SbPh,, P(OPh)3, P(OMe)3. P(OCH2)3CEt, P(p-tolyl)3 ) .

The authors deduced that the observed rate law in non-polar media
(1=13) could be explained in terms of concurrent dissociative and "Id"
pathways. For reactiohs taking place in the presence of added amine the
rate law (1-15) was found to apply.

(1-15) =dMMa]l = ( k,-k [L] + k_,.k_[L] ) [MA]

—_— 3 S2—a——r
dt ( 1+k_, [a] k_atk,o )
The observations of the authors concerning the ligand-independent pathway
are fully in accord with earlier work. In addition solvent effect data show

that the dissociative pathway is independent of the nature of theksolvent

system unless a highly polar solvent such as 1,4-dioxane or nitromethane is

used.

The information to be obtained conderning the ligand-dependent
pathway is of more importance in a general context. The authors made the
following significant observations:

(a) The ligand-dependent term in the rate law showed only small
variations with entering groups of widely different basicities,
suggesting that the transition state had low discrimination
towards the entering group.

(b) The solvent effect measurements indicated that the second-order
term was absent in highly polar solvents, suggesting that the

the solvent functioned as aﬁ additional nucleophile undef these

conditions.
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{c) The leaving group effects suggested that the steric requirement
of the amine exerted a greater influence on the rate than the
basicity of the entering group. This observation gained additional
support from an analysis of the activation parameters for the
substitution process.

(d) A comparison of the activation parameters for the k, process and
the ka process indicated that the transition~state for the
second-order pathway was significantly more ordered than that for the
the first-order process. TABLE 1-5 provides a summary of the
activation parameters obtained.

It is interesting that Covey and Brown's activation parameters for the k1
and k, processes differ markedly from those reported by Angelici and

" . The conclusion which can be drawn from Brown's study is that

coworkers
the sensitivity of the rate to the steric requirement and basicity of the
leaving group, coupled with low sensitivity towards the steric and

electronic requirements of the entering group reflect a transition-state

involving more bond-breaking than bond-making.

Darensbourg's group have published a number of papers on thisg

topic but the most relevant to a general discussion of the reactivity of

v A X g

aminepentacarbonylmetal species are concerned with entering group

competition ratios70 and reactions involving ligands capable of forming

hydrogen bonds74'75. Substitution reactions of amine complexes have now

been described in terms of an “Id" mechanism and accordingly the authors
find that a two term rate law applies to systems where the entering group
is present in considerable (eightfold or greater) excess 67. The size of

the second order term in the rate law is influenced by the nature of the

entering group.
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Hyde and Darensbourg—’0 report competition studies for the reaction

between Mo(CO)4.PPh3.amine , where (amine= piperidine, pyridine ) and a

variety of Lewis bases in hexane in the temperature range 15 - 35°C . By

comparison of the results of competition studies at equilibrium and of

partial rate constant ratios k_y/k, , derived from kinetic measurements,

the authors have devised an order of apparent nucleophilicity for the

entering groups used. The nucleophilicities are given in increasing order:

CO (0.31) < AsPh, (0.47) < PBu" (0.68) < piperidine (1.0) < SbPhy (1.1)

SbPhy (1.1) < PPhg (1.5) = pyridine (1.5) < P(OCH,),CEt (2.4)

The values given in parentheses represent relative nucleophilicities based

on piperidine = 1.0 . The inference which may be drawn from the series is

that the intermediate, which is postulated as [Mo(CO)4.PPh3] , shows a

remarkable lack of discrimination towards entering group electronic
properties with the result that steric properties are almost of equal
significance in determining rate behaviour. The results are fully
consistent with the Covey and Brown model for competing "d" and “Id"

pathways in the analogous Mo(CO)S.amine derivatives.

A more recent paper from the Darensbourg group74 casts an
interesting light on the reported solvent dependence of the k1 rate
constant in highly polar solvents'®, By a study of the ternary systems

given in equation (1-16) the authors found that considerable rate

enhancement resulted from adduct formation between the amine ligand of the

substrate and the phosphine oxide catalyst.

(1~16) M(CO)S.amine + L + RyP=0 — M(CO)S.L + amine + RyP=0

where (M= Mo; amine= piperidine; L= PPh3, PBun3t R= ph, Bun, OMe ).,

The mechanistic scheme illustrated in FIGURE 1~7 provides a plausible

explanation of the limiting substitution rate obtained once adduct



formation is complete. Under the conditions employed adduct formation is
extremely rapid and once equilibrium is established the normal ligand-
dependent pathway (ka) would be expected to be completely suppressed. The
adduct assisted dissociation, labelled kdiss. ; is then postulated to be of
considerably higher rate than the conventional "4d" pathway. The authors
claimed that this type of rate enhancement was general to all bases or
solvent systems capable of forming hydrogen bonds to ligated amines, thus
providing a convenient explanation for the anomalous rates of substitution
of amine complexes in such solvents as dioxane. Darensbourg75(a) reports
that hydrogen bonding may also be responsible for the greater lability of
the species Mo(CO)4-PPh3-piperidine towards amine dissociation when
compared with its pentacarbonyl analogue Mo(CO)sopiperidine « In this case
it is believed that intramolecular hydrogen bonding, as detected by
physical measurements, is the cause of ligand labilisation. Earlier work by
the same author however suggested that the low lability of Mo(c0)4.P(OMe)3.
piperidine relative to the triphenylphosphine complex reflected the
stronger intramolecular hydrogen bonding possible with a phosphite as

auxiliary ligand75(b).

By contrast with the substitution reactions of monodentate amine
complexes, which undergo substitution with dissociation of the amine, a
number of complexes of bidentate chelating nitrogen ligands have been
observed to undergo substitution with loss of carbon monoxide. Angelici and
Graham77 carried out the first detailed studies of systems involving
bidentate chelating ligands. Their work, which was concerned with systems
of the type given in equation (1-17), established that a two term rate law
was applicable to this form of ligand substitution process. The authors

noted that nitrogen donor ligands labilised the cis carbonyls appreciably

relative to the most labile carbonyls of the hexacarbonylmetal parent

species,




(1-17)  M(CO),-(N-N) + L - M(CO),.(N-N).L + CO
where (M= Cr, Mo, W; L= P(OEt);, P(OCH,);CMe, PO3C¢Hg; N-N= o-
phenanthroline, 2,2'-dipyridyl, 1,2-diamino-2-methylpropane ) The ligand-
dependent pathway was considerably more important for molybdenum and
tungsten than for chromium whilst ligand-dependent dechelation of the
nitrogen ligands occurred in competition with carbonyl diséociation for the

systems: (M= Mo, W; N-N= 2,2'-dipyridyl, 1,2-diamino-2-methylpropane ) .

Two further general points could be deduced from the experimental
evidence. Firstly the ligand-independent rate constant was found to
increase with increasing basicity of the chelating diamine, and secondly
the ligand-dependent term was found to show only limited discrimination
towards the nature of the entering phosphite ligand. Activation parameters
were derived from the kinetic data suggested that the transition-state for
thé ligand-dependent pathway was of considerably higher order than the
ground state. The results obtained in this study have however been disputed

by Dobson et al.78

in view of the apparent "ligand-dependency" of the k1
partial rate constant in the substitutionvof the species W(CO)4.(N-N) and
in view of the negative entropies of activation quoted for what is
presumably a dissociative process. A study of the systems described by
equation (1-18) led the author to reach the following conclusions
concerning the substitution process:
(a) For (N=-N)= 2,2}-bipyridy1 the reaction éppeared to reach
equilibrium once one~half of the subst;;te had undergone ligand
substitution.

(b) Three distinct mechanisms could be distinguished for the ligand

substitution process in view of the observed deviations from
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linearity of plots of kobs against [L] when the entering
ligand was present at very high concentrations.
(1—18)- W(CO)4.(N-N) + L - W(CO)3.(N-N).L + CO
+ trans-w(co)d.L2 + N-N
where (L= P(OEt)3, P(OCH2)3CMe; N-N= 2,2'-bipyridyl, o-phenanthroline )
The distinct pathways were designated as follows:

(1) A ligand-independent dissociative pathway resulting in the
dissociation of a metal - carbon bond; this process was observed
for both (N-N= 2,2'-bipyridyl) and (N-N= o-phenanthroline )
and was assumed to be the k1 pathway of the Angélici rate law.

(ii) A ligand-dependent pathway resulting in ligand assisted
carbonyl dissociation; this process, observed with both nitrogen
ligands, was assumed to correspond to the ka term of Angelici.

(iii; A ligand-dependent pathway characterised by "ring-opening" of
the chelated nitrogen ligand as part of a stepwiée dechelation
process; this pathway, resulting in substitution of the diamine
ligand to yield a trans-w(CO)4.L2 product, was observed only
for the nitrogen donor ligand 2,2'-bipyridyl.

The overall results were interpreted in terms of the reaction scheme of

FIGURE 1-8. The "ring-opening"” pathway (1ii) was put forward to account for

the curvature of pseudo-first-order plots of kobs agéinst [L] in the case

of 2,2'-bipyridyl leaving groups with strongly nucleophilic entering

groups. No products of the type W(CO)4L2 were observed and the authors

rationalised this in terms of the rigidity of the amine leaving group which

-

' .
was seen to prevent the rotation needed for a stepwise dechelation process.

It may also be pointed ‘cut however that another research group83 have

’

observed that there is measurable At -pd overlap in the metal~amine bond

of W(CO)4(o~phenanthroline) which suggests a greater synergistic effect for

this system. Activation parameters have been supplied for the substitution

of w(CO)4(2,2'-bipyridy1) by P(OCH2)3CMe and are as follows:
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141.8 (2.5) kI mol™'; A's = 52.2 (4.2) eu.

k1: AH
ka: [&H

The values obtained appear to be in good agreement with the proposed

93.3 (1.7) kI mol™'; A S ==55.2 (2.9) eu.

[

mechanism.

Dobson et al.79 have carried out a reinvestigation of the kinetics of

ligand substitution at bidentate nitrogen donor complexes of chromium using
the systems given in equation (1-19):

(1-19)  Cr(cO) «(N-N) + L -  Cr(CO)3.(N=N).L + CO

where (N=-N= o=-phenanthroline, 2,2'-bipyridyl;

L= P(OEt)3, P(OCH2)3CCH3 ).

Ligand-dependent behaviour can be observed for these systems only at low
concentrations of the entering group. Since there is no evidence for a
product resulting from amine displacement the authors account for the
observed behaviour in terms of competing dissociative and "ring-opening”
pathways, using the mechanistic scheme illustrated in FIGURE 1-9 . It
should be pointed out that a seven-coordinate, twenty electron transition-
state for the "ring-opening"” pathway does not seem likely for a chromium
system. A more plausible explanation would involve a simple dissociative
process which, at non-limiting ligand concentration, involved competition
between the forward and back reactions; i.e. k,[L] = k_4 + A subsequent
report from the same group80 describing work on the systems illustrated in
equation (1-20) has confirmed that carbonyl substitution occurs
stereospecifically to yield a product in which an apical carbonyl has been
displaced.

(1-20) Cr(CO)3.(13CO).(N—N) +L - Cr(CO)3.(N—N)-L + 13co

where (N-N= o-phenanthroline, 2,2'~bipyridyl; L= PPh3 ).
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Cohen and Brown81 have studied the kinetics of 13

CO exchange with a
number of complexes of the type Cr(CO)4-(che1ate). For the cases (chelate=
o-phenanthroline, 2,2'-bipyridyl ) the labelling experiments have indicated
that a "d" process involving rate-determining loss of a carbonyl ligand was
in best agreement with experiment. The postulated intermediate
[Cr(C0)3-(che1ate)] was expected to be partially fluxional over its
lifetime on the basis of the 13cO distribution found for different sites in
the product. The authors discounted a "ring-opening” mechanism on the
isotopic evidence since the 1:2 ratio of trans:cis isomers of the product

to be expected for such a pathway was not found. For similar reasons the

authors discounted arguments for a completely non-fluxional intermediate.

The most recent report of the kinetics of substitution of bidentate
nitrogen complexes of the Group VIb metals has been that of Rousche and

Dobson82

. From a study of the reaction between allyl bromide and Mo(CO)4.(o
-phenanthroline) to yield the products Mo(CO)z-Br.(q3—ally1) and carbon
monoxide the rate law of equation (1-21) was deduced:

(1-21) =-afs] = k4 Is] + k_ I[S}IL]

dt

The k, pathway, proceeding by rate-determining loss of a carbonyl group, is
found to predominate in dichloromethane; whilst in tetrahydrofuran the k
ligand-dependent pathway (ka) becomes significant. Pseudo-first-order plots
of kobs against entering group concentration are found to be linear with
non-zero intercepts and for this reason the authors favour the idea of
competing "d" and solvent assisted "I," pathways for the molybdenum

systems.
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(iv) (n=0: M= Cr, Mo, W; n=1: M= Mn, Re; L= CO;

A= PRy, AsPh3, sbph3 ) .

There is a marked contrast between the kinetic and thermodynamic
behaviour of nitrogen donor complexes and those of other Group va ligands.
Werner described some early studies of the kinetics of substitution of N
donor complexes in his 1968 review artic1e14. For systems of the type given
in equation (1-22) the reviewer reported that a ligand~independent rate law
was found at 0°C in decane.

(1-22) Mo(CO)S.L + PPhy - Mo(CO),.PPh4y + CO
where (L= PPh3, P(OEt)3, CgH 4 4NC ) .
The reactivity of the substrates increased in the order
(L= CgH,4NC < P(OEt); < PPhy )
with the phosphorus ligands appearing to be only weakly labilising towards
carbonyl dissociation when compared with hexacarbonylmolybdenum. Later
studies of the thermal substitution of complexes containing monodentate
Group V3 ligands other than nitrogen donors have not been abundant,
although a number of physical measurements have been made for this type of

system‘m.42

. The following evidence can be cited however:

(a) Qualitative studies by Darensbourg et a1.84
suggest that cationic complexes of manganese and rhenium may
undergo carbonyl insertion rather than substitution when reacted
with amines. The systems studied may be represented by
equation (1-23):

(1-23) [M(CO)S.L]+X- + NHﬁ2 - Cis-M(CO)4-L.O=CNR2 + HX

where (L= PR,, P(OR)37 X=Cl, Br, I).

(b) A study of the intermediate formed by amine dissociation from the



(c)

complex cis-w(co)4.PPh3.(piperidine) using 13CO and PPhg

entering groups suggests that the five-coordinate intermediate
generated is fluxionalas. The postulated structure of the
intermediate is [W(C0)4.PPh3] , which closely ressembles

likely intermediates formed by carbonyl dissoclation from
pentacarbonylmetal derivatives such as W(CO)g.PPhy .

Dobson86 has carried out an investigation of the kinetics of
substitution of the arsenic donor ligand in W(CO)S.PPh3 using

the entering group o-phenanthroline in mesitylene solvent; a two
term rate law was obtained with author proposing competing "d" and
"I4" pathways. An unusual aspect of the results reported is the
very similar values of the activation parameters for the two
pathways. Dobson cites earlier results obtained by Graziani for
substitution of W(CO)S.(aniline) by stibines to show that such
similar activation parameters are not unknown for transition metal

systems. The authors' quoted activation parameters are given by

equation (1-24):

(1-24)AHk, = 124.7 (3.3) kJ mol-1 ; AHk1 = 114.6 (3.3) kJ mol-1.

(a)

87,88
Darensbourg has published a series of papers on the
substitution and isomerisation of species such as M(co)4.L2 .

For the case (M= Mo; L= PBun3, PEt, ) cis = trans

isomerisation of the complex was found to occur without measurable
dissociation of the carbonyl ligands87; whilst the enthalpy of

activation for the isomerisation was calculated to be:

more than 20 kJ mol~! less than

that for (M= Mo; L= PPh3 ) analogues which have been shown to

40



isomerise by a pathway involving carbonyl dissociationea. In

a subsequent paper the authors also give details of phosphine
substitution by isotopically labelled carbon monoxide; the systems
investigated are summarised in equation (1-25):
(1-25) cis-Mo(CO),.L, + '3c0 - cis-Mo(CO),.L.('3C0) + L
where (L= PRy, P(OR)4 ) .
The authors favour a simple dissociative pathway with the rate of
ligand dissociation becoming greater as the steric requirement
of the leaving group is increased.
Considerably more information is available concerning carbonyl substitution
processes for complexes containing bidentate phosphorus and arsenic donor
ligands; systems displaying ligand-independent and ligand-dependent

kinetics have been described enabling useful comparisons to be made.

Rather surprisingly ligand-independent kinetics are the rule for
bidentate phosphorus systems, behaviour which is in marked contrast with
that of bidentate arsine and mixed chelate systems89 .

Dobson and coworkers have made extensive studies of bidentate
phosphorus complexes which undergo carbonyl substitution by pseudo-first-

90-92, the earliest report’®, which describes the

order kinetics
substitution of Mo(CO)4.[1,2-bis(diphenylphosphino)ethane] by a variety of
phosphines, indicates that dissociation of a metal=-carbonyl bond was the
rate~-determining step. This unusual behaviour towards strongly nucleophilic
entering groups was postulated as evidence of steric hindrance due to the
bulky diphosphine which prevented formation of a transition-state of
expanded coordination number. Later studies employing the same substrate
and its analogue fac-Mo(co)3.[1,2-bis(diphenylphosphino)ethane].(13C0)

confirmed that the ligand-independent pathway proceeded by way of cis-

carbonyl bond dissociation to yield a partially fluxional intermediate of
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structure [Mo(CO),.(P-P)] .

Cohen and Brown81(a) have studied the carbonyl exchange reactions of
Cr(Co),«(P-P) where (P-P= diphos, 1,3-bis(diphenylphosphino)propane ) in
decalin at 90 - 110°C . Difficulties were encountered due to decomposition
of the product thermally under the reaction conditions but it was concluded
that for both systems a simple dissociative pathway operated with no

evidence for an accessible "ring-opening" pathway.

Jernigan93 has rationalised the observed trends in carbonyl
dissociation for complexes involving chelating Group va ligands in terms of
the Fenske "direct donation" model. Analysis of carbonyl vibrational
spectra according to this model led the author to conclude that the ff-
acceptor component in the metal-ligand bond increased in the order N € Ag =
P for bidentate chelating ligands. The analysis was taken to indicate that

axial carbonyl labilisation increases with increasing bidentate ligand /-

acceptor ability.
(v) (n=0; M= Cr, W; L= CO, o-phenanthroline; A=CS ) .

Work on ligand substitution processes involving six~-coordinate

thiocarbonyl complexes has been carried out almost exclusively by Angelici

and c0workers9

5; and despite the difficulties of purification and
characterisation of the species used in kinetic studies the authors have
managed to reach a number of conclusions likely mechanismsg for

substitution. All species so far investigated involve a ligand-dependent

term in the rate law for substitution.
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Systems exhibiting a ligand-dependent term in the rate law.

Investigations of the systems illustrated in equation (1-26) have
been essentially qualitative in nature although rather more information is
available for the tungsten complexge.

(1-26) M(CO)g.CS + L —  M(CO)4.CS.L + CO

where (M= Cr, W; L= PPh3 ) .

The kinetic data are suggestive of competing ligand-dependent and ligand-
independent pathways; behaviour which is analogous to that of the parent
hexacarbonylmetal complexes. The thiocarbonyl complexes are however
considerably more labile towards carbonyl substitution than the
hexacarbonyls, with substitution claimed to occur exclusively trans to the
thiocarbonyl ligand. The quoted activation parameters are consistent with
competing dissociative and interchange (dissociative) pathways:

kgt O H=131.8 (4.2) KImol™';  As = 13.0 (12.6) eu.

k,: O H=100.4 (4.2) kI mol™'; A s =-50.2 (12.6) eu.

97,98

Later reports have dealt with more detailed studies for the

systems given in equation (1-27):

(1-27) W(CO)3.CS.L.A + ER3 - W(CO)Z-CS.L.A.ER3 + CO

where (L= CO; A= PR3; or L=A= o-phenanthroline; E= P )

For both chelating and monodentate auxiliary ligands the kinetic behaviour
of the thiocarbonyl complexes parallels that of the analogous all-carbonyl
complexes, but with significantly greater carbonyl lability due to the
thiocarbonyl substituent. Theoretical and spectroscopic studies on the
bonding of the thiocarbonyl complexes suggest that, like the carbonyi
group, the thiocarbonyl ligand may influence the reactivity of the
auxiliary ligands by contributing a "reservolr" of %f -density to the metai
centregg. It is poticeable that nucleophilic attack at the carbon of the

thiocarbonyl group occurs more readily than at carbonyl carbon; Angelici's

group have documented generation of thiocarbamide complexes by nucleophilic



attack on thiocarbonyl carbon by amines100.

N .
. ‘
i

3

(vi) (n=0; M= Cr, Mo; L= CO; A= CNR;-n=0; M= Cr, Mo, W; L= CO; A= carbene;
n=0; M= W; L= CO; A= acetone; n=0; M= Mn, Re; L= CO; A= SnR3, GeR4; n=0; M=

Re; L= CO; A= NCO ).

This rather diverse group of compounds have been found to show
simple, ligand-independent kinetics. Since no single class of these
compounds has been the subject of recent study it seems appropriate to deal

with all of the systems under a single heading.

Data on the substitution mechanisms of isonitrilepentacarbonylmetals
has been provided by Cetini and Gambino101. By carrying out separate
isonitrile and carbon moqoxide exchange experiments using the systems given
in (1-28) the authors cléimed to find that both exchanges occurred by
dissociative mechanisms:.butﬂéﬁeiéaé iégnit;ile exchange was immeasurably
fast at 5°C , carbon monoxide exchange was tOOSlow for accurate measurement
in refluxing toluene. It is very difficult to provide a plausible

explanation of the reported kinetic behaviour.

14CNPh - M(C0)5.14CNPh + CNPh

and M(CO)5+CNPh + Yco = m(co),.onph. (o) + co

(1-28) M(CO)S.CNPh +

where (M= Cr, Mo) .

Other early work reported to establish a ligand-independent rate law
was that of Werner on metal-carbene complexes1°2. The reactions studied are
indicated in equétion (1-29):

(1=-29) M(CO)S-C(COR)R' + L - M(CO)4-C(COR)R.L + CO
where (M= Cr, Mo, W; R= CHyj R'= CHj, Ph; L= PRy ) .
Carbon monoxide exchange experiments were also carried out for the case (M=

Cr ) . Activation parameters were calculated for the system: (M= Cr; R=

CHys R'= CHyi L= PBun3 ) in octane yielding the following values: A H =



k, - acetone

W(co), aceione == [W(CO)J

k 4+ acetone

Re (CO)5 NCO

=L 158
\/ k3'CO
Re(co) ,NcO <2



108.8 kT mol~! ; A S = 40.2 eu. In view of these parameters and the
similarities of the pseudo-first-order rate constants obtained for these
systems with a wide variety of entering groups it seems that the mechanism
approaches SN1 (limiting) . Recent spectroscopic evidence103 supports the

view that the carbene ligand labilises the carbonyl dissociation by virtue

of its strong @ -donor characteristics.

Wrighton has studied the kinetics and mechanism of acetone
substitution for the substrate W(CO)S.(acetone) with alkenes as the

entering groups104

. Although the rate of ligand substitution for this
substrate is not dependent on entering group concentration beyond a
limiting condition, it is interesting that the limiting substitution rate
varies significantly with the nature of the entering group. This
oﬁservation is not easy to rationalise if a simple dissociative mechanism
is invoked; the author was unable to account for the observed behaviour.
Activation parameters were calculated for the dissociative process using
several different entering groups and competition studies also carried out
in attempt to determine the metal-acetone bond strength. Both methods
indicated that the bond is very weak ( of the order of 28 kJ mol™ ' ). As
will be seen from FIGURE 1-10 the overall reaction scheme proposed by the
author is a dissociative pathway in which the k2[L] step is assumed to be

rate~determining.

Dobson et al. have reported experiments to measure the reactivity
.of species of the type Mn(CO)g.EPhy , where (E= Sn, Ge ) , with mono- and
bidentate Group V? ligands1°5. Kinetic studies were found to be feasible at
50 -~ 60°C in decalin producing results consistent with a simple
dissociative mechanism. Activation parameters supplied by the authors are

compatible with a carbonyl dissociation and suggest that the Group 2

ligands are not significantly labilising towards carbonyl dissociation.
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(E=sn) AH=173.2kImol™'; AS =61.9 eu.
(E= Ge ) AH= 164.8 kJ mol™ ! 1 A s =267.4 eu.

Another report of a simple dissociative process for a Group virP

metal carbonyl species was provided by Angelici and Faber106

with a
description of the kinetics of substitution of
isocyanatopentacarbonylrhenium by chelating nitrogen and phosphorus
ligands. The postulated mechanistic scheme is illustrated by FIGURE 1-11 .
Activation parameters supplied are consistent with the proposed mechanism:
( AH=098.3(7.1) kI mol™}; As = 7.5 (18.4) eu. ) .

It is interesting that although the k2 and k3 steps are too fast to be
measured for (L-L= 2,2'~dipyridyl, o-phenanthroline ) an intermediate of
type (A) is observed spectroscopically when the bidentate phosphine 1,2~
bis(diphenylphosphino)ethane is the auxiliary ligand. This perhaps reflects
the relative labilising effects of chelating nitrogen and phosporus

ligands.

To this point the survey has been concerned with the kinetic
behaviour of hexacoordinate systems undergoing substitution by either
ligand dissociation or by expansion of coordination caused by entering
group attack at the metal centre. There are, however, two further types of
ligand substitution pathway accessible to hexacoordinate systems and these

will be outlined in the following sections.
(vi) (n=0: M= Mn, Re; L=CO; A=H ) .

The hydridopentacarbonylmetals of the Group VIIb elements are
perhaps the least well understood of the readily available six-coordinate
systems. It has been known for some time1'14 that the hydridometal
complexes of this type display anomalously high substitutional reactivity,

but it is only relatively recently that the reasons for this behaviour have
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become clearer. Hydridopentacarbonylrhenium is considerably more inert
towards phosphine substitution than its manganese analogue providing that
it is in the dark and in the pure state. Indeed it is reported that no
significant substitution will take place under these conditions over a
period of sixty days at ambient temperature107. By contrast early reports
suggested that Mn(CO)S.H was capable of exchanging all five carbonyl groups
with isotopically labelled carbon monoxide at -21°C 108 whereas Mn(CO)g.H
appears to react by a ligand-dependent mechanism in polar solvents, the

ligand exchange processes of Re(co)s.H , once initiated, proceed by a

ligand-dependent pathway.

T.L.Brown and coworkers have published a series of papers
documenting the reactivity of the complexes in the pure state109'110.
Reactions have been carried out in polar and non-polar media with a variety
of entering groups including carbon monoxide. The behaviour of the pure
species has been compared with that of systems containing free radical
impurities or under photochemical irradiation. The authors have concluded
that early work in this field is unreliable due to the use of starting
materials of unsatisfactory purities under conditions conducive to free
radical initiation. Brown's group suggest that the following inferences can
be drawn from their experimental observations:

(a) In the absence of free radical initiators or of photochemical
excitation Mn(CO)s.H reacts by a hydride migration pathway
similar to that proposed by Basolo and Pearson111 and yielding a
a product of the type Mn(co)4.H.L + The rate of substitution is
ligand-dependent but only slightly effectéd by the nature of the

- £s

entering group in the order:
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(b)

(c)

(a)

(L= CO = AsPh, < PPhy < PBu'3 ) .

Solvent effects on the rate are small whilst no evidence for
simple carbonyl dissociation has been obtained. However the rates
of axjal and equatorial 13cO exchange are comparable with those
for Mn(CO)z.CHy , a species which is known to undergo
substitution by an alkyl migration step.

In the presence of free radical initiators both Mn(CO)g.H and
Re(CO)S.H react rapidly by a radical chain mechanism involving a
preliminary hydrogen abstraction step followed by rapid
dissociation of the seventeen electron pentacarbonylmetal radical
generated to yield the tetracarbonylmetal and carbon monoxide.
The tetracarbonylmetal species is then seen as the site of
incoming ligand attack. The chain terminating step is hydride
capture. FIGURE 1-12 illustrates the proposed réaction scheme,

It should be noted that the scheme given in the figure represents
a non-fluxional model but the experimental evidence does not rule
out a partially fluxional intermediate.

Photoexcitation studies109 have shown that triphenylphosphine

is a considerably better entering group for these substrates than
tributylphosphine. This may reflect the ease of photolysis of
PPhy to yield diphenylphosphine and phenyl radicals which serve
as initiators for the reaction.

Brown cites eQidence to explain ﬁhe apparent inaccessibility of
the hydride migration pathway for the rhenium complex. The
molecular orbital arguments of Pearson’12 for a transition-state
of reduced bond order in hydride transfer mechanisms is cbupled

113

with spectroscopic and thermochemicalll4 measurements in

4 8



Mn(co), R

ke
-L

+ L

A——————

ks

o—O0—X
]

k
/&




an attempt to assign the relative inertness of the rhenium complex
to the greater strength of the metal-hydride bond.
Evidence points to the unusual mechanisms described above also being

applicable to the isoelectronic species [Fe(CO)S.H]+ . Studies by Noack et

a1.115 suggest that earlier work was carried out using impure materials

resulting in rate measurements influenced by a radical chain process. The

13CO studies carried out by Noack are broadly compatible with a hydride

migration pathway being operative for iron systems in the absence of free

radical initiators.

(vii) (n=0: M= Mn, Re; L= CO; A= CO, R; M= W; L= CO; A=CS )

The second group of complexes displaying anomalous mechanisms of
ligand substitution are those undergoing carbonyl insertion. Early work has

been covered by an excellent review from Wojcicki116, whilst more recent

work has been carried by Angelici's group using carbamoyl and thiocarbamoyl
metal complexes. The most comprehensive studies of a ligand migration

117

pathway are those of Green . of Calderazzo et al. 118 and of Basolo and

119

coworkers for the substitution reactions of alkylpentacarbonylmetals.

The following‘model for alkyl migration reactions alkylpentacarbonylmetals.
The currently accepted model for alkyl migration reactions is illustrated
in FIGURE 1-~13. It will be noted that competing k1 and ko patﬁways are
proposed, with the k1 pathway involving ligand migration to form an
acyltetracarbonylmetal intermediate. The k, pathway involves a concerted
ligand-dependent ligand substitution whilst the k; process is essentially
ligand-iﬁdependent oﬁce the condition k_; << k,[L] is satisfied.

Solvent effect experiments117 indicate that the k4 pathway involves

considerable solvent stabilisation in the transition-state and this is

reflected in the unusually low entropies of activation for the pathway
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(A s =-60 to -80 eu. ) . Variation of the alkyl group at the

metal centre results in substantial changes in the measured rate118, which
appear to reflect the electron donor capability of the ligand in the order
(R= benzyl = CF; < Ph = Me < propyl < ethyl ) + Entering group effects are
rather more subtle but it appears that the ligand-dependent pathway
involves low discrimination towards the entering group in the transition-
state. The lower reactivity of the rhenium systems towards ligand migration
has been explained in terms of the greater strength of the metal-alkyl bond

in these systems as shown by thermochemical measurements114

The recent work of Angelici et al.120 on the kinetics and position
of equilibrium for formation of carbamoyl and thiocarbamoyl complexes of
the Group VIIb metal carbonyls, has provided a further insight into
entering group at carbonyl carbon in metal complexes. For the systems
represented by equation (1-30) a base catalysed attack by amine has been
proposed to explain the observed rate law.

(1-30) [trans—M(CO)4.(PR3)2]+ + 2NRH2
| trans-M(CO)y.(PRy),. (O=C-NRH) + NRH,*

where (M= Mn: PR3= PPh3, PPhMeZ, PthMe; M=kRe: PR3= PPh3 )
A cqncerted attack at carbonyl carbon is considered to provide the best
explanation of the rate-law: k ka[NRH2]2

obs ~+ It is significant that

the larger rhenium centre reacts twenty to thirty times as fast ag the
manganese species. No marked difference in the rate is obtained by varying
the phosphine ligands present at the metal centre but a small decrease in
the rate is observed with increasing steric hindrance for the amine
entering groups. Calculated equilibrium constants are also found to reflect
the effect of amine steric hindrance on the rate of substitution. Work with

100

an analogous tungsten complex has indicated that a similar mechanism is

applicable.
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(1-31)  w(co),.(CS).PPhy + NRH, —~ W(CO) ,+PPh,+ (S=CNRH).,
Although an identical rate law is applicable to both cafbonyl and
thiocarbonyl systems it appears that the thiocarbonyl carbon is rather more
susceptible to nucleophilic attack than carbonyl carbon. The rate-
determining step in these systems is found to be base catalysed but acid
inhibited, whilst the cis-isomer of W(CO),.(CS).PPh, is two orders of
magnitude more reactive towards insertion than the trans-isomer. The
activation parameters quoted by the authors reflect a highly ordered
transition-state resulting from bond-making rather than bond-breaking.

AH =29.3 (4.2) kI mol™' ; As = -163.2 (12.6) eu.

A recent communication by Brown121 reaches the conclusion that this type of

base catalysed nucleophilic attack at carbonyl carbon may be of more

general significance than has previously been realised.
1.6.2 COMPLEXES OF THE GENERAL FORMULA [ML4- (A-n)].

The mechanisms of substitution of bidentate chelating ligands at a
six-coordinate metal centre have been the subject of a number of studies in
recent years. Evidence presently available suggests that systems involving

chelating ligands generally display more complicated rate laws than systems

involving monodentate ligand substitution.

(1) (n=0: M= Cr, Mo, W; L= CO; A~A= 2,2'-bipyridyl, o-phenanthroline,

pyridylphosphine, tetramethylenediamine, tetramethyldiaminopropane ).

The substitution reactions of complexes containing bidentate
chelating ligands bonding to the metal centre through nitrogen have been
the subject of extensive investigation since the early reports of Angelici’
angd Graham123-126 in the mid-1960's. The first studies were concerned with

a8 comparison of the reactivity of complexes of the type M(CO)4-(2,2'-
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dipyridyl) and M(CO);.(o-phenanthrqline) , where (M= Cr, Mo, W ) . When the
chromium systems wer; reacted with phosphite entering groups no bidentate
ligand displacement was observed and the sole product was cis-Cr(CO)3-(A-
A)-P(OR)3 . The rate law showed no dependence on entering group
concentration but both entropies of activation and rates of substitution
seemed to vary with the nature of the entering group. The authors were
unable to provide a plausible explanation of the behaviour observed122. For
the analogous molybdenum and tungsten systems the reaction scheme of
equation (1=32) is found to apply:

(1-32) 2M(CO)4-(A-A) + 3P(OR)3 ing Cis—M(CO)3-(A-A).P(OR)3

+ trans-M(CO)4-FP(OR)3]2

A small amount of a trisubstituted product, M(CO)3-[P(OR)3]3 ¢+ was also
isolated. The authors postulated concurrent "d" and "a" processes to
account for the kinetics of carbonyl substitution, which had the rate law:
kobs = k1 + ka[L] ,whilst the chelating ligand substitution was thought to
follow an additional "a" pathway; for this process a dissociative "ring-
opening" pathway was put forward as a plausible alternative. Solvent effect
measurements revealed that the solvent played a minor role in determining
reaction rate123. The k; Or dissociative rate constant again showed a
dependence on the nature but not the concentration of the entering group.
The authors found that an associative mechanism provided a more plausible
explanation for the ligand-dependent kinetic behaviour on the grounds that
the second-order component in the rate law was far more important for the
large molybdenum and tungsten centres than for the chromium centre. Further
evidence for the nature of the second-order term was provid;d by a
Comparative study of the systems:

(M= Cr, Mo, W; A-A= 1,2-diamino-2-methylpropane, o-phenanthroline ’
with monodentate phosphine and phosphite entering groups124'125. Both
Chelating ligands displayed a ligand-independent term in the rate law, and

for (M= Cr ) this was the only accessible pathway. The dissociative pathway
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was found to result exclusively in carbonyl displacement to yielad M(CO)3.(A
-A).L . When tungsten and molybdenum systems were used a ligand~dependent
term was also found. The type of product generated from this second pathway
was found to depend on the nature of chelating nitrogen ligand of the
substrate. The relatively flexible diaminopropane ligand was found to be
readily displaced to yield a cis-M(CO)4.L2 product whilst the rigid o-
phenanthroline group did not undergo dechelation and the second-order term
resulted in carbonyl dissociation. From these last observations the authors
were able to draw the following conclusions:

Three separate pathways are available for ligand substitution with
nitrogen chelating ligands :-

(a) A simple dissociative pathway resulting in carbonyl displacement
cis to the chelating ligand.

(b) An associative pathway resulting in carbonyl displacement via a
fluxional intermediate.

(¢) A "ring-opening"” pathway with a dissociative initial step which
permits flexible chelating ligands such as diaminopropanes and
bipyridyls to partially dechelate to form a coordinatively.
unsaturated intermediate. The intermediate can then undergo
ring reclosure with carbonyl displacement or can completely
dechelate the nitrogen ligand to result in substitution of the
bidentate by two monodentate entering groups. The proposed scheme

for (c) is given in FIGURE 1-14.

As a result of Angelici's observations a number of groups have
made subsequent studies investigating the importance of a "ring-opening"

pathway for displacement of bidentate nitrogen chelating ligands.’
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Dobson et al.78'79

have reinvestigated the systems:
M(CO)4.(2,2'-bipyridyl) , where (M= Cr, W),

with phosphites and explained the dependency of the apparently ligand-

independent rate constant k; on the nature of the entering group using an

extension of pathway (c). For the tungsten system three competing pathways

(dissociative, associative, and dissociative "ring-opening" ) are seen as

the basis of the observed kinetic behaviour. As was mentioned earlier Cohen

and Brown® " dispute the accessibility of a "ring-opening" pathway for the

chromium systems with carbon monoxide entering groups.

Studies of the kinetic behaviour of complexes containing mixed
bidentate chelating ligands have provided further insight into substitution
mechanisms in these systems126-128. Second-order kinetic behaviour typical
of a "ring-opening" pathway was observed for a series of substitution
reactions of the type illustrated in FIGURE 1-15, In all cases studied the
nitrogen end of the chelating ligand was displaced before the phosphine
grouping and it was generally possible to stop the reaction to isolate
intermediate (A) of FIGURE 1-15. Rates of displacement were found to
depend on the steric hindrance at the nitrogen centre and on the size of
the metal-chelate ring. However in all cases displacement was found to be
much slower for derivatives of type M(CO)4.A.A', where (A= monodentate
amine and A'= monodentate phosphine ). Experimental evidence indicated that
five membered meta}-chelate'tings Gefé'lesslreactive towards chelate
substitution than éhe;r s@x‘membered_analogges. Evidence for a "ring-
opening" pathway was provided by kinetic studies of pyridylphosphine
complexes under strongly acid conditions. Under these conditions it would
be expected that, following displacement of the nitrogen end of the
chelating ligand, protonation of the amine would occur preventing

rechelation., As a result there should be no competition between rechelation

(ring-reclosure) and dechelation (displacement of the phosphorus end of the
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ligand and replacement by a second entering group). Consequently the rate
of substitution should be independent of incoming ligand concentration.
This type of behaviour was observed once a limiting concentration of the
protonating acid had been reached‘zs. Work with the tridentate ligand
(Ph,PCH,CH,N(Et)CH,CH,PPh,) established that a similar stepwise dechelation
pathway was applicable to this system126'127 and involved initial nitrogen-
metal bond dissociation with entering group attack cis to both of the

phosphine sites.

Studies by Dobson's groupas’ug-131 for the substitution kinetics
of diaminopropane and diaminoethylene derivatives of the Group VIb
carbonyls illustrate further aspects of the "ring-opening" mechanism. This
group find that the "ring-opening" pathway is common to all of the systems
studied; no true dissociative pathway is observed but, in the case of the
larger molybdenum and tungsten centres, an associative pathway may also be
accegsible for bidentate ligand substitution. The proposed mechanism is
given in FIGURE 1-16 . The authors distinguish between a simple
dissociative "ring-opening" mechanism (as observed for the chromium systems
in their view ) and a mechanism involving competing dissociative and
associative initial steps in the "ring-opening" process131. Angelici's
observation that chelating ligands capable of forming five membered rings
on coordination to a metal were less labile than corresponding ligands
forming six membered rings was confirmed by the Dobson group. The relative
labilities have been rationalised 130 in terms of increased strain energies
for the six membered metal-chelate rings promoting ligand dissociation and,
perhaps of more importance, making ring reclosure less likely fof the five-

coordinate intermediate generated by the initial dissociation step.



(i1) (n=0: M= Cr, Mo, W; L= CO, X1 A-A= diphosphine, diarsine ) .

Conclusive studies of the kinetics and mechanism of bidentate
phosphorus and arsenic ligands from six-c§ordinate metal comélexes are less
abundant than for the analogous nitrogen systems and in view of recent
studies on the reactivity of other bidentate systems it may wel} be that

these systems merit further work132.

The available studies can be subdivided into two categories: those
involving dechelation of a bidentate ligand at a metal centre; and those
concerned with chelation of a potentially bidentate ligand bound in

monodentate fashion to a metal centre.

(a) Dobson and Rettenmaier have carried out kinetic experiments for
ligand substitution at the non-rigid bidentate phosphine complex
Mo(C0)4.(1,2-diphosphinoethane) . which would be expected to undergo
phosphine displacement by a "ring-opening” mechanism by analogy wigh the
related diamine systemsg4. The authors claim that three parallel pathways
are operative, with carbonyl displacement to yield Mo(CO)B.(P;P).L
occurring by both "d" and "a" mechanisms when the entering group is a
monodentate phosphine. A product of structure MO(CO)3.L3 is accounted for
in terms of a dissociative “ring-opening”™ mechanism. The kinetics of
bidentate ligand substitution with tributylphosphine entering groups areb
st;onqu suggestive of a "ring-opening"” pathway with an associative initial
step whilst those for triethylphosphite and triphenylphosphite suggest
competing dissociative and associative initial steps since in these cases
plots of kObs against (L] 3h°Y marked curvature. The authors' coﬁclusions,
which are based on activation parameters, seem rather ambitious in Qiew of

the complicated rate law obtaining.




The reactions of phosphites with Cr(CO)4-[1,2-bis(dipheny1arsino)ethane]

were also studied by the same group133

. In this case no carbonyl
displacement was observed with the products ascribed solely to displacement
of the chelating arsenic ligand. Ligand-dependent kinetics were observed
with the dependence of rate on entering ligand concentration diminishing at
higher ligand concentrations as is typical of a process occurring by a

dissociative "ring-opening" pathway. This type of pathway seems the most

plausible for a ligand-dependent process involving a bulky but flexible

leaving group.

Connor and coworkers have carried out a number of experiments
into the chelation of ditertiary phosphines bound to a metal centre in

monodentate gashion 347136

Since the reactions were intramolecular the
mechanistic information obtained did not include any ligand-dependency
terms but was restricted to steric and basicity effects of the potential
chelate on the rate of the chelation process. The following order of
chelating rates was found:

(i-33) Process: M(CO)5-(7IZ-A-A) - M(co)4.(n4-A-A)

where (M= Cx, Mo, W ) .

Order: (A-A= bis(dimethylphosphino)ethane = bis(dimethylarsino)ethane >

bis(diphenylphosphino)ethane > bis(dicyclohexylphosphino)ethane )
It appears that steric hindrance effects the rate to a far greater degree
than basicity of the chelating ligand. For the same chelating ligand the
rate of chelation increases in the order:

W (1) << cr (20) < Mo (40) ,

where relative rates are given in parentheses. Another factor contributing
to the chelation rate would appear to be the size of the metal-chelate ring
to be formed. The smallest ring, the three membered ring, would be expected
to form most rapidly on the grounds of the "high local concentration"

1
effect and this seems to be the case with the kinetic effect outweighing
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the opposing ring strain effect which would be expected to reach a minimum
for five membered rings. It is interesting that the isoelectronic manganese
complexes of structure:

Mn(CO),+X.(A~A) , where (X=Cl, Br, I ),
display rates of chelation which are several orders of magnitude more rapid

than those for the chromium species.

When considering the authors' detailed arguments it must be noted
that a great deal of emphasis is placed on the interpretation of trends in
calculated activation parameters. These parameters seem to be of dubious
significance however in view of the reported temperature control( 1°C)
which would mean that the uncertainties in the quoted values were

unrealistically small.
(iii) (n=0: M= Cr, Mo, W; L= CO; A-A= dithia-alkane ) .

The displacement of bidentate sulphur ligands at six-coordinate
metal centres has been investigated in some detail by Dobson and coworkers.
Early reports indicated that a "ring-opening” mechanism was the most
plausible explanation of ligand substitution in these systems130’137'138.
For all the systems studied (dithia-alkane= dithiahexane, dithiaoctane,
dithianonane; M= Cr, Mo, W ) the displacement of the sulphur ligand is the

only process observed.

Kinetic experiments for the displacement of dithiahexane bj
phosphines and phosphites were found to exﬁibit ligand-dependence for both
chromium and molybdenum systems suggesting that a stepwise, dissociative
"ring-opening" pathway was the principal accessible route to substiﬁution.
A concurrent associatively initiated'pathway was proposed in the case of

the less sterically hindered molybdenum complex137. The results published



130,138

in following papers have been reassessed in the light of a recent

reinvestigations139;14o. The latter papers were concerned with tungsten
systems and no new or revised information for the chromium or molybdenum
species has been published. For the chromium and molybdenum centres with
dithia-octane and dithianonane as leaving groups the mechanisms postulated
are essentially simple dissociative "ring~opening" processes with
"nucleophilicities™ of the entering groups reflecting the competition
ratios for the free site of the coordinatively unsaturated intermediaée
between rechelation and dechelation. The ligand-dependent term in the
derived rate law becomes less significant for the more sterically demanding

dithia-alkanes.

The more recent reinvestigations of the kinetics of substitution

of dithia-octane and diathianonane by monodentate entering groups at a
tungsten centre are more useful in understanding the complexity of the rate
behaviour for bidentate sulphur systems. The authors' present thinking can
be encompassed in terms of the reaction scheme given in FIGURE 1-17.. It
will be noted that this scheme is essentially an expanded form of the
mechanism proposed for bidentate nitrogen ligand displacement, cf. FIGURE 1
-16, with the important difference that a new term, k_, enters into the

3
rate law. The term was found necessary in view of the isolation of an

intermediate of type (A) for the system W(CO)4.(dithianonane) with the

entering group [P(OCHJ)ZCMe]. The intermediate was found to undergo sulphur
ligand dechelation by an ligand-independent pathway and presumably '

represents a purely dissociative step. Since appreciable concentrations of
the intermedia;e aré formed during the displacement reactions the derived
rate law becomes QpprECiably more‘complicateq than for the nitrogen donor
systems, for thisi;ggsqpﬁ%}ttle

definite ?nfdrmation concerning ligand or

.

substrate contributions to the rate of substitution can be deduced from the

rate data. However it does appear that the pathway dependent on ka is
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of negligible importance for dithiaoctane leaving group systems139 but it

140 and dithiahexane141.

is significant for complexes of dithianonane
Connor and coworkers have investigated the rates of chelation for
systems involving potentially bidentate phosphorus ligands. The complexes
studied were of the type Mo(CO)S-(S-S) , where (S-S= RSCHZCHZSR; R= para-
substituted phenyl group ) , and both steric and electronic effects on the
chelation rate were measured142. The studies revealed that electronic
effects, as displayed by a Hammett plot of aryl substituent effect against
chelation rate, were of greater importance than steric considerations. The
authors concluded that the experimental evidence supported an increased
degree of order in the tfansition-state when compared to bidentate
phosphorus systems, which were found to undergo sterically accelerated loss
of a carbonyl as would be expected for a transition-state with more bond-

breaking than bond-making character. Connor's results are thus found to be

in qualitative agreement with those of Dobson.

(iv) (n=0: M= Cr, Mo, W; L= CO; A-A= alkadiene ) .

Kinetic data for alkadiene substitution in six-coordinate systems is
very limited in scope, with the main emphasis on the reactions of the
thermally inert bicyclol[2.2.1]hepta-2,5~-diene (norbornadiene) and

cycloocta-1,5~diene non-conjugated diene systems.

The reactions of Mo(CO),.(cycloocta=1,5-diene) with Group V2 1ligands

have been studied by Zingales et a1, 143,144 in non-polar solvents between

25 and 45°C. Products of the form Mo(CO)4.(PR3)2 are generated by way of a

two term rate law which has the general form:
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(1-34) kops = ¥4 + ka[L] .

The authors note that the k1 rate constant is not truly ligand-independent
since it is found to vary with the nature but not the concentration of the
entering group. There is only a limited degree of discrimination towards
the entering group for the second-order term with bidentate entering groups
generally producing higher rates of substitution than monodentate ligands
of similar electronic structure. This type of behaviour would seem to be
best accomodated by a stepwise dechelation mechanism such as a dissociative

"ring-opening”.

More recent work concerned with the displacement of norbornadiene
from Mo(co)4.(norbornadiene) also suggests this type of pathway. Harrill

145

and Kaesz report that norbornadiene is completely displaced by

isotopically labelled carbon monoxide within three days at ambient
temperature if this substrate is used. Although no kinetic or mechanistic
work was included in this study it appears that the dechelation of the
diene proceeded through a fluxional intermediate since the labelled carbon
monoxide was "scrambled"” throughout the Mo(CO)6 generated. Darensbourg et
3};146 have examined the rate of axial-equatorial carbon monoxide exchange
in Mo(CO)4.(norbornadiene) and concluded that the process occurs by an
intramolecular pathway involving dissociative "ring-opening" followed by
Berry pseudorotation of the five-coordinate intermediate. The activation
parameters are consistent with an initial dechelation step since they are
very similar to those for substitution of norbornadiene by Group v ligands

in W(C0)4.(norbornadiene) 14-’.

Schroeder and Wrighton148 have published preliminary results for

the mechanism of hydrogenation of conjugated alkadienes in the presence of
a six-coordinate transition metal catalyst. Using the catalyst

Cr(C0)3-(acetonitrile)3 the authors discovered that the stereochemistry of
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the alkadiene exerted a considerable influence on the rate of
hydrogenation. The a;;umption was made that an intermediate of the form
Cr(CO)a-H.(alkadiene) was involved in the catalytic process and that the
steric effect of the alkadiene on the rate reflected the ease with which it

was able to adopt the preferred s—-cis geometry for formation of the

intermediate.
1.6.3 COMPLEXES OF THE GENERAL FORMULA [ML3- (A-A-n)] .

The final important group of six-coordinate systems for which
kinetic investigations have been reported involve a tridentate leaving
group. In contrast to the other systems discussed the leaving groups
studied for this category of complex are almost exclusively organic
Y ~ligands and for this reason tridentate systems provide a useful insight

into the catalytic activity of low valent transition metals.

(i) (n=0: M= Cr, Mo, W; L= CO; A-A-A= arene, alkatriene ) .
Evidence for the mechanism of arene substitution in

arenetricarbonylmetal complexes is conflicting: it is particularly

noticeable that experiments carried out in solvents of very low polarity

disagree markedly with similar experiments carried out in solvents capable

of coordinating with the substrate.

The earliest kinetic work carried out on arene systems was that of
Strohmeier et al.149 concerned with arene exchange at Cr(CO)3-(arene) and
with the substitution of an alkatriene complex, Cr(CO)3-(cyclohepta-1,3,5-
triene) with arenes. The authors claimed that the rate law for the exchange

reactions in alkane solvents using temperatures between 90 and 200°C was as

follows:
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(1-35) ~3d(s]

k1512 + X, [s] (L]
e a - s
The second-order dependencéiég s&bgératé conceﬁtration is not easy to
understand since this type of behaviour is not found when the reactions are
carried out in solvents of higher polarity150. The most plausible
explanation has been provided by Pauson and his coworkers 151 in a useful
review of arenetricarbonylmetal chemistry. It is envisioned that one
molecule of substrate participates in the reaction by evolving carbon

monoxide which is then trapped by a second substrate molecule to yield an

intermediate of structure Cr(CO)4.(qf-arene) +» The proposed sequence of

events is given in FIGURE 1-18.

Recent studies of arene exchange for chromium systems 150-152
have been carried out in more polar solvents such as cyclohexanone or
tetrahydrofuran. In general milder reaction conditions have been necessary
with substitution proceeding in temperature range 25 - 100°C. The reactions
have been found to be essentially independent of the entering group but
strongly dependent on the electronic and steric characteristics of the
leaving group. Entropies of activation, where measured, are suggestive of a
strong solvent participation in the transition-state. Since the entering
group is a poor nucleophile when ligand exchange is studied the solvent
participation should perhaps be interpreted as evidence of an “Id“
mechanism on the basis of the activation entropy data (A S = -40 to -80
eu. ). The unusual behaviour observed by Strohmeier would, according to

this model, be best seen as a consequence of the low coordinating power of

the solvents chosen.

Studies of the substitution of arenetricarbonylmetals by Group V2
ligands to yield M(co)3.(ER3)3 and the free arene have provided rather more

consistent results. Two groups have published kinetic data for this type of
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reaction153'157 and in both cases a completely second-order process has

been found, with the applicable rate law given in equation (1-36) :

(1-36)  -dls] = k,[s](L]

dat

Combining the experimental results it is possible to say that second-order
kinetics are obeyed exactly for a wide range of substrate and entering
group concentrations whilst solvent effects are found to be negligible.
Rates of substitution are strongly influenced by the steric characteristics
of the entering group to produce an order of apparent "nucleophilicities”
which is only slightly effected by the electronic properties of the ligand.
Pidcock et a1.15§ pointed out that phosphate esters and polar aprotic
solvents catalyse the substitution process but were unable to advance a
convincing explanation of this behaviour. The lability of the chelating
arene appears to decrease with increasing electron donor ability of the
aromatic ring, a finding which is in agreement with the linear free energy
relationships reported by Strohmeier and coworkers149'157. Large negative
entropies of activation combined with enthalpies of activation which are
considerably smaller than the metal-ligand bond dissociation energy support
a rate~-determining step involving entering group assisted metal-arene bond
cleavage. The activation parameters are suggestive of a transition~state in
which bond-making approaches the importance of bond-breakingiss. No kinetic
evidence is available as to the pathway followed by the reaction subsequent
to the initial associative rate-~determining step but a rapid stepwise
dechelation mechanism such as that illustrated in FIGURE 1-19 might be
expected by analogy with the dechelation mechanisms favoured by other metal

=bound f¥-donor ligands.




Pidcock and coworkers154 report that a similar mechanism is

applicable to alkatriene substitution in M(CO)3-(n6-cyclohepta-1,3,5-
triene), where (M= Cr, Mo ). The authors found that the triene leaving
group was considerably labile towards substitution by phosphites than an

arene leaving group. No plausible explanation of this behaviour was

advanced.

Two other groups have studied the reactivity towards substitution
of triene ligands occupying three coordination sites at a Group VIb metal
centre; in both cases the measurements involved triene displacement by
isotopically labelled carbon monoxide. Harrill and Kaesz145 found that
cycloocta=-1,3,5-triene was displaced from Mo(CO)3-(n6-cycloocta—1,3,5-
triene) by 1340 at ambient temperature to yield hexacarbonylmolybdenum in
which the labelled entering group was "scrambled" throughout all the sites
in the molecule. From this evidence it was concluded that the substitution
process involved at least one fluxional intermediate. The more recent
observations of Darensbourg's group158'159 confirm this conclusion and
suggest that dechelation proceeds by a second-order "ring-opening"
mechanism. Following isolation of the postulated intermediate [M°(CO)3'(U4'
triene).(13co)] it was discovered that the isotopically labelled carbon
monoxide was present exclusively in the axial position. Reaction of the
intermediate with phosphite entering groups resulted in
Mo(co)3-(13c0).[P(OR)3]2 showing retention of configuration. On the basis
of these additional experiments the authors proposed that the statistical
distribution of labelled carbon monoxide in the product of the carbonyl
substitution reaction must be assigned to a fluxional [Mo(co)sl
intermediate, since replacement of one of the carbonyls of this species by
a ligand displaying a site preference results in retention of configuration

in the product.
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(i1) (n=0: M= Cr; L= CO; A-A-A= hexa~alkylborazole ) .

Perhaps the most interesting study of the kinetics of
substitution of a complex with a tridentate leaving group is that by
Werner, Connor et al. on the displacement of hexa-alkylborazoles from six-
coordinate chromium centres160. The behaviour of this type of pseudo-
aromatic ligand seems to offer scope for significant investigation in the
future. For those systems so far studied simple second-order kinetics have
been followed. Using phosphites as entering groups products of the
structure Cr(C0)3-[P(0R)3]3 are generated with the rate of substitution of
the hexa-alkylborazole strongly dependent on the steric requirements of the
leaving group. On the basis of the decrease in substitution rate with
increasing bulkiness of the leaving group and on the large negative
entropies of activation the authors propose a stepwise dechelation
mechanism with a rate-determining step of the "Ia" type. Thus the borazoles

display a very similar mechanism of substitution to arenes.

The final point to be established was that the strength of the metal-
borazole bond, as measured thermochemically, was not reflected in the
measured Gibbs free energy of activation for the substitution process,
supporting the common observation that ground-state properties do not have
a decisive influence on the substitutional reactivity of transition metal

complexes.

1.7 LIGAND SUBSTITUTION PROCESSES AT FIVE-COORDINATE TRANSITION

METAL CENTRES.

Reaction sequences involving ligand substitution steps are of
fundamental importance in considering the use of five~coordinate
Oorganotransition metal complexes in synthetic chemistry. For this reason it

is surprising that kinetic and mechanistic studies of ligand substitution



in such complexes have been very limited in the past. At present, kinetic
information is largely restricted to systems with monodentate leaving
groups, with the polydentate leaving group systems most common in synthetic

applications represented by a rather small number of studies of metal-

alkadiene complexes.

Following the model employed in the classification of the six-
coordinate kinetic studies, based on the number of coordination sites
occupied by the leaving group, five-coordinate systems with monodentate

leaving groups will be described first.
1.7.1 COMPLEXES OF THE GENERAL FORMULA [ML4oA] .

(i) (n=0; M= V¥, Mn, Fe; L= CO, ns-cyclopentadienyl, NO; A= CO ).

A number of kinetic studies of ligand substitution have been
published for five-coordinate complexes with structures analogous to
pentacarbonyliron. Kinetic measurements for pentacarbonyliron itself have
been hampered by the practical difficulties of obtaining this highly toxic
substrate in a state sufficiently pure to avoid catalysis of carbonyl
dissociation caused by the presence of decomposition products of the
1,161

complex In consequence very few reliable measurements have been

reported in the literature. Siefert and Angelici162 have concluded that, in
the pure state, pentacarbonyliron does not undergo measurable thermal
substitution of the carbonyl ligands at;temperatures below 90°C . At higher
temperatures %t is difficult to carry oét accurate kinetic studies due to
the rapid decoﬁposition of the substraté. However Frankel and coworkers163
have reported that pentacarbonyliron becomes an effective catalyst for the
hydrogenation of alkenes at 140°C. The authors postulate that the

catalytically active species is tetracarbonyliron, with the rather extreme

reaction conditions reflecting the strength of the metal-carbonyl bond
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which must dissociate to generate the catalytic species. These
observations, which are indicative of the inertness of pentacarbonyliron
towards substitution by a simple dissociative pathway, contrast strongly
with the evidence that rapid carbonyl substitution will take place at
relatively low temperatures in the presence of amines or amine oxides. In

this context two studies are of interest: those of Edgell and Bulkin164 and

of Schvo and coworkers165.

The former work indicated that pentacarbonyliron will react with
saturated cyclic amines such as pyrrolidine or piperidine at moderate
temperatures to form a product attributed to nucleophilic attack at
carbonyl carbon. The infrared, nuclear magnetic resonance, and
conductimetric evidence supported the mechanism given in FIGURE 1-20.

In the recent report165

Schvo et al. have noted that
pentacarbonyliron reacts very rapidly with alkadienes at 0°C in the
presence of amine oxides to yield products of the structure Fe(C0)3.(nf-
diene) The yield for the reaction is surprisingly good. For the reaction to
proceed in the absence of the amine oxide temperatures in excess of 120°C
are needed. In view of the absence of marked solvent effects it seems that
the catalytic effect of the amine or amine oxide reflects a rapid pre-
equilibrium to form a hydrogen bonded pentacarbonyliron-N donor adduct

which then undergoes rate determining ligand dissociation. In this regard

it is useful to compare the reported behaviour with that of analogous six-

coordinate systems74.

Further ligand assisted substitution reactions of
pentacarbonyliron have been reported by Dobson. The reactions, which fall
into the category of oxidative eliminations, involve the entering groups

10dine'6® ang mercuric 10dide'®!, The reaction with iodine proceeds



according to equation (1-37) and is extremely rapid requiring stopped-flow

kinetic techniques at 25°C .

- cis-Fe(CO),.I., + CO

(1-37) Fe(CO)5 + 1 a' I

2
After an initial induction period during which second-order kinetics were
operative the reaction was found to follow a two term rate law. In the
absence of photochemical excitation the substitution was postulated to
follow the mechanism given in FIGURE 1-21. The importance of the ligand-
independent term in the rate law operative after the induction period would
support initial formation of a 1:1 adduct via nucleophilic attack at
carbonyl carbon. When mercuric chloride is used as the entering group
temperatures in the range 25 = 45°C are required for measurable reaction
and therefore conventional infrared kinetic monitoring techniques are-
adequate. A consecutive feaction pathway is found, with an intermediate of
structure Fe(CO)4.(HgC1)2 isolatable from the mixture. The generation of
this first intermediate is believed to follow equation (1-38) with third-
order kinetic behaviour.

(1-38) Fe(co)s + 2HgC12 - cis-Fe(CO)4.(HgC1)2 + CO + c12
The activation parameters for this step are:

AH = 48.5 (3.3) kI mol” 3 As = -124.3 (5.9) eu.
The subsequent step, which follows second-order kinetics, results in the
formation of cis-Fe(CO)4.(HgC1..HgC12)2 « The activation parameters in this
case are claimed to be: ?
At = 8.4 (0.1) k3 mol™ ' AS = 2257.3 (4.2) eu.

The authors suggest that the mechanism illustrated in FIGURE 1-21 for the
reactién with iodine also applies to mercuric chloride entering éroup.
However the following important difference results in the apparent
dissimilarity of the kinetic behaviours: ka > k1 when H9012 is used as the
entering group. The authors claim that this reflects the thermodynamically

favourable loss of cocl2 in the rate-determining step in this case. However

it must be stressed that no evidence for generation of COCl2 at any stage
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of the reaction could be given.

It seems from the above that carbonyl dissociation from
pentacarbonyliron is thermodynamically unfavourable in the absence of a
suitable catalyst ( A H > 190 kJ xnol-1 162 ) and that no iower energy
pathway exists for entering group attack at the metal centre; for this
reason ligand assisted substitution occurs via nucleophilic attack at
carbonyl carbon. However several species belonging to the "pseudo-
pentacarbonyliron” series do show considerably greater reactivity than the
iron complex and trends in reactivity have been investigated.

Faber and Angelici167 have carried out kinetic studies on the
substitution of a carbonyl ligand at cyclopentadienyltetracarbonylvanadium
by phosphines and phosphites. Steric hindrance due to the bulky
cyclopentadienyl ligand would be expected to prevent substitution in this
system proceeding via an assoclative intermediate and indeed simple
dissociative kinetics were observed. The substitution process required

temperatures in the range 110 - 130°C and yielded the folloWing activation

parameters:

AH = 230.5 (5.0) kI mol~ ' ; AS = 150.6 (11.7) eu.

Basolo et al. have investigated the kinetics of substituiion of
nitrosyltetracarbonylmanganese by Group v? ligands to yield products with
the structure Mn(CO)3-(NO).L , where (L= PPh3, PBun3, P(OPH)3 ). Simple
d168

second-order kinetics are reporte , whilst the substrate shows

considerable discrimination towards the entering group. The following order

of nucleophilicities was compiled:



(L= PBu”. (40) > PPh

3

3 (1) > P(OPh)3 (0.1) > AéPh3 (0.02).

Thé values given in parentheses are the relative reactivities. Activation
parameters supplied for reactions in xylene at 50°C were as follows:

AH = 79,5 (4.2) k3 mot™ " As = -46.0 (12.6) eu.
An associative pathway of the "a" or ”Ia" type seems to provide the best

explanation of the observed behaviour. In contrast, when measurements are

made for the substitution of a carbonyl ligand in the species generated by

the previous reaction, more complicated rate behaviour is reported. When
the substrate has the structure Mn(CO)a.(NO).L and (L= PPh3, P(OPh)3 )

ligand~independent kinetics are observed, but for the case (L= PBun ) a

3

two term rate law seems to apply. Temperatures of the order of 120°C are

required for measurable reaction. The authors suggest that steric
retardation due to the presence of bulky phosphorus ligands causes

suppression of the ligand-dependent pathway in the cases:

(L= PPh3, P(OPh)3 )e

/

(i1)  (n=0,1: M= Fe, Ru, Mn; L= CO, PR3. NO, C(OEt)R; A= CO, PR31

n=0: M= Os, Ir; L= CO, H, PR31 A= PR31 n=13 M= Co, Rhj;

L= PR3, AsR RNC; A= PRS' AsR RNC ).

3’ 3’
A number of research groups have investigated the kinetics of
ligand substitution in five-coordinate complexes containing monodentate

phosphorus and arsenic ligands. The simplest system, that involving

162

Fe(Co)4.PR3 , was examined by Siefert and Angelici « The authors found

that ligand-independent kinetics were observed for the reaction given by
equation (1-39) in decalin between 160 and 180°C.
1=- . - .
(1-39) Fe(C0)4 PPha + PPh3 — trans 1='e(co)3 (kPPh3)2
+ CO

A dissociative mechanism is postulated with the following activation

pParameters:

71
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AH = 177.8 (5.0) kI mol~' ;  AS = 77.0 (11.7) eu.
The very high enthalpy of activation is consistent with the inert behaviour
of the parent complex pentacarbonyliron towards ligand substitution by
attack at the metal centre, and provides additional evidence for the
inaccessibility of an associative pathway in sterically hindered five-

coordinate systems. Johnson and Lewis170

have found that the analogous

ruthenium system also shows first-order kinetics consistent with a

dissociative pathway; a reversible carbonyl dissociation step is proposed

followed by irreversible capture of the coordinatively unsaturated

intermediate by the entering group. Activation parameters are as follows:
AH = 125.9 (1.3) kI mol™' ;  AS = 72.4 (3.3) eu.

Competition studies carried out under a carbon monoxide atmosphere yielded

values of the nucleophilicity ratio kz/k_1 following the scheme of equation

(1-40):

(1-40)  Ru(CO),.L = [Ru(CO)y.L] = Ru(CO)4-L,

A ratio of 0.3 was obtained for (L= PPh, ) whilst for the case (L= PBun3 )

the value of this term was 0.2 171. The influence of leaving group size on

dissociation rate is illustrated by the observed rates:

- n
(L PPh, > PMePh, > PBu 4 ).

In an isolated study Darensbourg and Conder176 have investigated
the mechanism of phospho;us ligand exchange for complexes of the structure
Fe(CO)3.[c(0Et)R].PR'3 . Ligand-independent kinetics are claimed with the
rate of dissociation of the phosphorus leaving group dependent on the
electron withdrawing properties of the carbene auxiliary ligand. The rate
of dissociation is greater for (R= C6Hs } than for (R= Me ). Competition
studies both with added leaving group, and with mixtures of phosphorus

ligands as entering groups, suggest that the four-coordinate intermediate

[Fe(C0)3.[C(OEt)R]] is only slightly discriminating towards the entering

group.
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A few studies of phosphine substitution in five-coordinate
systems are also available. For simple systems of the general formula ML5+,
where (M= Co, Rh; L= ButNC& PR3, AsR3 ), ligand exchange has been monitored
by means of nﬁclear magnetic resonance techniques. Muetterties has reported
very rapid exchange of isonitrile ligands in Co(ButNC)s+ at 90°c 172. A
dissociative pathway is proposed, resulting in both intermolecular and
intramolecular ligand exchange. The ligand exchange rate is approximately
10 s-1 at 90°c, which is in marked contrast to the rates of exchange
reported for the Group v? ligands of CoL5+ when (L= PRy, ASRy ). The
authors state that for these leaving groups the rate of exchange-is
considerably smaller, but no details are provided. Similar studies173 using
the substrate Rh[P(OMe)3]5+ indicate that the phosphite ligands exchange
rapidly in solution in acetonitrile even at 25°C. The authors postulate a
dissociative mechanism with the following activation parameters:

AH=66.5kITmol ' ; As =259 eu.

Phosphine dissociation has also been postulated as the rate-
determining step in the oxidative addition reactions of the complexes
174 175
Ir(CO).(H).(PPh3)3 and Os(CO)3.(PPh3)2 . Using the calculated
activation parameters: Au=9.2%k3 mol-11 A s = 62.8 eu, the
authors suggested the mechanistic scheme given in FIGURE 1-22 to account

for the behaviour observed for the iridium system.

(1ii) (n=0: M= Co; L= CO, SiCl;, GeClj, EnCl,, SnCl,, SnRy, R, RCO;
A= CO; n=0: M= Mo, W; L= Co,n?—cyclopentadienyl, H; A= CO ).

The most active area of current research into mechanism for
five-coordinate organometallic systems relates to the substitution
processes of complexes between cobalt or chromium group ﬁetals and
monodentate Group IV? ligands. The first reports for the cobalt complexes

were produced by Heck177 in the early 1960's, and were concerned with

e o U
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systems such as those described by equation (1-41):
(1-41)  Co(CO),+R + PRy = Co(CO)3+R.PR4 + co
where (R= HCO, CH3CO ).
The work indicated that formyltetracarbonylcobalt was 105 times more
reactive towards phosphines than its acetyl analogue. For (R= CH3CO )
ligand-independent kinetics were found in a variety of solvents with the
highest rates obtained in solvents with the greatest coordinating power. In
toluene between 0 and 25°C the following activation parameters were
obtained:
A =90.8 kJ mol™! As = 19.7 eu.
The formyl complex was found to react too fast for accurate kinetic study
even at =70°C . The results given are consistent with a dissocilative
pathway although it is difficult to rationalise the extreme change in
reaction rate in going from a formyl auxiliary ligand to an acetyl ligand.

In a later study178

Breitschaft and Basolo have shown that
acetyltetracarbonylcobalt also follows ligand-independent kinetics for
carbonyl exchange at 0°C in dibutylether.

In contrast Bor et al.179 have presented convincing evidence
that benzyltriphenylphosphinetricarbonylcobalt reacts with isotopically
labelled carboﬁ monoxide at 10°C by a ligand migration pathway (1-42):

(1-42)  Co(CO),+PPhy-(CH,Ph) + '3cO
Co(CO)Z-(13CO).PPh3-(COCHzPh)
The incorporation of onlyéunlabelled~carbon monoxide into the acyl carbonyl
group of the product is very strong evidence for initial intramolecular

carbonyl insertion.

A carbonyl insertion process does not seem to be accessible for
triaryl- and trialkyl=-tin complexes of tetracarbonylcobalt since both

carbonyl exchange178 and phosphine substitution180 reactions result in
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products of the form Co(CO)3.SnR3.L by ligand-independent processes. It may
however be significant that carbonyl exchange takes place readily in
dibutylether at 20°C but that much higher temperatures are required for
phosphine substitution.

Ogino and Brown181

have carried out studies for the reaction
between trichloro-tintetracarbonylcobalt and phosphites which proceeds
according to equation (1-43):

(1-43) 2CO(CO)4-SnC13 + P(OR)3

| [Co(CO),l,.8SnCL, + SnCl, [P(OR),]

Second-order kinetic behaviour is observed. A more precise study by the
same group182 has revealed the substitution of Co(CO)4.SnC13 by Group V*
ligands follows a "three-halves" order rate law, in the absence of light
and free radical inhibitors. A radical chain pathway has been proposed with
the rate-determining step generating two free radicals by homolysis of the
intermediate (A) of FIGURE 1-23; the intermediate is explained in terms of

a fast pre-equilibrium step.

The kinetics of substitution of the isoelectronic molybdenum and
tungsten species have also been investigated. Green et al.169 reported that
complexes of the general formula M(CO)3-(H).(T€-CP), where (Cp=
cyclopentadienyl ; M= Mo, W) , reacted with triphenylphosphine by a
second~order kinetic process to yield a mixture of cis and trans
hydridocyclopentadienylphosphinedicarbonylmetal complexes. For the tungsten
complex in benzene at 70°C no kinetic isotope éffect was observedehen
hydride was replaced by deuteride; the reaction was found to proceed at a
slightly greater rate in benzene than in acetonitrile. From this evidence
the authors discounted a ligand-migration pathway and concluded that an
"Ia" or "a" process was responsible for the cobserved kinetic behaviour. In

marked contrast Hoffmann and Brown, in a reinvestigation 183, noted that
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the substitution reaction proceeded thermally in the dark a?
nonreproducible rates to yield the products described in the earlier work.
Reaction rates were found to bé strongly dependent on the nature of the
entering group but were also greatly affected by the presence of free
radical inhibitors. The authors concluded that a radical chain pathway

provided a satisfactory explanation of the experimental results.
1¢7.2 COMPLEXES OF THE GENERAL FORMULA MLa;(A-A) o

{n=0: M= Fe, Ruj; L= CO; A-A= alkadiene, polyene ).

The use of five~coordinate complexes of the iron group metals as
hydrogenation and isomerisation catalysts for simple unsaturated organic
compounds has prompted a number of research groups to investigate—the
kinetics of ligand substitution for complexes in which iron or ruthenium is
bonded to a simple organic t'-ligand. Information is restricted at present
to a small nuﬁber of the more labile systems, notably those with strained

cycloalkadiene f{-ligands.

Kinetic studies are available for the substitution of seven and
eight membered cycloalkadiene ligands in cycloalkadienetricarbonyliron
systems by Group v2 entering groups. The earliest report184 involvea
displacement of the nﬁ-cycloocta-1,3,5,7-tetraene {cot) ligand from
Fe(CO)3.cot by tertiary and ditertiary phosphines according to equation (1~
44):

(1-44) Fe(CO)3.cot + 2L - Fe(CO)3.L2 + cot .
Second-order kinetics were found for the substitution process when carried
out in decalin or methylcyclohexane. The activation parameters for the

substitution were found to depend on the nature of the entering group; when

tributylphosphine was used as the entering group the following values were

obtained:
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AH =477 k3 mol”! ; As = -159.8 eu.
whilst with the bidentate phosphine 1,2-bis(diphenylphosphino)ethane the
values were:
AH =59.8 kJ mol™}; A S = -126.8 eu.
These observations were taken by the authors as evidence for a mechanism
involving a transition-state of greater order than the substrate.
Accordingly the most likely pathways were stipulated as "a" or “Ia"
Johnson and Lewis 2°~187 nave investigated the kinetics of thermal

substitution of a series of complexes of the iron group metals with
carbocyclic ligands capable of occupying more than one coordination site.
The published results suggest that substitution of the carbocyclic ligand
is only a significant process at accessible temperatures for complexes
containing strained seven and eight membered carbocyclic ligands. When
complexes containing planar six and seven membered carbocycles are studied
carbonyl substitution is found to be the preferred pathway, yielding
species of formula: M(CO),.(A-A).L and M(CO).(A-A).L, . A summary of the
experimental findings is given in TABLE 1-8 . Several useful insights into
the bonding of metal complexes can be obtained from the experimental
measurements. It is significant that the planar coordinated

11 -donor ligand cyclohexa-1,3~diene undergoes carbonyl dissociation
exclusively and that the postulated dissociative process yields activation
parameters which are very similar to those for carbonyl dissociation in the
complex triphenylphosphinetetracarbonyliron162. Evidently therefore the
planar diene does not behave as a labilising ligand towards carbonyl
dissociation. This behaviour is in marked contrast to the J&,M-allyl ligand
cycloocta-1-3,6~diene, which causes considerable labilisation of carbonyl
ligands in Fe(co)3.(1-3,6-cod). The implication seems to be that the rate
of carbonyl dissociation in such T -complexes is dependent on the -

acceptor properties of the non-carbonyl ligands. In considering the
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dienetricarbonylmetal complexes it is apparent that planar dienes form much
stronger bonds to the metal centre than the carbonyl auxilliary ligands with
substitution of the carbocycle only accessible for very strained ring
systems. The small negative entropies of activation for the second-order
process which results in the substitution of the bidentate organic ligand
suggest a stepwise dechelation, or dissociative "ring-opening”, pathway
proceeding by way of an intermediate such as [FeL.(nz-diene).L] 183. Cais

18

and coworkers 8 have studied diene exchange in Fe(Co)3-(diene) complexes

and also chelation of dienes initially bound to the metal centre in dihapto
fashion in an attempt to clarify the mechanism of metal carbonyl catalysed
hydrogenation of alkenes. The diene chelation proceeds according to
equation (1-45) at 110°C in toluene.

(1-45) Fe(Co)4.(dimethylfumarate) + diene

L |

First-order kinetics are observed with the activation parameters:

Fe(CO)3-(n4-diene) + CO + dimethylfumarate

AH = 140.6 kJ mol™ ! ; AS = 63.6 eu.
The authors postulated a rate-determining step involving dissociation of
dimethylfumarate to yield a tetracarbonyliron intermediate. More extreme
conditions were required for diene exchange; second-order kinetics were
observed for diene exchange at Fe(CO)3-(n4-dimethylmuconate) in tetralin at
260°C. Accurate measurement was hampered by difficulties with precise
temperature control. On the basis of the experimental evidence Cais et al.
proposed a mechanism involving stepwise dechelation of the diene leaving:
group. However it did not prove possible to distinguish between initial
concerted dissociation of oneff-centre by a ligand assisted pathway or a

simple stepwise dissociative pathway as proposed by Johnson and Lewis.
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1.8 CONCLUDING REMARKS.

The preceding sections have given a broad outline of currently
accepted views of the reactivity of mononuclear five-and six-coordinate
organotransitionmetal complexes towards ligand substitution. No attempt has
been made to discuss the rather more specialised topic of ligand
substitution in polynuclear complexes since a number of useful articles on

16, 189-191
this subject are available + In considering the reactivity of
five~coordinate complexes emphasis has been placed on complexes of the

zerovalent metals although some recent work is available on related five-

192

coordinate coordination complexes « The kinetics and mechanism of ligand

substitution in low valent four-coordinate species are rather less easily
defined than those for complexes of higher coordination number. A very
large body of review literature is available for the substitution reactions
of square planar complexes of PA(II) and Pt(II) in aqueous media'®3 put
only in relatively recent times have reliable studies carried out in non-
aqueous solvents become availab1e194-196. Substitution pathways of the "a"
type are the most commonly observed for this class of complex. Information
on the kinetics of substitution of formally zerovalent four-coordinate
complexes is rather more restricted; the mechanism of substitution of
tetracarbonylnickel and related isoelectronic species has been studied in

197

detail but little reliable kinetic information is available198 for

substitution in zerovalent complexes of palladium and platinum despite the
11

current interest in complexes of this type

It is notable that in recent years studies of the mechanisms of
substitution of five- and six-coordinate species have become considerably
more detailed and thorough in approach and in consequence derived rate
equations have tended towards increasing complexity. In particular the

increased accuracy of the models available for describing the behaviour of
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systems involving chelating ligands has given useful insights into the
likely mechanisms of transition metal catalysed reactions of coordinated
organic substrates. With the recognition of two entirely new pathways to
account for second~order kinetic behaviour in organometallic systems,
namely the "ring-opening"™ and "radical chain" pathways, and the detection
of concurrent, parallel reaction pathways, it is likely that much early
work will have to be reevaluated. As improved synthetic techniques make
accessible an increasingly wide range of labile systems of possible
application to kinetic studies, a more general model for the reactivity of

low valent transition metals should emerge.
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Substrate Entering T/°C Kobs Au @ Au P As @
Group /s~ /kJ mol™" /kJ mol” ] /eu.
cr(colg Yeo 130 0.99 161.9 163.2 77.4
Mo(CO) 4co 115 0.75 126.4 132.2 1.7
W(CO)g Yco 150 0.08 166.5 169.9 46.0
Footnotes.
2 Gas phase reaction.
b Reaction carried out in decalin solution.
TABLE 1-2.
Substrate Entering k,/k, A= k1 Au Kl Au ka As ka
Group ratio /kJ mol” ! /eu. /kJ mol ™! /eu.
Cr(co), PBu", 1.7 168.2 94.6 106.7 -61.1
Mo(CO)g PBu”, 0.1 132.6 28.0 90.8 -62.3
w(co)g PBu", 0.15 166.9 57.7 122.2 -28.9



TABLE 1-3.
_Substrate Entering Au X!
Group /x3 mo1”?
ClMn(CO)g AsPh, 112.5
f BrMn(CO) AsPh 122.2
- 5 3
I.Mn(CO)5 AsPh3 132.2
ClRe(CO)¢ PPh, 114.2
BrRe(CO)¢ PPh, 123.0
I.Re(CO)g PPh, 133.1
TABLE 1-4.
Substrate Entering T/°C 104 kq 104
Group /s-1 /s-1
Mo(co)5c1‘ PPh, 19,6 >10 ceeee
Mo(co)ssr' PPh, 19,6 1.3 4.1
Mo(co)sx' PPh, 29.8 1.1 1.8
Mo(CO)IT  pBu”y  29.8 1.1 2.8
Mo(co)sx' pBun3 29.8 1.1 3.6

As *¥1

/eu.

65,7
79.1

86.2

ses e
s o e

Products

(B) only.
(a) + (B).
(A) + (B)
(A) + (B)

(A) + (B)

8 2



Substrate AH k1 AS k1 AH Id AS 1ad
/kJ mol-1 /eu. /kJ mol-'1 /eu.

MO(CO)S-Quinuclidine 112.5 23.0 55.2 -159.0
Mo(CO)S-Piperidine 107.9 1.7 69.0 -84.1
MO(CO)S.Cyclohexylamine 102-5 9.2 6605 -7708
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System

II

111

1v

VI

Vit

Footnotes:

Abbreviations employed:

TABLE 1-6.

Substrate

Fe(CO)3-(1,3-chd)
Fe(CO).(1,3~chd)

+ (1, 4~chpd)
Fe(CO)3°(1,3,5-chpt)
Fe(CO0)4.(1,3-cod)
Fe(CO),+ (1-3,6~cod)
Fe(CO)3-(1-3,6—cod)

Ru(CO)3.(1-3,6-cod)

Entering

Group

PPh

PPh

PPh
PPh
PPh
P(OEt),

PPh

Product

Fe(CO)Z-PPh3.(1,3—chd)

Fe(CO).(PPh3)2-(1,3-chd)

Fe(CO),PPhy.(1,3,5-chpt)
Fe(CO)3.(PPh3)2
Fe(CO)z-(PPh3)2-(1-3,6—cod)
Fe(CO),. [P(OEt)4]14

Ru(co)z-(PPh3)2-(1-3,6-cod)

1, 3=chd= nﬁ-cyclohexa—1,3-diene

1,4-chpd= ﬂ?-cyclohepta-1,4-diene

1,3,5-chpt= nlcyclohepta-1, 3, 5-triene

1,3=cod= vf-cycloocta-1,3-diene

1-3,6-cod= n?-cycloocta—1-3,6-diene.



TABLE 1-7.

System T/°C Rate law Au As
/kJ m.ol.'1 /eu.

—180d = c c
1 160-180 Kops = K 176.1 (3.3) 69.0 (7.5)
1T 30-50P Kops = kq * K [L]  185.4 (2.9) 4  _42.6 (8.4)d

a -
III 154 kobs k1 + ka[L] L K BN IR BN BN B 3 *® 99 88 00

b - a a

v 40-70P Kops = K1 122.2 (0.8)¢ 63.6 (2.1)°
vi  40-70° kops = Xq * K IL] 0 57.3 2.0% _113.0 (6.7)8
vir  20-45P kops = K 110.9 (0.4)¢ 57.7 (2.1) ©

Footnotes:

Reaction carried out in solution in decalin.

b Reaction carried out in heptane.

€ Activation parameters given refer to the ligand-independent
pathway.

d

Activation parameters refer to the ligand-dependent pathway.
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CHAPTER TWO: THE KINETICS AND MECHANISM OF ALKENE EXCHANGE AT

FIVE-COORDINATE IRON.

2.1 INTRODUCTION.

It is rather surprising that although a large number of kinetic
studies of ligand substitution in organometallic systems have been
described, systems involving carbon monoxide exchange are the only exchange
reactions well represented in the literature. Amongst a group of exchange
reactions of synthetic and industrial importance which do not appear to
have been adequately investigated is the class of ff-ligand exchange
processes, which are believed to be involved in many transition metal

catalysed reactions.

The work described in this chapter was designed to clarify the
mechanism of monodentate ¢ -1igand exchange in five-coordinate transition
metal systems, whilst succeeding chapters detail work on bidentate ff~
ligand exchange in five- and six~-coordinate systems. Since alkenes are
representative monodentate ff -ligands and form complexes which have been
shown to undergo ligand substitution at accessible temperatures1’6, it was
decided to use readily synthesised species of the type Fe(co)4.(q?-a1kene)
as substrates in the exchange studies. It was found that alkene exchange
with this type of substrate resulted in a clean but reversible reaction
with the stoichiometry given by equation (2-1):

(2-1) Fe(co)4.(q?-a1kene) + alkene*
Fe(co)4‘(n?-alkene*) + alkene
A further advantage of the chosen substrates was that the results of
substitution reactions using Group va ligands as entering groups were

available4 thus allowing comparison of substrate reactivity towards

entering groups of widely differing steric and electronic properties. The
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model obtained from comparison of these low temperature studies could then
be examined against evidence obtained from work carried out at high
temperatures and pressures using Fe(CO)4-(n?-a1kene) complexes as

hydrogenation catalysts.
2.2 RESULTS AND DISCUSSION.

The alkene exchange reactions of two different substrates,
Fe(CO)4-(q?—styrene) and Fe(CO)4-(n?-methylacrylate), were studied with a
number of different entering groups. The substrates have been prepared and
characterised by previous workers7'8 as have the products of T ~ligand
exchange reactions with acyclic alkenes. Species of the type Fe(co)4.(q?-
cycloalkene), the products of ligand exchange with cycloalkene entering
groups, are thermally unstable oils, which it did not prove possible to
characterise fully. Only one similar species has been reported in the
literatureg. All reactions for which kinetic data are supplied produce a
guantitative yield of the f¥-ligand exchange product when a large excess of
the entering group is used although with cycloheptene entering group
thermal decomposition of the substrate Fe(co)4.(n?-styrene) to yield
dodecacarbonyltriiron is a significant side-reaction with substrate to
entering group concentrations of less than 1:80. Ligand exchange reactions
for which kinetic data are given were carried out in 100-120° petroleum
ether using infrared monitoring techniques as described in Appendix A; the
infrared carbonyl absorption bands of the complexes used for the studies
are given in the experimental section. Despite the use of a solvent which
interacts only weakly with the infrared carbonyl stretching absorptions of
the metal carbonyls involved in the study overlap of substrate and pioduct
absorptions was generally observed,. particularly for the lower fregquency
bands. The apparent overlap of the spectra was not found to effect the rate

measurements, which showed good pseudo-first~order behaviour both for
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substrate disappearance and for product appearance; and for this reason

deconvolution of the spectra was not deemed necessary.

TABLE 2-1 gives the results of preliminary ligand exchange
experiments which were carried out at 60°C. The preliminary studies provide
several interesting insights into the mechanism of ligand exchange in
monodentate five-coordinate systems. Firstly it is apparent that the
substrates undergo slow thermolysis to yield Fe3(C0)12 and other
decomposition products if the reaction is carried out in the absence of a
suitable entering group. In the case of the substrate
styrenetetracarbonyliron the thermolysis was studied by a variety of
physical techniques including infrared and nuclear magnetic resonance
spectroscopy and gas-liquid chromatography. The reaction was found to
proceed by a rate-determining step involving loss of the coordinated
alkene, presumably to yield a tetracarbonyliron intermediate. The
coordinatively unsaturated intermediate would then be expected to
polymerise rapidly to yield Fe3(co)12. It was noted that extended reaction
times resulted in a further thermolysis, that of Fe3(co)12 to yield
pentacarbonyliron and associated decomposition products. The rate of the
thermolysis of the Fe(C0)4-(n?-styrene) complex to yield Fe3(co)12 was
found to be at least an order of magnitude smaller than that for ff -ligand
exchange, whilst the thermolysis was inhibited entirely by the presence of

a large excess of entering group.

A second point arising was that the ligand exchange system
Fe(CO)4-(n?-styrene) - methylacrylate is potentially reversible as has been
previously reported1. The reaction Fe(CO)4.(q?-methylacrylate) - styrene
does not go to completion but does produce an appreciable yield of the
styrene exchange product. In this context it is noteworthy that the

reaction between Fe(co)4.(q?-styrene) and acrylonitrile produces an
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infrared spectrum indicative of more than one product of 1f -ligand
exchange. This finding is consistent with the evidence of synthetic
studies1°(a) since acrylonitrile is capable of coordinating to a metal
either as a 1 -donor through the carbon~carbon double bond or through a d .
bond via the nitrogen of the nitrile substituent. The reported spectrum of
the 1Y -bonded species exhibits a characteristic axial carbonyl vibration at
2063cm” ! in hexane'%(2) yhilst the @ -bonded species has a vibration at
2031cm-1. An alternative structure for the second product species in the
ligand exchange studies is Fe(CO)3-(alkene)2 10(b), for which the reported
axial carbonyl stretching frequency is approximately 2024cm_1, also in good
agreement with that found in the present study. In view of the absence a

second metal carbonyl product for the other systems studied the former

explanation of the experimental observations seems the more plausible.

On the basis of the preliminary studies the reaction scheme
illustrated in FIGURE 2-1 can be derived for alkene exchange at
Fe(C0)4.(n?-alkene). The proposed mechanism involves rate~determining
loss of alkene to yield tetracarbonyliron as the reactive intermediate, and
is exactly analogous to the mechanism proposed for alkene substitution at
Fe(CO)4.(q?-a1kene) with Group V? ligands as entering groups1'5.

In order to gain additional information concerning the mechanism
of ff ~ligand exchange in this type of system detailed kinetic studies were
carried out for reactions IIa, IIc and IId. The results of pseudo-first-
order kinetic experiments for these systems are given in TABLE 2-2 with
plots of the observed rate constant (kobs) against entering group
concentration ([L]) for each system given in FIGURES 2-2, 2-3 and 2-4. Only
reactions producing quantitative yields of the expected Fe(CO)4.(1?-a1kene)
product, i.e, k3= 0 , are listed. The data for the systems with

methylacrylate and cis-cyclooctene as entering groups can be treated
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mechanistically as irreversible under the conditions employed but it
appears that with the entering group cycloheptene this assumption cannot be
made. At substrate to ligand ratios of less than 1:80 this system shows
good pseudo-first-order kinetic behaviour with respect to substrate
disappearance but not with respect to product appearance. The evidence
suggests that under these conditions exchange is not quantitative, perhaps
indicating that the partial rate constants k_1 and k3 are sufficiently

large to prevent complete ligand exchange.

If the data obtained from experiments resulting in quantitative
ligand exchange is treated according to the model given in FIGURE 2-1 the
applicable rate law is represented in equation (2-2):

(2-2) =d[sA] = |k k,[sA][L]

dt k_q[a] + k, (L]
where (SA= substrate, A= leaving group and L= entering group.)

Equation (2-2) reduces to the simplified form (2-3) when pseudo-first-order
reaction conditions are used:

(2-3) Kobs = qualL]

k_q[a] + k,IL]

Under these conditions it can be seen that once k2[L] >> k_1[A] the
applicable rate expression should reduce to the (2-4) with a limiting
exchange rate at high entering group concentrations:

(2-4) kobs = k1
Therefore, if the model is consistent witp the experimental findings, the
value of kobs obtained at high {[L] should'reflect k1, the rate-determining
loss of alkene from the substrate. Examination of the data presented in
TABLE 2-2 reveals that this is indeed the case. Since all three systems
investigated employ the substrate Fe(C0)4°(ﬂf-styrene) the k1 term in each

case reflects the dissociation of a metal-styrene bond, a process which

should be independent of the nature and concentration of the entering
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group. This being the case the value of k1 obtained for each of the systems

should be identical and this is found to be so, within experimental error.

A further test of the proposed mechanism is provided by
investigation of the kinetics of ligand exchange carried out under pseudo-
first-order conditions but in the presence of added leaving group.
Rearranging equation (2-3) reveals that a plot of the reciprocal of the
observed rate constant against concentration of added leaving group should
be linear for a series of experiments carried out at constant entering
group concentration. Equation (2-5) indicates that a plot of this type
would have a slope reflecting the k_1/k2 ratio with an intercept which was
the reciprocal of k1 .

(2=5) 1= k_,[a} + 1

obs
A series of experiments to test this relationship was carried using the
system Fe(CO)4(ﬂ3-stYrene) - methylacrylate - styrene and the results are
given in TABLE 2-3. An examination of FIGURE 2-5 shows clearly that model
is in accord with the experimental data. The value of k1 obtained from the
intercept of the plot is in good agreement with that obtained by direct
methods following equation (2-4), whilst the value of the k_1/k2 ratio is
1.06 £0.06. Since k, reflects the rate of formation of the metal-entering
group bond, and k_j4 measures the recoordination of the leaving group, it
would appear that both entering group and leaving group have similar
reactivity towards the coordinatively unsaturated intermediate. A
competition ratio close to unity does not seem unreasonable in this case,

as both ligands have very similar structures in that they are alkenes with

electron-withdrawing substituents.
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It is instructive to compare the results of the present study
using alkene entering groups with work carried out with rather more
nucleophilic entering groups. Cardaci and his coworkers have carried out a
detailed study of the substitution of alkenes at Fe(CO)4-(n?-alkene) by
Group v2 ligands, and by carbon monoxide1-5. The mechanism postulated for
these systems is exactly analogous to that given in FIGURE 2-1 for alkene
exchange. With the more nucleophilic Group \A ligands the substrate
polymerisation term k; was found to be of negligible importance, whilst a

product of form Fe(co)3.L2, presumably generated by further substitution of

the product of the alkene substitution pathway, as represented by k, in

4
FIGURE 2-1, was found to be present in significant concentration.

Additional information concerning the mechanism was provided by studies of
the solvent dependency of the observed rate3 and of the effect of
substituents at the leaving group in determining 1ability4. The finding
that:

(a) there was no significant solvent effect on substitution rate;

(b) the rate of substitution decreased when electron-withdrawing

substituenté were present at the leaving group;
were consistent with a dissociative mechanism. From data on the temperature
dependence of the partial rate constant k1 it is possible to compare the
alkene-metal bond dissoclation rate in the presence of a strong nucleophile
with that found with alkenes as entering groups. An extrapolation Qf the
data for the system Fe(CO)4-(Q2—styrene) = triphenylphosphine in hexane
provides a value for kj, of 10.4 x 1074 g71 4¢ 60°C, in good agreement with
the values obtained in the present work for reactions carried out in a
solvent of similar properties. Perhaps the most interesting additional
information is provided by an examination of the k2/k_1 ratios obtained by
Cardaci's group for a series of different entering groups with the

Substrate Fe(CO)4.(ﬂ?-styrene). The values published are referenced to

50°C; however competition ratios of this type would not be expected to show
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appreciable temperature dependence and for this reason it should be
possible to combine the results of the earlier work1 with those obtained in
the present study to produce an order of entering group nucleophilicity.
The resultant list is given by (2-6):

(2-6) pyridine > PPh, > AsPhy = SbPhy > CO > methylacrylate
It is interesting that the order of the kz/k_1 values suggests that carbon
monoxide is a better nucleophile towards tetracarbonyliron than the
electron deficient alkene methylacrylate since a similar order appears to

hold for the analogous chromium species16

« The implication of this
observation would appear to be that the ff¥-acceptor ability of the entering
group is of greater importance in determining the bond strength of the
complex in this case than the electron donor characteristics (carbon

monoxide is a notoriously poor donor ligand but a very good fI ~acceptor

species, whilst the reverse is generally true of alkene ligands ).

High temperature studies by Cais and coworkers6 have shown that
complexes of the type Fe(CO)4.(q?-a1kene) are effective hydrogenation
catalysts for alkenes. Results suggest that the catalytic species is
generated by rate-determining loss of an alkene ligand to yield a
coordinatively unsaturated intermediate. The favoured intermediate is
believed to be tetracarbonyliron and the implication is that substitution
in alkenetetracarbonyliron complexes occurs almost exclusively by a
dissociative mechanism, regardless of the reaction conditions. Since
species such as alkadienetricarbonyliron and heterodienetricarbonyliron
have been shown to undergo ligand substitution by ligand-dependent
kineticss'15 the ligand independent kinetics of the tetracarbonyl systems

requires some explanation.
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The most likely reason for the differences in kinetic behaviour
for complexes containing monodentate f/-ligands and those containing
bidentate ff-ligands lies with the structures of the two types of complex.
Structural studies have revealed that species of the type Fe(c0)4.(n?-
alkene) adopt a trigonal bipyramidal configuration in the solid state and
in solution11'12, with the alkene occupying an equatorial site. In contrast
structural information for the species of the type Fe(CO)3-(ﬂf~diene)
Suggest a distorted square pyramidal structure with the diene occupying two
basal sites13'14. From this evidence it is plausible to suggest that the
differences in behaviour are of steric origin since the trigonal
bipyramidal structure of the tetracarbonyl complexes does not possess a
suitable site for the coordination of a sixth ligand as would be required
for an associative term in the rate law. On the other hand an exchange
pProcess taking place at a complex with a square pyramidal structure may
Yeadily coordinate a sixth ligand to generate an octahedral intermediate

with the additional ligand occupying an apical site.

It is considerably more difficult to provide an adequate
explanation for the trends in entering group reactivity observed in the
bresent study. A comparison of the relative reactivities of the acyclic
eéntering groups methylacrylate and acrylonitrile is inconclusive. Both
alkenes are electron deficient and form well defined 1f—comp1exes with five
=coordinate iron; however, in the present work, the exéhange reaction with
acrylonitrile appears to generate more than one product with the result
that detailed comparison of the two entering groups is not possible. The
Competition studies between styrene, methylacrylate and their respective
Complexes do suggest that electronic and steric effects are not marked for
acyclic entering groups since the k,/k_; ratios obtained are close to
unity, though it must be added that the slightly gréater nucleophilicity of

Methylacrylate than styrene is reflected in TABLE 2-1 where it is shown
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that the reaction Fe(co)4.(n?-methylacrylate) - styrene does not go to

completione.

When considering the trends in reactivity for the cycloalkene
entering groups structural correlations are not easily discerned.
Cyclohexene, cycloheptene and cyclooctene would be expected to have very
similar electronic configurations whilst the observed order of reactivity
towards tetracarbonyliron (2-7) correlates with increasing rather‘than
decreasing ring size.

(2-7) cyclooctene > cycloheptene >> cyclohexene
Since conventional arguments would predict that the least sterically
demanding of the cycloalkenes should be the best entering group, if other
effects were not significant, a more subtlg influence on reactivity must be
found. Ring strain energy and ring conformation seem to provide a suitable
explanation of the observed behaviour. Following Benson17 the measured ring
strain enthalpy for cycloalkenes increases in the order given by (2-8):

(2-8) cyclohexene (5.8) << cycloheptene (23) < cyclooctene (25) i
where the numbers in parentheses represent strain enthalpies in kJ mol-1.
The ring strain entropies are also observed to increase in the same order,
giving rise to the idea that the driving force of the exchange reactions is
related to the ring conformation of the entering group. In this regard
molecular orbital calculations on the free cycloalkenes provide interesting
information18’19. Each of the cycloalkenes used in the kinetic studies had
the cis-configuration at the double bond. Molecular orbital calculations
indicate that cyclohexene occurs almost exclusively in the chair
conformation which would be expected to be less favourable towards metal
coordination than the boat form in which metal-methylene interactions would
be minimised. Since the boat form of the free ligand is less
thermodynamically favourable than the chair form by 23.5 kJ mol-1 metal-

ligand coordination for this alkene would not be expected to be a
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thermodynamically favoured process. However when the more strained systems
cycloheptene and cyclooctene are considered a rather different picture
émerges. Calculations on cycloheptene suggest that the chair conformation
is favoured over the twist-boat form (not accessible to cyclohexene) by 2,2
kJ mo1~1 and over the boat form by 14.5 kJ mo1”? 18. In the case of cis-
cyclooctene the authors concluded that the molecule was flexible with no
obvious preferred conformations although barriers to rotation were of the
order of 20 kJ mol-1. From these results it seems that exchange will
pProceed at a measurable rate only if twist-boat or boat conformations of
the cyclic entering group are readily accessible. Thig finding is in
agreement with the results of work carried out on trans-cyclooctene and its

metal complexesg'19.

2.3 EXPERIMENTAL SECTION,

(i) Preparation of starting materials and characterisation

of products.

The alkenetetracarbonyliron complexes Fe(C0)4-(TE-styrene) and
Fe(CO)4o(nf-methylacrylate) were prepared by literature methods7.8.
Fe(C0)4-(n?-styrene) was purified by recrystallisation from peritane at
=70°C to give yellow crystals with an infrared spectrum ( ¥-CO str. =

2085,2013,2006 and 1982 cm |

; 100-120° petroleum ether ) consistent with
that reported in the literature. Fe(CO)4.(q?-methylacrylate) was purified
by sublimation at 0.1mm Hg / 70°C to give yellow crystals with an infrareqd
Spectrum ( »-CO str. = 2101,2033,2019 and 1996 cm-1; 100~120° petroleum

ether ) in agreement with literature values.
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In order to confirm the structure of the products of the
reactions between Fe(C0)4.(Wﬁ-styrene) and cycloalkenes as Fe(co)4.(¢f-
cycloalkene) the ligand exchange reactions were carried out on a
preparative scale and an attempt was made to characterise the products. all

synthetic procedures were carried out under a dinitrogen atmosphere.

(a) Fe(C0)4-(vf-cis—cyclooctene) o
1.2g (4.4 mmol) of Fe(CO)A.(n?-styrene) in 100cm® of dry degassed

3 {15.3 mmol) of cis-

40-60° pet.ether was refluxed for 3 hours with 2cm
cyclooctene. After filtration and removal of volatiles by rotary
evaporation the product was dissolved in 40-60° pet.ether and filtered
through a 10cm column of Activity 1 alumina to remove Fe3(co)12.
Evaporation of the solvent followed by molecular distillation gave the
product as a yellow oil. It was noted that the product underwent steady
thermal decomposition at room temperature to yield Fe3(c0)12 and free cis=~
cyclooctene though the thermolysis was inhibited by the presence of excess
free ligand, The failure to obtain an accurate microanalysis for the
product was probably due to this rapid thermolysis. Analysis (Found:
C=50.4%, H=4.83%; Calculated: C=51.8%, H=5.00% ),The infrared spectrum of

the product ( v-CO str. = 2072,2002,1994 and 1972 em™!

1 100-120° pet.ether)
was found to be very similar to that of the species Fe(C0)4-(ﬂ?-trans-

9
cyclooctene) characterised by other workers”,

(b) Fe(co)4.(q?-cycloheptene) .
The method used in preparation (a) was used for the entering group
. Cycloheptene in an attempt to prepare Fe(CO)4-(ﬂf-cycloheptene). However
this species was found to undergo rapid thermolysis to yield Fe3(C0)12 and
the free cycloalkene in the absence of excess free ligand and consequently
attempts at purification of the product resulted only in decomposition. The

infrared spectrum of the product before attempted purification ( v-CO str.
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= 2074,2000,1995 and 1975 cm-1; 100-120° pet. ether ) was consistent with

the structure assigned.

The free organic ligands styrene, methylacrylate,
acrylonitrile, cyclohexene, cycloheptene and cis-cyclooctene were obtained
from commercial sources and were further purified before use in the kinetic

experiments by distillation under a dinitrogen atmosphere.

Petroleum ether (100-120°; analytical grade), used as a solvent
in the kinetic studies was purified by distillation under a dinitrogen
atmosphere and was consequently degassed and stored under dinitrogen prior

to use.

The exchange reaction between Fe(C°)4-(ﬂ?-styrene) and
acrylonitrile in 100-120° pet.ether was found to result in the formation of
more than one product. Two species ( V=CO str. = 2105, 2050 and 2028 cm !,
and 2060cm°1, respectively) were observed and assigned to Fe(CO)4.(n?_
acrylonitrile) and to Fe(CO)4-(d-N-acrylonitrile) on the basis of the

infrared data10(a).

(ii) Experimental conditions used for the kinetic experiments.

All kinetic experiments were carried out under an atmosphere of
dinitrogen using sealed vessels immersed in a constant temperature bath
controlled to within 0.02°C. Experiments were carried out in duplicate.
Aliquots of the reaction mixture were taken at regular intervals using a
syringe, with at least ten absorbance-time pairs taken for each of the
kinetic experiments. Infrared spectra were recorded on a Perkin=-Elmer 257

spectrophotometer fitted with imm NaCl cells, with all measurements
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referenced to a solvent-ligand blank of the appropriate concentration.
Details of the method of analysis of the kinetic data are given in the

appropriate sections of Appendix A.
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TABLE 2-1

preliminary f —ligand Exchange Reactions of

Fe(CO),.(n“~alkene) substrates.

Reaction Leaving Group Entering Group Result
Number ;
I methylacrylate styrene or 20% 1 -ligand exchange
cyclooctene only with extensive
substrate decomposition.
I1a styrene methylacrylate complete 1f-ligand
Y exchange.
M -ligand exchange
e cyclohexene no g g
11b styren and complete substrate
decomposition.
cycloheptene complete % -ligand
e
Tie styren exchange.
114 styrene cyclooctene complete M-ligand
exchange.
ne acrylonitrile slow ligand exchange
tle styre with some substrate
decomposition. More
than one exchange
product formed.
111 styrene (thermolysis) slow decomposition

to yield Fe(cCO)g,
Fe3 (CO) 12 and
styrene.
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TABLE 2-2.

Rate constants for Reactions of Fe(CO)A.(nz-styrene).

Entering Group Concentrsgion 103 Kobs
_/mol dm /s
0.030 9.67 , 9.82%
methylacrylate 0.060 9.98 , 9.67
0.120 10.38 , 10.38
T/K = 333.2 0.240 10.66 , 10.65
0.330 10.74 , 9.54
0.390 10.54 , 10.28
0.450 10.33 , 10.31
0.540 10.82 , 10.90
kq = 10.22 £ 0.31 x 104 571
0.282 9.45 , 9.34
cycloheptene , 0.333 10.25 , 10.66
0.387 10.02 , 9.64
T/K = 333.2 0.462 92.74 , 10.17
k, = 10.01 £ 0.88 x 104 g7
0.026 9,02 , 8,72
cyclooctene 0.051 2.90 , 9.92
0.102 9.85 , 9,56
T/K = 333,2 0.204 10.01 , 9.99
0.282 9.45 , 10.01
0.333 9.66 , 10.20
0.387 9.41 , 9.42
0.462 10.33 , 9.84

k, = 9.98 £ 0.36 x 10% 57"

L I R N N N N N R NN NN

Footnote.

8  All kinetic experiments were carried out in duplicate

in 100-120° petroleum ether.
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Rate data for Mass Effect Experiments of Fe(CO), .(q ~-styrene)
with Methylacrylate Entering Group .
Leaving Group Concentration 10 obs
/mol dm”3 /st
0.000 10.65 , 10.66P
styrene 0.015 8.25 , 19,08
0.030 8.25 , 17.82
T/K = 333,2 0.060 7.98 , 7.39
0.120 5.98 , 5,93
0.240 4.39 , 4.57
Footnotes.
a

Reactions carried out in 100-120° petroleum ether using
the entering_group methylacrylg%e at a concentration of
0.240 mol dm ~. A plot of k., = versus [styrene]

has a correlation coefficient for a linear fit of better
than 0.992 (1.00 = perfect linear relationship).

Where two values are given for kobs at a single
concentration duplicate experiments were carried out.
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CHAPTER THREE: THE KINETICS AND MECHANISM OF DIENE AND POLYENE

EXCHANGE AT FIVE~COORDINATE IRON.

3.1 INTRODUCTION .

Complexes in which a diene or polyene functions as a four electron
M-ligand towards a zerovalent metal centre are of considerable importance
in synthetic organometallic chemistry. The exchange reactions of diene-like
ligands are especially important since this class of reaction has been
found to provide a useful route to a number of otherwise inaccessible
organic and organometallic species. It is therefore unfortunate that little
evidence is available concerning the mechanism of this type of exchange
process, particularly for iron and chromium species similar to those used

as catalysts or synthetic intermediates.

The majority of the work published on alkadiene exchange for iron
systems has been carried out by two groups; Lewis and coworkers1' and Cais
and Maoz2, Regults suggest that the substitution of tetrahapto-alkadiene
ligands does not occur at a measurable rate at temperatures low enough for
thermal decomposition of the substrate to be insignificant. In marked
contrast the structurally similar tetrahapto-heterodiene complexes of iron,
where (heteroatom= O, N ), have been found to undergo M-ligand substitution
under comparatively mild reaction conditions. Brookhart et al., in a series
of recent publications3-5, have reported that a,f8 -unsaturated ketone
complexes of tricarbonyliron have potential synthetic utility since the
results of exchange reactions with tautomeric polyene mixtures reveal a
marked selectivity of the tricarbonyliron moiety towards the
stereochemistry of the trapped polyene. The authors have élso reported

preliminary kinetic studies for the substitution of the heterodiene by a

cyclohexa-1,3-diene ligand to yield Fe(CO)3,(nf-cyclohexa—1,3-diene). The

AR T e TR




reaction is reported to be first-order in both substrate and entering

group, with a dissociative mechanism finding favour with the authors.,

No other comparable study is available for exchange reactions
involving diene-like ligands but it is notable that the detailed studies of
Cardaci et al.6-9 ¢or the substitution of Fe(CO)3.(nf-enone) complexes by
Group Va jjgands indicate that competing associative and dissociative
pathways are operative. In view of the apparently contradictory evidence
for the mechanism of substitution in Fe(c°)3.(nf—enone) complexes a
detailed study of exchange reactions with alkadiene and polyene entering

groups was undertaken; the results are discussed in the following sections.
3.2 RESULTS AND DISCUSSION.

In view of the limited amount of work previously reported on the
displacement of diene-like ligands from five-coordinate iron centres by
potentially bidentate entering groups a series of complementary kinetic anq
stereochemical experiments were carried out. The results were found to
provide some insight into the mechanism of substitution for this type of
process. The stoichiometry of the reactions studied kinetically is given by
equation (3-1) :

(3-1) Fe(CO)3,(nf-enone) + L=L - Fe(CO)3.(q?-L-L) + enone
A number of different enone leaving groups were employed with entering
groups investigated including both conjugated and non-conjugated
alkadienes, and diphosphines. Under the conditions described all kinetic
systems were found to give quantitative yields, whilst product

decomposition was not significant over the time-scale of the experiments.
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Diene exchange reactions at five-coordinate iron have been shown
to exhibit a first-order dependence on both substrate and entering group
concentrations4, however practical difficulties in obtaining reliable
kinetic measurements for systems with high substrate concentrations limit
useful experiments to systems which are pseudo-first-order with respect to
entering group. Despite this limitation the effect of a number of factors
on the observed rate can be investigated. Perhaps the most significant
effects would be expected to be those due to the structure and properties
of the entering and leaving groups and these experiments will be described

first.
3.2.1 The Effect of Variation of the Entering Group.

Two distinct types of entering group were employed for this
seriés of experiménts. The ligands used may be broadly classified as
(a) Diene~like entering groups;
(b) Bidentaﬁé phosphine entering groups.
For all experiﬁents described the substrate used was Fe(CO)a,(nf—bda),

where ( bda= benzalacetone [4~phenylbut-3-en-2-one] ),

(a) Systems with diene-like entering groups.

Pseudo—first#order kinetic experiments were carried out in
toluene at 70°C and involved displacement of the enone 1igand of
Fe(CO) (n’—bda) by a variety of conjugated cyclic and acyclic
hydrocarbens capable of bidentate‘coardination to the metal centre.
Satisfactory kinetic behaviour was cbtaine& with the following ehtering
groupss cyclohexa—! Budiene, cyclohepta=-1, B—diene, cyclohepta—1 3, S-triene,
Cyclooata-1 3,5, 7~tetraene and 1 4—dipheny1buta~1 3~diena. The
tetrahaptodienetricarbonyl1ron products formed by the diene exchange

reactions with these entering groups have, in eaeh case, been synthesised
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by an alternative route and satisfactorily characterised. Full details are
given in the experimental section. A number of other entering groups were
investigated and found to be unsuitable for kinetic studies for a variety
of reasons. Ligand exchange with the entering group cycleoocta-1,3-diene was
found to proceed too slowly at 70°C for accurate kinetic measurement. In
the case of the non-conjugated eight membered carbocyclic entering group
cycloocta-1,5~diene simple ligand exchange did not occur and in addition to
the expected:

Fe(co)3.(nf-cycloocta-1,5'dien6) product a second species identified

as Fe(CO)s,(nf-cycloocta—1,3-diene) was isolated from the reaction mixture.
When the entering group cycloocta~1,4-diene was used the sole product of

the ligand substitution was Fe(CO)3,(nf-cycloocta~1,3-diene). Since thermal

isomerisation of the 1,4~ and 1,5-isomers of cyclooctadiene to yield the
1,3~isomer takes place only at elevated temperatures in the absence of a
catalyst the ligand isomerisation for the non-conjugated dienes during the
exchange reactions suggested a metal-assisted isomerisation pathway. This
topic is discussed further in Chapter Five. The rigid non-conjugated diene
norbornadiene (bicyclol2.2.1]hepta-2,5-diene), which cannot readily
isomerise to a conjugated species on coordination , was found to yield only
small amounts of the expected exchange product FE(C0)3.(vf-norbcrnadiene)

whilst extensive substrate decomposition was observed.

Kinetic data for the systems found to give quantitative yields
of the Fe(C0)3,(qf-diene) prcducts to be expected for simple diene exchange

are given in TABLE 3-1. Plots of k,bs (the observed rate constant) against
. . ,

entering group cancentr&tian fdr these systems are provided in FIGURE 3=-1,
It should be noted that the low solubility of the entering group 1,4-
diphenylbuta-1,3-diene in toluene limited kinetic experiments to a maximum
ligand : campléx ratioc of 95 : 1, Ftém an analysis of thg plots of kobs‘

against entering gfoﬁ@ concentration it is apparent that the systems
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investigated cannot be adequately described by either a simple associative
or simple dissociative mechanism. The mechanism which appears to give the
best description of the observed kinetic behaviour is illustrated in FIGURE
3-2. The mechanism proposed is of the "ring-opening" type and involves
competing associative, k_, ang aissociative, k;, initial steps resulting in
a common intermediate in which both entering and leaving groups are bound

to the metal centre in dihapto fashion. The intermediate then rearranges in

the k; step to yield the tetrahapto-diene product species and the free

enone leaving group. It is significant that all steps, with the exception

of k3, are potentially reversible. Application of the steady-state
approximation to intermediates A and B of the mechanistic scheme yields a
rate equation of the form given by equation (3-2) :

(3-2)  -da[s] = (IS] ( ka [L] + kg (L] )

at ( ky + kg iL] )
Equation (3-3) will then describe the system if pseudo-first-order
conditions are maintained:
(3-3) ke = kglLl + kg (L]
k_a + k3

KB = Ka{ kykok_p + kikoky = kak-2K-1 )

- k__a + k3 )
k-y e k‘ak”’ + k‘_2k_’ + k3k1
and kg o= K gk, + kgky

The full derivation of this rate law is to be found in Appendix B.

A similar type of complex “ring-opening® machanism has been

Postulated by Dobsoh and coworkers10-12 to describe the displacement of

bidentate chelating ligands from Group Vib petal centres. Hawaver‘the_~

SYstems studied by Dobson's group differed significantly 1n hehayiour: fm#‘f f
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those presently described since the simplifying assumption k1 >> k, could

be made, producing the modified rate expression given by equation (3-4) :

(3-4) kobs = k,kok5 (L]

( k_1k_2 + k_1k3 + k2k3 [Ll ) .
Cardaci et al.6-9 have put forward a second simplified "ring-opening"

scheme of this type to account for the kinetics of the reaction between

Fe(CO)B.(qf_bda) and monodentate Group V2 entering groups. In the case of
these systems stable intermediates of type B ( FIGURE 3-2 ) have been
isolated6,7  por these iron systems the reasonable assumption k o=k, =0
may be made since the entering groups are considerably more nucleophilic
than.the leaving group. The rate law then simplifies to the form given by
equation (3-5) :

(3-5)  kops =  kikplLl + KkalL]

k..1 + ko (L)

since the k3 term will drop out of the equation under these circumstances.

Preliminary analysis revealed that no such simplifications of
rate law (3-3) could be readily justified for the systems presently under
consideration, since entering and leaving groups would be expected to show
comparable nucleophilicity. Accordingly the kinetic results were fitted to
the expanded rate equaﬁion using a non-linear least-squares analysis
described in section A.3 of Appendix A. Input of the data as kobs against
[L] pairs producediestimates of the following combinations of partial rate
constants : kg , k8 / ké , and ky / k§ » Values of the computed‘ ‘
partial rate constants for each of the systems studied are to be found in
TABLE 3-2. Values for the standard deviation of the £it of ﬁhe‘experimental“
points to tﬁe theoretical‘”bestwfit“'curve are prcv;ded ag . are the values.
for ﬁhe standard aeviaiion of the'diffetences bgtween'ﬁalues of kobsl N

obtained from duplicate kinetic‘experiments. Since the latter reflect

experimental reprgduﬁibility a comparison;af,the twu standardkdeviationsflfky
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provides an indication of the compatibility of the rate law chosen with the
experimental data. As there are no large discrepancies between the standard
deviations for any of the systems employed it appears that the model
proposed is consistent with the experimental evidence. FIGURE 3-1 gives a
graphical representation of the fit of the postulated model to the data,
with full lines indicating the position of the computed curve of "best-fit"
for each data set. It is noticeable that when cyclohepta-~1,3,5«triene is
used as entering group the accuracy and reproducibility of the experimental
data 1s not reflected by the standard deviations of the derived partial
rate constants., It appears that reliable estimates of the partial rate
constants could only be obtained for this system if additional kobs against
[L] measurements were to be possible at concentrations greater than 1.0 mol
dm=3 jn the entering ligand. Since practical difficulties due to substrate
decomposition and changing solution properties were encountered with very

concentrated solutions of this type no kinetic measurements could be made

in this region during the present study.

The complexity of rate law (3~3) makes precise conclusions
concerning trends in entering group kinetic behaviour difficult, but a
number of general arguments may be advanced. The difference in kinetic
behaviour between the exchange reactions of Fe(c°)4«{q?-alkene) species and
those of Fe(CO)a.(ﬂf-enone} appear to reflect the differences in geometry
of the two types of complex, as reflected:by both solid state and solution
Measurements?3=16, The site of alkene attachment iﬁ the former complexes isg
in the equatorial plane of a trigonal-bipyramidal structure. Thisvwau}d be
expacted to preclude mechanisms of exchange involving expaﬁsian‘cf
Coordination due to marked steric hindrance, and probably accognts for thﬁ‘
Observed djsggciative rate~determining step observed for this type of

SUbStrate. In the case of metal—enone camglexes a more open square«

PYramidal structure has been reported in which the enone accu?iés two bﬁﬁal




sites. This structure might be expected to allow expansion of coordination
to yield an octahedral transition-state due to capture of the entering
group to £ill the free second apical position. A low energy "Id" or "Ia"
pathway is well established for Group vIb petal complexes which would be

expected to be more greatly sterically hindered than the five-coordinate

iron complex used in the present study. It is believed that such
associatively activated "yring-opening” pathways proceed through a
transition-state in which bond-breaking is more important than bond-making,
and should consequently be favoured by entering groups capable of
-acceptors for excess metal dff electron density.

functioning as good T

The effect of entering group structure on reactivity can be
assessed in terms of the trends inka, kg / ks and kvy/ kg for the
systems studied. There is found to be little variation in the values of

constants kg and ky/ k3§ with change in the entering group, if

- experimental uncertainty is taken into account. On the other hand the value
of kobs Seems to be gtrongly correlated with the k8 / k§ term, and this
does show marked voriation with enterihg group Changeo_Sinco‘kﬁ,/]<§
represents a very complicated expression, as indicated by the footnotes to
equation {3-3)," trends c¢an only be described in qualitative texrms. The full

form of the expressicn,is givcn by equation (3~6) :

(3-6) kB = k3 ( kqkok.g + kikok3 = kakook-y )

k& (ka+k3)(k,ak2+k3k2)
indicating a significant dependence on k3 and on the constants attributable
. to reversible dissociative “ring-opening”. Four possible entering group

contributions to kB / k§ need to be considered when examining ‘the observed

trends#—' :




(a) Steric hindrance to initial dihapto coordination of the entering
group.

(b) Steric hindrance to the subsequent rearrangement of the diene to
allow tetrahapto coordination (ks) -

(c) The degree of angular distortion required to convert the dihapto
coordinated diene to a planar configuration suited to tetrahapto
coordination (kj)

(d) The amount of strain energy released by the alkadiene on
coordination due to partial rehybridisation.

In analysing the importance of each of these factors the observed order of

decreasing kg / kg ratios must be considered and this is given by equation

(3-7) :

(3=7) cyclohexa-1,3-diene > cycloocta=1,3,5,7-tetraene =

cyclohepta=-1,3~diene > cyclohepta-1,3,5—triene >> 1,4~diphenylbuta~1,3~

diene ( > cycloocta=-1,3-diene )

(a) The importance of the contribution due to factor (a) would be
expected to reflect a balance between the conformation and ring size of the
cyclic alkadienes used. The additional steric hindrance to initial
coordination caused by the presence of non~-bonding methylene groups should
also be taken into consideration. This initial steric contribution appears
to account satisfactorily for the high k@ / ks ratio observed for the
large ring system cyclooctétetraene since the absence of hindrance’dué £o
methylené groups would be expected to influence reactivity. It is, howeQQr,
difficult to explain the relative k3 / kg ratios of cYclohéfta41,3-diene
and’cyclohepta-1,§i5-triene on this basis. Both of theseirinq‘Systems'are
puckered and conséquently it would §erexpected that the triene , which has
 two 1é$s meihylehékgrbups,;would havg the greater k]3/»ks ratio, if factor’

(a) was of overriding importance. The small ratio found for 1,4-‘
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diphenylbuta-1,3-diene may be explained in terms of the steric hindrance

caused by the aromatic rings if this model is invoked.

(b) Factor (b) would not be expected to exert a significant
effect for the cyclic entering groups but might seriously effect the rate
of chelation of the acyclic 1,4-diphenylbuta-1,3-diene entering group. This
species is reported to have s-trans geometry in the free statel7 ,nq
accordingly severe steric hindrance due to the aromatic ring substituents
should effect the chelation rates for this ligand. Direct steric hindrance
due to the phenyl groups would be anticipated to effect the rate of dihapto
coordination for the butadiene ligand but should be less severe than that
generatéd during final tetrahapto coordination since a conversion to the

less favourable s-cls geometry would be required at this stage.

(c) The degree of angular distortion needed for tetrahapto
coordination of the ligand has been put forward as a significant factor by
Brookhart et al. The present studies do not reveal any clear link between
the postulated torsion angle of the diene as indicated by electron
diffraction studies?8~22 and the ratio of kg / kg . (3-8) gives the
anticipated 6rder of reactivity based solely on necessary torsion angles.

The values in parentheses give the torsion angles in degrees.

(3-8)  cyclohepta-1,3~diene (0) > cyclohexa-1,3-diene (18) >>

cyclohepta=~1,3,5-triene (40) > cycloocta-1,3,5,7~tetraene (43)

A comparison of lists (3-7) and (3-8) shows little similarity. It is
interesting that if factor (c¢) is decisive iq determining kg’/ kg

- cycloocta-1,3-diene, torsion angle 38°, would be expected to be moie;
reactive towards Fe(CO)3 (q'-enone) than either cyclohepta-1 3, S-triene or -

cycloocta—1 3,5, 7-tetraene.
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(a) Molecular relaxation would be anticipated to influence
both the rate of dihapto and tetrahapto coordination of the entering group.
The degree of molecular relaxation to be expected is perhaps best measured
in terms of strain energies. obtained from thermochemical studies of the
entering groups and their alkane and alkene analogues. The.partial
rehybridisation of an alkene on coordination to a metal centre has been
reported to result in an increase in the measured carbon-carbon bond
length23, it might therefore be expected that a tetrahapto coordinated
alkadiene would resemble the corresponding free alkene more closely than
the free alkadiene. From the tables prepared by Benson24 it is possible to
estimate the amount of relaxation energy to be gained by the
rehybridisation of a cyclopolyene on tetrahapto coordination. The values

-1
Predicted are given in list (3-9) in units of kJ mol .

(3-9) cycloocta-1,3,5,7~tetraene (30) > cyclohexa~1,3-diene (14) >

cyclohepta~-1,3-diene (5) > cyclohepta=1,3,5-triene (-8).

. The values available, although unfortunately not complete, do seem to
Provide an explanation for the unexpected difference in reactivity between
CYclohepta-1,3—diene‘and'cyclohepta~1,3,5~triene. The:considerable
relaxation energy‘aQailable to cycléocta-!,3,5,7-tetraene on coordinagion
offers some explanation for the unexpectedly high kp /¢ ratio found for

this entering group.

Overall it appears that contribution (a) is most important in'deterﬁining
the reactivity of cyclic enterinq groups with a 81qnificant effect due to

- contribution (d). Factors (a) and (b) are the critical contributora to the
reactivity of the acyclic entering group 1,4~diphenyl-1, B-butadiene. yactorx
(¢) does not appear to play a significant role in determining entering’ .

group reactivity.
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(i1) Systems with bidentate phosphine entering groups.

A limited series of experiments was carried out using a
bidentate phosphine as the entering group. The ligand employed was 1,2~
bis{diphenylphosphino]l ethane (or dppe). Two substrates were employed for
these studies; both were of the type Fe(co)3.(qf-enone), where (enone=
benzalacetone or chalcone [1,3—diphenylprop-2-en-1-one] )« To obtain the
best balance of solubility of the crystalline entering group and rate of
reaction it was found to be necessary to carry out experiments in toluene
at 34°C. Under these conditions the solubility of dppe precludes infrared
monitoring of substitution reactions with Fe(co)3.(qf-enone) substrates at
ligand : substrate ratios of greater than 25:1. Since the half-life of the
pseudo~first~-order reaction under these conditions i1s less than three
minutes accurate kinetic measurements are not possible using conventional
monitoring techniques. However initial rate studles at ligand : substrate
ratios varying from 8:1 to 25:1 did indicate that the reaction rate was
more strongly influenced by ligand concentration than the systems which
used dienes as entefing groups. The most important observation made for the
substitution reactions with dppe as entering group was that an intermediate
of type B (FIGURE 3-2) could be observed by infrared techniques during tﬁe
course of the reaction. When reactions were carried out with either of the
enone complexes as substrates an equilibrium concentration of a species
displaying characteristic V4CO str. at 2036 em=1 yas rapidly established.
The band remained cbnstaﬁt in intensity uhtil the late stéges of the

reaction, disappearing only after the last of the substrate had been
exhausted. The product of the reaction was the known‘SPecies Fe(CO)3.(nf-
dppe)43 The spectroscopic characteristics of the intermediate are very
similar to those xeported for the known species Fe(CO)3 (n‘«enone).SbPhB ,

and Fe(CO)3,(n}-enone).(q'-diazaalkane) 6,7 which have been successfully

isolated, and this would suggest that the intermediate has'the structure
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Fe(C0): m2_enone) . (n2-dppe) .

Details of the initial rate measurements for the systems

Fe(CO)3,(nf—enone) - dppe are given in TABLE 3-3.

*

3.2.2 The Effect of Variation of the Leaving Group.

In order to study the effects of variation of the leaving

group on the rate of ligand exchange in Fe(CO)a.(q?—enone) - alkadiene
systems a total of five different enone complexes were employed as

substrates. Experiments were carried out using two different alkadiene
entering groups to assess differences due to a sterically demanding
entering group (cyclohepta~1,3,5-triene) and a less hindered entering group
(cyclohexa=-1,3-diene). Reactions were monitored in toluene solution with a
temperature ﬁf 70°C used for experiments with cyclohexa-1,3~diene ag
entering group and 90°C for the less reactive cyclohepta-1,3,5-triene. The
results of pseﬁdOffirst-order kinetic experiments using the entering group
cyclohexa-1,3-diéne are given in TABLE 3-4 with those for cyclohepta~1,3, 5~

triene in TABLE 3-5. The enone leaving groups employed in these studies

were as follows:

(3-10)

Abbreviatiog Trivial Name Systematic Name
Bda Benzalacetone 4-phenylbut=3-en=-2-one
Cin cinnamaldehYde‘ 3—pheny1pfop~2;eﬁél ‘
Cha Chalcone 1,3~diphenylprop~2-en~1-one |

Dyp - Dypnone - 1,3-diphenyl-2-methylprop-2+-en=~1~one
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Reactions carried out using the substrate Fe(co)3.(nf~Dbch), where (Dbch=

2.G-dibenzalcyclohexan-1-one) , were found to proceed at rates too small

for accurate kinetic measurement, a result which suggested that free

rotation of the carbonyl group of the enone is necessary for ligand

substitution to proceed readily.

For systems giving satisfactory kinetic behaviour results were treated

according to the rate law given in equation (3-3). Using the techniques
previously described estimates of the partial rate constants kg, , ktg/ K

and kﬂ’/ kg with their standard deviations were obtained and are given in
TABLE 3-6 for reactlions using the entering group cyclohexa-1,3-diene and in

TABLE 3-7 for cyclohepta—1,3,5-triene. The corresponding plots of kobs
against entering ligand concentration are given in FIGURE 3-3 and FIGURE 3~

4. Experiments carried out using the triene entering group were limited to ¥

a smaller set of ligand concentrations than those for the diene and for the

experiments involving variation of entering group. The effects of this &
restriction are most noticeable in the case of the reactions in which
benzalacetone was used as the ieavinq group. Despite a very small scatter S
of the experimental points as‘indicated by the standard deviation of the

differences between k_y values for duplicate reactions (dre ), the

partial rate constants obtained by fitting equation (3-3) have very large
estimated standard deviations. It seems likelyvin‘view of the results of -
experiments at 70°C that this particular system could only be

the analogous

fitted to the model with any degree of precision if it were possible to use

extremely high ligand : substrate ratios.

Analysis of the results of the leaving ‘group experiments
must again be possible only in qualitative terms due to the complexity Qf
the applicable rate law. If experiments with the two different entering

groups are-consideréd.separately it is apparent that there is no major
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change in the k y/ kp expression with variation of the leaving group. In
considering experiments carried out with cyclohexa-1,3-diene as entering
group it is immediately apparent that the values of the expressions ka and
kg / k3 show marked variation with the nature of the leaving group. ko was
found to decrease sharply in the order: chalcone > cinnamaldehyde >
benzalacetone, whilst the kg / kg value was found to increase sharply in
the same order. Since the entering group used for this study is sterically
undemanding the order observed presumably reflects subtle effects of the
enone electronic structure on a number of different steps in the mechanism.
It is perhaps of relevance that cinnamaldehyde, the least sterically
hindered leaving group, reacts at approximately the same overall rate ag
chalcone which is the most hindered of the leaving groups employed with
this entering group. Benzalacetone, which has an electron donating methyl

group a to the ketonic carbonyl group, is found to react at a considerably

greater overall rate than the other leaving groups, which do not possess an %

electron donor group in this position. » | | %

Results with the more sterically hindered entéring group cyclohepta- :{
1,3,5-triene must be treated with rather more suspicion for the.reasons
outlined earlier. This is particularly true in the case of the
_benzglacetone 1e§ving group due to the precision of the derived pgrtial‘

rate constant expressions. With this leaving'group it may be said that kp /

kg has a larger magnitude than ky . However analysis of the results with

other leaving groups does indicate that the behaviour of systems with a
sterically hindéred entering group is significantly different from that
observed with entering groups'such‘as cyclohexa-1,3-diene. kg is found to
décrease in thevorderbcinnamaldehyég } dypnoge = chg;cope;‘but un;ikg the
reactions carriéd out with sterical;y undemanding en;ering grQups4kB / kg
is found to decfeése 1n'thg same ofdgr. The overall :ate of‘rea¢tipg with >

the least sterically hindered leaving groups, benialacetone and
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cinnamaldehyde, is considerably greater than that with dypnone and chalcone
and would support the view that the rate of reaction with cyclohepta=-1,3,5-
triene as entering group is predominantly sterically controlled. The fact
that systems with benzalacetone as leaving group react slightly faster than
the less sterically hindered ;innamaldehyde and that dypnone is a slightly
better leaving group than chalcone may indicate that electronic factors are
also significant. In each case the better leaving group is the more
hindered enone but possesses a methyl group @ to one of the sites of metal

=ligand ®-bonding, with resultant electron donation into the Y -system,
3.2.3 The Effect of Addition of Excess Leaving Group on Reaction Rate.

Mass effect experiments were carried out for the system
Fe(CO)3-(Tf-Bda) - cyclohepta=-1,3,5-triene . The reactions were carried out
in toluene at 90°C under pseudo-first-order conditions in which the
entering group : substrate ratio was a constant 97:1. Results corresponding
to a typical set of experiments are giveh in TABLE 3-8. Analysis of the
kinetic data reveals a linear dependence of the observed rate constant on
the concentration of added leaving group and an example plot is given in
FIGURE 3-5 for the déta provided in TABLE 3-8. The behaviour observed is
fully consistent with the mechanism previously postulated since competition‘
would be expected between the added enone ligand and the alkadiene entering
group in the steps represented by k, and k, in the reaction scheme of
FIGURE 3-2, It ié also possible that the stepsvof the reaction pathway
represented by the ky term in the rate law may proceed through a
coordinétively unsaturated iﬁtermediate which would‘also be liébie to
competition with excess leaving gfoup. Qualitative studies, carried out
using 1nfrared's§ectroscopy and fhin layer chromatography, have shcwn that

enone exchange occurs between Fe(co)3.(n‘-enone) and any of the free
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enones used in the leaving group studies.

3.2.4 The Effects of Solvent Change and of Variation of the

Auxiliary Ligand on Reaction Rate.

In an attempt to discover the effect on observed rate caused by
variation of the auxiliary ligand, substrates of the general formula
Fe(co)z-(nf-Bda).L where (L= CO, PPhy ) , were reacted with cyclohexa=~1,3~
diene. Due to the low solubility of the phosphine-bearing complex in

organic solvents experiments were carried out in 100-120° pet. ether at

70.2°C . Using this solvent the infrared v-CO str. vibrations of the

substrates are sufficiently sharp and intense for reactionsto be monitored

at a concentration of 0.00245 mol dm-a. If toluene is used as the infrared
solvent, as in the other kinetic experiments described, a concentration of
substrate of 0.0049 mol dm'3 is required for full scale deflection using

the Perkin-Elmer 257 spectrophotometer with 1mm cells. The rate data

obtained for the diene exchange using the two substrates is listed in TABLE

3-9 and the derived partial rate constants given by TABLE 3-10. A graphical

representation of the fit of the rate law to the experimental data for the

complexes 1s given by FIGURE 3-6.

‘In analysing the results of the kinetic experiments it is first

necessary to consider the effects of solvent change on the system

Fe(co)3-(q,-sda) - cyclohexa=~1, 3-diene. The overall rate of reaction,

as given by the limiting value of kob . appears to be only slightly solvent

dependent in changing from toluene to a pet. ether medium. A comparison of

the estimated partiai rate constants in the new medium shows that there are

however significént differences. Although kf3 / k§ shows no change within
exror ky / k¢ diminishes;appreciably in the new solvent, whilst k, shows

a marked increase. Since the kg, term has a strong correlation with the
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ka / k-a €lements in the mechanistic scheme this solvent effect ig
not unexpected. For a "ring-opening” pathway with competing initial steps
the associative "ring-opening" pathway would be expected to be promoteq by

those solvents such as aliphatic hydrocarbons which cannot function as an

additional nucleophile in the substitution process.

The rate behaviour of the phosphine substituted enone complex
differs greatly from all of the other bidentate ligand substitution systemsg
80 far discussed and in fact ressembles more closely the monodentate ligand
exchange systems described in Chapter Two. The product of the reaction has
an identical infrared spectrum to the known complex Fe(CO)zo(q?-chd).(pph3)

5, where (chd= cyclohexa-1,3~diene). This suggests that the reaction
Studied has the stoichiometry given in equation (3-11) ;

(3-11)  Fe(co0),. (1]'-Bda).(PPhy) + chd

U re(co)y. (4f-cha) . (2phy)  + Baa

However application of rate law (3-3) indicates that both the ko and ky / kS
terms are of negligable importance in the ligand exchangé process, with
kKobs = kB / kg as is typical of a simple "ring-opening" pathway with a
dissociative rate-determining step. Since the observed rate of reaction for
the phosphine substitutéd complex is more than an order of magnitude
Smaller than that for‘Fe(CO)3-(ﬂf-Bdé) under the same conditions it ig
likely that steric hiﬁdrance due to the bulky triphenylphosphine ligand
effectively precludes associatively initiated "ring-opening". The observed
behaviour can thus be best described in terms of a modified form of |

equation’(3-3) in which ka =k.g=k,=0.
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3.2,5 The stereochemistry of the Ligand Exchange Process.

A final consideration in attempting to establish the
Mechanism of diene exchange at five-coordinate iron is the stereochemistry
Of the exchange process. To determine the stereochemistry of the process a
series of experiments was carried out in which the substrate Fe(CO)3.(q?_
Bda) was allowed to react with an assymetric entering group, the polyene 7~
‘methylcyclohepta-1,3,5-triene. The products of the exchange process were
Subsequently analysed by means of proton magnetic resonance spectroscopy to

establish the stereochemistry of the product species.

To obtain accurate structural assignments from the proton
Magnetic resonance spectrum of the product mixture resulting from the
exchange reactions it was first necessary to prepare stereospecifically an
authentic sample of either the exo- or endo- methyl isomer of Fe(co)3. (q?-
7-methylcyclohepta—1,3,5-triene). It was discovered that reaction of the
complex [Fe(CO)#.(?f-trcpylium)+] (PF6') (I) and lithium dimethylcuprate at
=50°C in diethyl ether, followed by warming‘to room temperature, resulted
in a 10% yiéld of the 7-exomethylcycloheptatriene complex (II) in addition
to a 17% yield of the Fez(co)6-(7,7'-bicyloﬁeptatiiényi) derivative (III),
formed by reductive coupling. The structures of the thfee species are given
in FIGURE 3-7. The structure of species (II) may be éonfirmed by an
analysis of the 15 n.m.r. spectrum given in FIGURE 3-8 ang by comparison
with the spectra of the known species : Fe(C0)3-(n?¥cyclohepta§1,3,5-
triene) (IV) and Fe(co)3.(q?-s—methylcyclohexaw1,3—diene) (v) 38'44.
Comparison of the spectra of (II) and (1V) revéal characteristic resonénces
due to (II) at $ 5.73, 5.09’and 2.09. Proton decoupling of the spectrum of
(II) confirms thé»strudtufe since i;radiation of the signal due to H2
reduces the H° multiplet to a doublet; irradiation of the signals due to

the central diene protons H4 and H™ reduces the outer diene resonances H3
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and H6 to doublets; whilst irradiation of the signal due to H7 reduces H1

to a doublet and the resonance due to the methyl substituent to a singlet.
The chemical shift and coupling constant (J= 7.1 Hz) of the undecoupled
Methyl signal are consistent with those due to the methyl signal in complex
(V) and provide further support for the assignment44. Full details of the

assignments for species (II) to (V) are given in the experimental section.

An attempt to generate the 7-endomethyl analogue (VI) by
the reaction of [Fe(C0)3-(7[-C7 7FPh, ")l (PFg™) (VII) with lithium
dimethylcuprate under the conditions used for the synthesis of (II) was
unsuccessful. The only iron carbonyl derivative isolated from the reaction

mixture was found to be (IV) suggesting that hydrolysis of the ylide

intermediate had taken place rather than the endo-methylation anticipated.

Since it is well established that 7-alkyl derivatives of
free cyclohepta-1,3,5-triene undergo thermal‘isomerisation at 170 to 200°c ﬁ
to yield a mixture of the 1- , 2- and 3-alkyl substituted isomers metal-
assisted isomerisagion of the ligand would seeﬁ likely at lower
temperatures. For this reason the thermal isomerisation of (II) was studied E
in d6-benzene at 70°C, under conditions similar to those used for the )
e€xchange reactions. It has been proposed that isomerisation of the free
ligand proceeds by a mechanism involving transannular 1,5~hydride g
shiftg26,27 since the 1-isomer does not occur initially, but beéomes thé
dominant componenﬁ in the reaction mixture after 12 hours at 170°c.
Evidence provided by analysis of the 1H h.m.r. spectra of a solution of
(II) in d6~benzene after various periods of heating indicated that metal- .g
assisted 1someriQAtion doés indeed take place;’but follows'a different‘ %
mechanism to that for the free ligand. Spectra corresponding to the , 7?
reaction mixture after 3, 8 and 14 hours are illustrated in FIGURE 3 -10.

Examination of the spectrum taken after 14 hours indicates that
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isomerisation is complete; all resonances due to (II) have disappeared from

the spectrum, whilst three new methyl resonances can be observed at $ 1.40
(quartet; J= 1.1 Hz) and $1.63 and 1.68 (singlets). The methyl resonances

have an integration ratio of 5.5 : 1.5 : 1 . Assignment of the spectrum

indicates that the major isomer present is the 1-methyl derivative (VIiII)
with the other new resonances attributable to structures (IX) and (X), the
2~ ang 3-methylcycloheptatriene derivatives. Analysis of the spectrum is
simplified by reference to the spectra of suitable model species. The
Proton spectrum of the known species Fe(co)3.(q?~1-acetylcycloheptatriene)
(XI), given in the experimental section, shows a very similar pattern to
that of (VIII) with the coupling constant for the 1> doublet almost
identical ((vIII); J= 8 Hz: (XI); J= 8.0 Hz). An important difference
between the two spectra is the unique Hz resonance of (VIII) at S 5.43;
this doublet is reduced to a singlet by irradiation of the resonances due
to H® ang S at Q 2.82. The acetylcycloheptatriene complex shows equivalent

2 and H3. The methyl resonance of (VIII) is
7

Coupling constants for both H

Observed as a quartet suggesting coupling to both H' and HB, The proton

resonances at $1.63 and 1,68 cannot be assigned to (VIII) and probably
indicate the presence bf the two species {IX) and (X). Decoupling of the
Spectrum by irradiation in the region of the spectrum corresponding to the
Outer diene protons of (IX) and (X) reduces the $ s5.74 multiplet to a
Second order doublet suggesting a coupling between H1 and H2 whilst that
at S»4.96 reduces to a’doublet of triplets suggesting an HT-ﬁz coupling
Superimposed on couplings between H1 and H7 and ! and H8. The chemical
shift of the hethyl singlets is consistent with the presence of both {IX).
and (X) since the signals can be compared with those of the model compounds
Fe(CO)3-(ﬂ'-2-methylcyclohexa-1 3~diene) (XII) and Fe(co)a. (n.-] 3
dimethylcyclohexa-1,3—diene) (X111). The extensive overlap of the

resonances due to (VIII), (IX) and (X) prevents more detailed assignmentsg

for the latter compounds; it is however notable that in'CDCI3 Bolvent the
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Methyl signal of (XII) is found at $2.07, whilst that of the 3-methyl
substituent of (XIII) is found at 9 2.05 and those assigned to (IX) and
(X) fall at S 2,08 and 2.14. Full details of the 13 n.m.r. spectra of

(VIII) to (XIII) are to be fourid 1A the experimental section.

2 etfpdés e s

The fact that (VIII), (IX) and (X) were each observed in
the early stages of the isomerisation of the 7-exomethyl isomer (II) ang
that the relative proportions of the three isomerisation products remained
constant during.the course of the reaction suggests that isomerisation of
the coordinated ligand proceeds by a different pathway to that proposed for
Lsomerisation of the free ligand. The low temperature needed for
isomerigsation suggests that the process is metal~promoted since
isomerisation of (II) is complete within 16 hours at 70°C, whilst
isomerisation of the 7-methylcycloheptatriene free ligand in the absence of
catalyst takes 7 hours at 170°C. The type of behaviour observed during the
isomerisation of (I1) is typical of a number of isomerisation processes
found to take place at zerovalent iron centres30 and suggests that
isomerisation proceeds by way of a fluxional qf-allyl metal hydride
intermediate through a series of 1,3-hydride shifts. FIGURE 3-13
illustrates the structure of the likely intermediate, The mechanism
postulated aécognts ﬁoth for the low energy pathway available for the metal
~assisted ;somerisgtioﬁ process and for the observed thermédynamic ratio of

isomerisation products formed even in the early stages of the reaction.

An interesting point which arises from thia mechanism
is that the initial hydride transfer step would not be accessible for the 7
~endomethyl isomer (VI), since the proton of the methylenic: carbon would be
shielded from the metal by the alkatriene ring system. Accordingly the rate
of 1somerisation of (VI) under the conditlons used for the exchange |

reaction would be expected to be negligible, since reactivity should
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resemble that of the free ligand which does not undérgo isomerigsation at

4
this temperature. It is noteworthy that the complex Fe(co)3.(q’-7-

e*Odeuteriocycloheptattiene) undergoes deuterium scrambling when heated to

which has a half-life of approximately 7 hourS,

& 38
results in deuterium incorporation into each of the sites H to H .

73°C, This reaction,

4
The reaction between Fe(CO)3-(m -Bda) and 7=~

methylcycloheptatriene was carried out in benzene at 70°C. Reaction was

found to be complete after 6 hours with the infrared vibrations

Corre5p6ndin9 to the enone complex completely absent. The products of the

exchange reaction were then filtered, the solvent was removed by rotary

1 .
evaporation and the resulting 0il taken up in CDCl3. The H n.m.r. spectrum

of the product mixture is given in FIGURE 3-14 and indicateg considerable

isomerisation of the coordinated cycloheptatriene derivative under the

reaction conditions. Assignment of the methyl resonances of the product

reveals that the doublet at G 1.17 is due to species (II), whilst the

signals at & 1-53"2.08 and 2.14 may be assigned to (VIII), and to (IX)

and (X) by analogy with the spectra obtained during thermal isomerisation

of (11). Evaporation of the solvent and analysis of the Spectrum in d6-

benzene confirms the assignment. Several new resonances may be observed in

the spectrum which may be assigned to the 7~endomethy1 isomer (VI) by '

analeogy with the known exo- and endo-substituted isomers of Cr(Co) .(1’-

cycloheptatriene) 1. of particular interest are the methyl doublet at

4
$ 1.00 and the resonance due to H' which is found at S 2.21. The

corresponding resonances of (II) occur at- S\ 17 and 2. 67 with ‘the 1arge

Change in the chemical shift of H squ@sting shielding of this proton by
the triene 1f-system in the endomethyl complex. For the analogons chromium 1,V

‘complexes H7 is found at ;~83.o for. the 7~exo-substi;uted species and at
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S 1.5 for the 7-endo-substituted derivatives31.

Further confirmation of the spectroscopic structural
assignments was provided by protonation of the product mixture from the
exchange reaction. If it is assumed that protonation occurs exclusively at
the uncoordinated double bond, with exo-attack38, protonation of (II) would
be expected to generate species (XIV), whilst protonation of (IX) and (X)
would be expected to generate (XV) and (XVI) respectively. Protonation of
both (VI) and (VIII) would be expected to generate (XVII). The structures
of the protonated species are to be found in FIGURE 3~15. The 1H NeMm.r.
spectrum of the product mixture of the exchange reaction following
protonation is illustrated by FIGURE 3-16 and is seen to show four distinct
methyl resonances at % 1.02 (doublet; J= 7.6 Hz), S 1.17 (doublet; J=7,6
Hz), S 2.44 (singlet) and ¢ 2.78 (singlet). These resonances may be
assigned to species (XIV), (XVII), (XVI) and (XV) respectively. The
chemical shifts of the methyl resonances assigned to (XV) and (XVI) may be
compared usefully with those of species (XVIII) and (XIX) for which the
assignments are known. The resonances assigned to the dienyl protons;

$ 5.04 (#1), S 6.20 (H2) and $ 7.15 (H3) correspond with those of
the known species (XX) which oceur at $4.98, $6.02ana §7.17
respectively. Structures of the species (XVIII) to (XX) are given in FIGURE

3-17 with full spectral assignments for (XVIII) and {IX) in the

experimental section.

Having established the stereochemistry of the producta of

the ligand exchange reaction it is now pessible to deduce the degree of

1
Stereospecificity of the exchange. Inteqration of the 'H n.m.r. spectrum of
the produét mixtﬁre in the methyl region indicates that the‘7~endomethyl‘

species {VI) accounts for approximately 50% of the Qbserved methyl

‘ resonances. Since the remaining methyl resonances may. bﬁ 33319ﬁed tO ,
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structures (II), (XIII), (IX) and (X) it appears that ligand exchange is
essentially quantitative, resulting in a 1:1 mixture of the 7-exomethy1 and
7-endomethyl species (II) and (VI). Species (XIII), (IX) and (X) are then
generated by isomerisation of (I1)*under the reaction conditions. It must
therefore be concluded that’liggqg}egghange using this particular system
shows negligible stereospecificity towards the entering group. In view of
the reported selectivity of the Fe(CO)3-(?f-enone) substrate towards
tautomeric polyene mixturesS~> and of the large steric influence on rate
for f-ligand exchange as reported earlier in this chapter this finding is
rather surprising. The present results may indeed be a reflection of the
likely conformation of free 7-methylcycloheptatriene in that the isomer (a)
(FIGURE 3-18) responsible for the 7-endomethyl product (VI) would be
expected to have the methyl to methylene carbon bond in the ring plane. The
conformational isomer (b) responsible for the formation of the 7-exomethyl
product (II) would be expected to have one face of the triene system
shielded by the methyl group: Thus the observed 1:1 product ratio may be
seen as a balance of two effects; the lower steric hindrance to trapping of
the iron carbonyl moiety for igomer (a); and the reduced metal to ligand
steric interactions found in the product formed by isomer (b). It might
therefore be expected that work with a bulkier trapping agent would lead to

increased stereospecificity since the size of the steric interactions in

the product would be of increased importance in this»case, with the ratio

of the sites of initial attack presumably little cha§ged.

Reactionkof 7«methylcycloheptatriene with Fe (CO)9 does indeed

result stereospecifically in the formation of the exomethyl species (xxx)

1
whose structure is given in FIGURE 3-19. Assignment of the 'H n.m.r.

Spectrum can be made by reference to the known species (XXII), ‘alao

prepared during the ccurse of the present wmrk. The chemical shift cf tha

yd resonance of (xxi;'ig consistent with anreased shielding in this‘_
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species relative to (XXII) rather than increased deshielding of the exo-

hydrogen H> of species (XXII).
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3.3 EXPERIMENTAL.

3.3.1 Kinetic Experiments.

(1) Preparation of Starting Materials and Product Characterisation.

The Fe(co)3.(nf-enone) complexes used in the kinetic studies
have all been previously prepared and characterised. Literature methods
were used to synthesise Fe(c0)3.(qf-benzalacetone)32, Fe(co)3'(76'

4 3
cinnamaldehyde) 33, Fe(CO)3.(rL-chalcone) 2, Fe(CO)3-(Tf-dypnone) 32 and

25

Fe(co)z.(qf-benzalacetone).(PPh3) . The species were found to give

satisfactory infrared and 4 n.m.r. spectra. Fe(CO)3.(n?-2,6-
dibenzalcyclohexan-1-one) was prepared according to the general method
given in reference32. All substrates were purified by recrystallisation

from 40-60° pet. ether prior to use and were stored under a dinitrogen

atmosphere at 0°C.

All alkadienes used in the kinetic experiments were

commercial materials, with the exception of cyclohepta-1,3~diene which was

‘ 3
synthesised according to the method given in reference 4, Alkadienes, with

the exception of 1,4—dipheny1buta-1,3-diene, a crystalline solid, were

purified by distillation under a dinitrogen atmosphere immediately prior to

use in kinetic reactions.

Enones, used in the mass effect experiments, were commercial

materials, with the exception of dypnone which was prepared by the method

of reference35, and were purified prior to use by distillation or

recrystallisation as appropriate.
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4
The Fe(CO)3.(n’—diene) products of the kinetic exchange
reactions have all been previously characterised36-42 and it was therefore
possible to check the identity of the products by comparison with infrared

data published in the literature.

1,2-bis(diphenylphosphino)ethane was obtained commercially and
used without further purification. The identity of the product of the
4
kinetic substitution reactions, Fe(c0)3o(n’—dppe) , where (dppe= 1,2-
bis(diphenylphosphino)ethane ) , was established by comparison of the

spectrum with that of authentic sample prepared according to reference43.

Petroleum ether (100-120°; Analytical Grade) ang toluene
(Analytical Grade) , used as solvents in the kinetic experiments, were

purified by distillation under a dinitrogen atmosphere prior to use and

were then degassed and stored under dinitrogen.

(ii) Experimental Conditions.

~ All kinetic experiments were carried out under an atmosphere
of dinitrogen using sealed vessels immersed in a constant temperature bath
controlled to within 0.02°C . Unless specified to the contrary in the
appropriate table, experiments were carried out in duplicate, to enable
experimental reproducibility to be assessed. Aliquots of the reaction
mixture were taken at regular intervals using a syringe, with at least ten
absorbance-time pairs taken during each of the kinetic experiments.
Infrared spectra were recorded on a Perkin-Elmer 257 spectrophotometer
fitted with 1mm NaCl cells,'with all measurements referenced to a4 solvent=-
ligand blank of the appropriate concentration. Detalls of the method of

analysis of the kinetic data are given in the appropriate sections of

Appendix A.
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Experiments carried out using the entering group dppe were
found to proceed at a rate too large for accurate analysis at 34°C in
toluene. The values given for dppe experiments (TABLE 3-3) were obtained
following the same methodology used for the diene exchange experiments but

only three to four absorbance-time pairs could be obtained during the

course of the reaction and the values of kopg quoted must be regarded as

approximations.

3.3.2 Stereochemical Experiments.

(i)  Preparation and Characterisation of the Products of Ligand
Exchange and Isomerisation Reactions.
7-methylcyclohepta=-1,3,5-triene was prepared by the
literature method27, whilst all other organic ligands employed were
obtained commercially. Reactions described were carried out under an

atmosphere of dinitrogen using the appropriate degassed solvents.,

4
1. The reaction between Fe(CO)Q-(YL-Bda)

and 7-methylcycloheptatriene.

1.0g of Fe(CO)3-(TL4-Bda) and 2.1g of 7-Mechpt (7-Mechpt= 7=

3
methylcycloheptatriene ) were gstirred in 50cm™ of benzene at 70°C for 6

hours. The solvent was then removed by rotary evaporation and the residue
chromatographed on neutral alumina (Activity III) using 40~60° pet. ether
as eluant. The broad yellow band eluted was dried under oil pump vacuum to

remove excess 7-Mechpt and the residue then purified by molecular

digtillation onto a cooled probe at 50°C / 0.01mm Hg. The product was an

orange oil (500mg; 50% yield).
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’

I.R. spectrum (hexane) »-CO str. = 2050, 1989, 1979 cm~

Analysig: calculated C= 53.6% H= 4,07% ;
found c= 52.9% H= 3,90% .

Details of the 1H n.m.r. spectrum and assignments are given in section
(i1),
Mass spectrum: No parent ion but (M% - co) , (" - 2c0)

and (M+ - 3C0) clearly observed.

2. Protonation of the product mixture obtained from the ligand

exchange reactions.

The product mixture was dissolved in 20em> of degassed

diethyl ether and 75% aqueous HFFg added dropwise uhtil precipitation haa

ceased. The solution was stored overnight at 0°C and then filtered to yield

a pale yellow solid. A quantitative yield'was obtained.,

I.R. spectrum (dichloromethane) : ¥=CO str. = 2166 (s), 2055 (b) Y,

Analysis: calculated C= 33,7% , H= 2.81% ;

found C= 34'5% 7 H= 2.67% .

3. Preparation of Feq(CO)ao(Q?-7*methXJCYCIOheptatriene);

5,2§ of Fez(co)g and 2.1g of 7'meth¥13Y010heptatriéne Qére allowed
to react in degassed diethyl ether for 36 hogrs under an atm§sphere of‘
dinitrogen. Afte: filtration andkremoval of volatﬁles by rotary evaporation
#he residue was pumped to dryness at 0.01mm Hg fqr 3 hours. The'réaidﬁe Qés
chromatographed on Activity III alumina using 40-60° pet. ether eiuaﬁt.'h
bright orange band was collected and wés found tO‘yieid'an 5119 i, .

Crystallisation from 40~60° pet; ether ylelded the desired product as red

crystals (500mg; 9% yield).
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1.R. spectrum (hexane) : T-CO str. = 2055, 2009,

1991, 1973, 1959 em”!

Analysis: calculated C= 43.5% , H= 2.59% 4

found c= 43.0% , H= 2.58% .

Mass spectrum: peaks at (M*) and (Mt - nco) (n=1 to 6) observed.

ﬁ:_‘Preparation of Fe,(CO)A.(Yﬁ—cycloheptatriene).
e 11

. 5,0g of Fez(co)9 and 7.0g of freshly distilled

Cycloheptatriene were refluxed in degassed diethyl ether for 1 hour under a

dinitrogen atmosphere. After giltration and evaporation of volatiles the

residue was pumped in vacuo for 3 hours. Following chromatography on

Activity I1II aluminé using 40-60° pet. ether eluant the product was

collected as a bright orange pand yielding an olly red solid.

Crystallisation from 40-60° pet. ether gave orange crystals (1.0g; 15%

yield).

I.R. spectrum (hexane) i Y=CO str. = 2055, 2010,
1993, 1975, 1959 cm™ !,

This in good/agreement with literature values. .

+ :
Mass spectrum: peaks at (u*) and (4" - nCO) (n=1 to 6€) observed.

5. Preparation of Fe(CO)i-(W —7-ex0methy1cyc1oheptatriene),

+3.249 of copper(I) iodide was suspended in 40cm3 of

d cooled to -10°C. 26cm3 of a 1.5 molar solution of

dry diethyl ether an

LiMe.LiBr in dry diethyl ether were added to give a cloudy yellow solution

of lithium dlmethylcuprate: ‘which was then cooled to -70°C. 5.0g of

[Fe(co)3.(c a)?t 1 (pF6 ) was added and the solution became light brown- -

black in colour. The solution was then poured into 100¢m3 of a 5% solution

of aqueous hydrochlorlc acid. Following separation of the ether lAyer, the

aqueous layer was ext

the combined ether extracts were then dried over anhydrous magnesium

racted twice with 25cm portions of diethyl ether and - -
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Sulphate. The residue was then purified by preparative thin layer

Chromatography on silica plates using 40-60° pet. ether as eluant.

Two yellow bands developed on the plates; the faster

moving band yielded a yellow oil (300mg; 10% yield) which was further

pPurified by molecular distillation onto a cooled probe at 50°C / 0.01mm Hg.

Infrared spectroscopy and microanalysis when combined with the 1H NeM.Y,

Spectrum given in the following section confirmed that this was the desired

Product.

I.R. spectrum (hexane) : ¥-CO str. = 2050, 1989, 1979 em 1,

Analysis: calculated C= 53.6% , H= 4.07% ;

53.0% , H= 4.00% .

found c

The slower moving of the two yellow bands was also collected and found to

vield a viscous yellow oil (500mg; 17% yield) which crystallised on cooling

to 0°C. The structure of this material was confirmed by infrared

Spectroscopy, mass spectroscopy and nuclear magnetic resonance as

Fez(COJG-(7,7'-bicycloheptatrienyl). |
I.R. spectrum (hexane) : »=CO str. = 2049, 1987, 1979 em™?

+
Mass spectrum: No parent ion but peaks due to (M = nCO) {n=1 to 6)

clearly visible.

6. Thermal isomerisation of Fe(CO)B-(VL-7-exomethylqycloheptatriene).

0.080g of Fe(CO)3.(qf-7-exomethylcycloheptatriene) was
dissolved in 3®P-benzene. The solution was thoroughly degassed and then

transferred to an N.M.X. tube under a dinitrogen atmosphere. The‘
isomerisation of the substrate was observed by 1H NeM.Ts 5pectroscopy over
a 16 hour period at 70°C. Assignment of the naM.X, spectrum at the end of
the reaction revealed that the isomerisation resulted in complete

disappearance of the 7—exomethyl isomer with a yield of 70% of the 1-methyl

isomer and 30% of combined 2- and 3*methyl derivatives.'
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J. _Attempted synthesis of Fe(CO),-(n4—7-endomethylcycloheptatriene).
1

1.4g of copper(I) iodide was suspended in 25cm3 of dry

diethyl ether. 9.5cm> of 1.5M LiMe.LiBr in diethyl ether was added to the

Solution at -10°C and the resultant lithium dimethylcuprate solution cooled
to ~70°c, 4.7g of Fe(CO)3.(C7H7.PPh3+)(PF6°) was then added to the solution

to yield a red suspension. The mixture was allowed to warm to room

temperature and then poured into 100cm3 of a solution of 5% aqueous

hydrochloric acid. After separation of the ether layer the aqueous layer
Was extracted twice with 25cm3 portions of diethyl ether. The ether
fractions were combined, washed with distilled water and dried over

anhydrous magnesium sulphate. Following removal of the solvent bybrotary

evaporation the residue was purified by preparative thin layer
Chromatography on silica plates using 40-60° pet. ether as eluant. A single

fast moving yellow band was obtained and purified by molecular

distillation. Following infrared and 4 n.m.r. spectroscopic analysis of

the orange 0il obtained this product was identified as the known species

38
Fe(CO)3.(nf—cycloheptatriene) 37,38

I.R. spectrum (hexane) : V=CO str. = 2049, 1987, 1979 em™! |

(11) Tables of 'H n.m.r. spectral data .

All n.m.r. experiments were carried out using a

JEOL FX100 spectrometer with variable temperature probe; data given given

correspond to the 100 MHz 1H spectrum of the sPeCieS»described.
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ies are approximate due to

2~ , and 3-methyl lsomers.

Me 1.40 (quartet; J= 1.1 Hz) o, Iﬁa

2 5.43 (doublet; J= 8.0 Hz)

3,6 2.82 (m)

4,5 4,70 (m)

7,8 1.85 (m) Fe(CO),
(CgDe )

this species are approximate due to

pectra of the 2- , 3= , and 7-methyl isomers.

5
1.68 , 1.63 (singlet)

Me
1 4,96 (m)

- FelCo),
2 5,74 (m) o s )

(Cle) Fe(CO), Me

The low intensity of these two spectra relative to the
7-methyl isomefs and the 1-methyl isomer PréVented
definite assignment of the proton spectra.

Resonances other than those given were lost under

the more intense proton resonances of the other species.
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This work

This work

o t28)

1,4,5

3,6,7

Me

5.28

4,86
5.85

2,94

5.42

- 2.04
6.94
3,02

5,35

b(m)

- ’ S8 N
: : e B 3
(m}) . - i °
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(m)
(m)
(m)
(m)

(m) ; |
(m)  FelCO),
{m)

(CsDg )

{m)
(m)
(m)
(m)

(m)

(cocl, )

o CDC[;“,:)‘k :

‘(s;nglet)

(triplet; J= S.O‘Hz)
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(29) Me 2,07

Me~:;;:] ‘

Fe(CO),

(CDCL;)

Me? 1.59

a

(29) MeP 2.05 Me
b

Me-j%;j:]

| FE‘CO);;
(CDCl,)

(44) Me 0.92 (doublet; J= 7,0 Hz)

o

Fe(CO)
(cocy, )

(CO)Fe ;

(CF COOH)

7©

Fe (CO)

(29) . Me ~ 2.88

'1_(cac00H) 
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Me 1.05 (doublet; J= 6.7 Hz)
1 2.69 (m) ~ Hs Me
This work 2 4.21 (m)
3 5.10 (m)
4 2.41 (m) :
(C0), Fe——Fe(COl,
Ha Hs
1 2.74
(m) (CDCI, )
2 4.25 (m)
(45) 3 5,12 (m) (CO),Fe— FB(CO)3

3,00 (doublet; J= 18 Hz)

this work 5 2.16 (doublet; J= 18 Hz)

N e i i



Entering Group

T/K = 343.2

T/K = 343.2

T/K = 343.2

- T/RK = 343,2

T/K = 343.2

TABLE 3-1.
4 a
Rate constants for Reactions of Fe(CO)q.(q'—bda) .
, : ‘ : a
Concentrgtion 10-1kobs
/mol dm /s
0.049 10.86 , 11.18°
cyclohexa~1,3-diene 0.098 14,84 , 15.15
= . 0.196 20,71 , 19.65
0.392 23,63 , 24.03
0.539 25,53 , 25.49
0.637 25.04 , 25.55
0.735 25,92 , 25.65
0.882 26,40 , 26.86
0.049 2.30 , 1.79°
c Cl L d - 0.099 3049 i 3'12
yolohepta=t,3-diene 0.198 4.37 , 4.98
0,297 5,23 , 4.79
0,326 5,59 ,  5.97
0.495 6,40 , 6.56
0.594 6.87 , 6.99
0.693 7.13 , 7.33
0.792 7.30 , 7.39
0.891 g 7’31 F 7048
0.990 7.72 , 7.69
| 0.099 0.75 , 0.89
cyclohe - S—triene 0.197 g 1.42 r 1.40
yoloneptart de S 0.296 1,73 ,  1.86
204394 2,12 , 2.42
- 0.493 2,56 , 2.35
0,591 2,59, 2.49
© 0,690 3,02, 3.20
0Q789 3‘20 [ 4 3.09
- 0.887 3.30 , 3.05
' 0.986 3,64, 3.58
| | 0,049 2,72
eycloocta~1,3,5,7-tetraene 0,098 4.48
Y cta=1,3,3,7" 3 0,196 & 99
0.392 6.62
0.539 7.78
0,686 '8.59
" 0.784 8,61
1,4-diphenylbuta-1,3-diene 10,154 '+ 0,53, 0.52
' 0.257 0,60, 0,57
0'308 ; 0'63'(‘ 0064
0,'359 0'79 r‘ 0074 .
g.411 0,79, 0,73
0.463 i : .

10,89

0,84

148
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Footnotesg.
— 8.

tion.
* Reactions carried out in toluen: 801:t a single ,
where two values are given f:igeggg were carried out.
te expe
concentration duplica

Govedak % v

"
H
+




TABLE 3-2.

Derived Rate Constants for

: 4
Reactions of Fe(CO),-(n.—bda).

150

4 4
4 104 ky/ k$ 10" fit 10 Tre
Entering 104 ko 10" k. B/ k% Y -1 -
- 8
Grouwp / a /s /> L 4
e RN
Y43-cha 0.4 %+1.2 28.6 + 1.1 0.825 8.27 g-;z g.ig
lid-chpd  1.430.6 S e t17 0,13 0.09
}/3s5-chpt  0.8%0.8 360 g':’: 0.2 0.29
;+3:5,7-cot 2.5%1.4 7.20 0 NS 0.05 0.02
143-but 1.3%0.1 0.3% 0.1 ere v
Footnotes

-1

3 m01‘1 8 »

a Units are am_

b Units are mol dm 3- he experimental
@fi. Gives an estimate of the fit of the exp

theoretical model.
o’ STEZsthtZZtimate of experimental reproducibility.
re

Abbreviations:

1,3-chd = cyclohexa-1,3-diene J
1,3~chpd = cyclohepta-1,3-diene ; -
1,3,5~chpt = cyclohepta-1,3,5-;1:tetraene ’
1,3,5,7~cot = cycloocta*1,3,5, e
1,3-but = 1,4-dipheny1buta-1,3-diene.
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Rate data for Reactions of Fe(CO)qo(n4-enone) with dppea,
. v

Enone Phosphine Concentgation ‘ 10f1kobB
/mol dm /s
0,039 11.37
benzalacetone 0.049 13.22
0.074 15,76
T/K = 307.2 0.123 21.92
0.039 6.78
chalcone 0.049 8.49
0.074 9,77
T/K = 307,2 D.123 12.79
Footnote.,

a Reactions carried out in toluene solution.
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TABLE 3-4.

Rate constants for Reactions of Fe(CO),-(ﬂ4-enone)
with cyclohexa-1,3—diene'. v

Leaving Group Ligand Concentration 10i1k°bs
/mol dm /8
0.049 " 10.86 , 11.18°
benzalacetone 0.098 o 14.84 , 15.15
0.196 - 20,71 , 19.65
T/K = 343.2 0.392 23,63 , 24,03
0.539 25.53 , 25.49
0.637 25,04, 25.55
0.735 25.92 , 25.65
0.882 26,40 , 26.86
| L 0.050 7,73 , 8,05
cinnamaldehyde 0,100 9,29 , 9.24 .
0.200 11,16 , 11.11 :
T/K = 343.2 f 0.301 11.84 , 12,33 ;
0.401 12.35 , 12.58 )
0.501 12,78 , 13.08 f
0,601 13,96 , 12.60
0,702 13,40 , 13.73
0,802 13,95 , 14.19
0.902 14,36 , 14.68
1,002 14,78 , 15.18
= . 0.099 5 3,29, 3.45P
chalcone 0.198 5,85 5.39
g , ~ 0,298 ' 6.88 , 6.96
T/K = 343.2 ’ 0.397 . 8.48 , B,41
o 0.496 . 10.22, 9.77
0.595 © 10,59 , 10,55
0.694 i 12.34, 11.50
p.800 - 12.97 , 13,39
0,900 . - - 15.50°, 15.48
9,000 . 15.89, 16.39
Footnotes.

arried out in toluene solution. ,
given for Kobs at a single
eriments were carried out. =

a Reactiohs Te]
where two values are
concentration‘duplicate‘exp
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ns of Fe(CO)gn(Yf—enone)

"Rate constants for Reactio
1,3,5-triene“.

with cyclohepta-

4

Leaving Group Ligand Concentration "10-1kcb9
/mol dm /s
0,049 - 3.75 , 3.64°
benzalacetone : 0.098 . 5,27, 5.91
T/K = 363.0 0.392 16.77 , 17.03
0.784 23.70 , 24.30
0.049 3.81 , 3.94°
cinnamaldehyde 0.098 5.80 , 5.42
: 0,196 7.88 , 9.66
0.784 . . 18,86 , 18.85
. _ ‘ ‘ N
0.049 0,77 ,  1.04
Chalcone : 00098 1015 ' 1o22
0.196 2.52 , 2.62
T/K = 363.2 0'392 ' 4697 ’ SQSO
e 0.784 , 6,49 , 6.74
0,061 2,59 , 2.56°
dypnone - 0.123 “3.,50 , 3.2
, 0.196 3,32, 3,39
T/K = 363,0 00392 5,76 , 5.76
« 0.784 ~ 11,12 , 10.56
Footnotes.
8 reactions carriéd out in toluene solution.

s are given for Kopg 2F a single

Where two value
e experiments were carried out,

concentration duplicat

T % R B



Derived Rate Constants for Reactions of Fe(CO),.(

4
-enone)

with cyclohexa=1,3-diene.

4
10" k+ / kg
/b

Leaving 10% Ko 104 k. B/ kg
Group / a /s 1
bda 0.4%1.2 28.6% 1.1
cin 3.4%0.3 11.8% 0.2
cha 12.5% 0.7 4.7% 0.7
Footnotes
; Units are dm.3 mc:%.'-1 3-1.

Units are mol dm ~,

0.82+% 0,07
0.29% 0.02
0.92% 0.32

154

10i$‘fit 104 're
/s /s
0.45 0.29
0.24 0.36
0.29 0.27

@’fic Gives an estimate of the fit of the experimental

data to the theoretical model.

e Gives an estimate of experimental reproducibility,

Abbreviations:

bda = benzalacetone ;
cin = cinnamaldehyde ;
cha = chalcone.



TABLE 3-70

Derived Rate Constants for Reactions of Fe(CO),.(ﬂ ~enone)

with cyclohepta=-1,3,5~triene.

1556

2 units are dm‘3 mol-1 5—1.

b Units are mol dm
’fir Gives an estimate of the fit of the experimental

data to the theoretical model.
Ore Gives an estimate of experimental reproducibility.

Abbreviations:

bda = benzalacetone
cin = cinnamaldehyde ;
cha = chalcone i

dyp = dypnone..

4
Leaving 10% x, 10% x B/ ks 10* ky/ kg 1of1dm 104 re
Group / a /s / b /s /s
bda 4.9% 9.5 31.9%17.8 0.45£0.31  0.58 0.22
¢in 15.9% 3.4 5.1 1.8 0.30% 0.28 0.78 0.72
cha 6.7% 1.4 1.8 1.0 1.4 ¥ 1.0 0.39 0.45
dyp 10.4% 0.8 1.8% 0.1 ceee eee. 0,37 0.23
Footnotes




Rate data for Mass Effect Experiments with Fe(co)g.(q4-ehone)

Leaving Group Concentration 103 Kobs
/mol dm 3 /s 1
0.000 9.67
benzalacetone 0.027 4,35
0.048 L 2,99
T/K = 363.2 0.069 2.52
0.089 1.98
0.110 . 1.69
0.130 1.28
0.151 ‘ 1.19
0.192 0.93
Footnote.

8 peactions carried out in toluene solution using the entering
group cyclohe ta~1,3,5-triene a% a concentration of
0.475 mol dm >, A plot of k .~ versus [benzalacetone]
has a correlation coefficient for a linear fit of better than
0.995 (1.00 = perfect linear relationship).

156
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TABLE 3-9.

Rate data for Reactions of Fe(CO),.(né-bda).(L)
with cyclohexa-1,3—diene“.

4

Auxiliary Group (L) Ligand Concentration 10-1kobs
/mol dm /s
0.025 10.54 , 11.00°
carbon monoxide 0.049 13.02 , 12.67
0.098 17.40 , 17.68
/K = 343.4 0.196 23,18 , 22.57
0.270 25.20 , 26.40
0.319 26.56 , 25.96
0,368 26.64 , 27,52
0.441 28.17 , 28,73
0.025 0.47 , 0.49°
triphenylphosphine 0.049 0.58 , 0.50
0.098 0.45 , 0.46
T/K = 343.4 0.196 0.50 , 0.50
0.270 0.50 , 0.52
0.319 0.51 , 0.55
0.368 0.51 , 0.51
0.441 0.52 , 0.55
Footnotes.

120° petroleum ether.
r Xops at a single
iments were»carried out.

2 peactions carried out in 100~
where two values are given fo
concentration duplicate exper



TABLE 3-10.

Derived Rate Constants for Reactions of Fe(CO),-( 4-bda).(L)
with cyclohexa=1,3~diene,

158

4 4 4
Auxiliary 10% kq 10 x B/ kg 107 ky/ kg 107 102 e
Ligand /a /s /b /s o™
co 18.5%4.6 22.8% 2.2 0.04% 0.01 0.81 0.30
PPh, 1.4% 0.6 7.1 0.7 1.3 0.2 0.28 0.19
Footnotes

; Units are dm-3 mol-1 5—1.
Units are mol dm =,
¢ Glves an estimate of the fit of the experimental

data to the theoretical model.
’re Gives an estimate of experimental reproducibility,
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CHAPTER FOUR : THE KINETICS AND MECHANISM OF ALKADIENE EXCHANGE AT

SIX-COORDINATE CHROMIUM.

4.1 INTRODUCTION.

The substitution reactions of six-coordinate metal carbonyl
derivatives have been an area of intensive study 1n recent years. The
Kinetics of substitution of species of the type M(CO)g.L and M(CO),.(L-L)
have been the subject of a number of careful studies, with the mechanism of
substitution well establishéd in several cases, notably those systems with
bidentate nitrogen or sulphur donors as leaving groups1—4. An important
class of reactions for which the mechanism is not established involve the
substitution of monodentate and bidentate organic 11 ~donor ligands at
zerovalent metal centres. Kinetic inforﬁation for the substitution
reactions of MO(CO)4.(n?—alkadiene), where (alkadiene= norbornadiene
(bicYclo[Z.z.1]hepta—2i5‘diene)" éYCIOOCta-1'5-diene ) + has been reported
: but ligand exchange was not consideredsfa. The reactions described used’
mdnodentaﬁé Group v? 1ligands as entering groups with the kinetic behaviéur

observed typical of the two term rate law often found for six-coordinate

systems with highly nucleophilic entering groups. The rate law has thé

~ form given b& equation (4-1) :

, (am1)  ky, - kg * Kk, (L] .
The investigations reported were not sufficlently detailed‘to establish
whether the beh§Vi°ur aescribed by (44i)kwas representative ofka patticulaf
type of "ring-opening" pathway. Work on alkatriene énd arené'substitﬁtion
. by Group vé monodentate ligands using substrates of the type M(CO)3'(W»"

arene) has demonstrated that complete displacement of the hexahapto arene

or alkatriene occurs according to equation (4=2) ¢
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temperatures”‘b). In marked contrast to the above the complexes
Cr(co)4.(n?—alkadiene), where (alkadiene= trans,trans~hexa-2,4-diene
orbuta-1,3-diene), have been found to exchange rapidly with non-conjugated
diene entering groups at ambient temperature. Kinetic measurements were
found to be possible for these two substrates using the non-conjugated
alkadienes norbornadiene and cycloocta-1,5-diene as entering groups. The
products of ligand exchange were thus the known species Cr(co)4.(yf-
norbornadiene) and Cr(CO)4-(nf-cycloocta-1,5-diene) and this enabled
product yield and identity to be confirmed by comparison with the infrared

12'13. So that the results of the present study

- spectra of authentic samples
could be compared with those of reactions with non-conjugated alkadienes as
leaving groupss'e, and with other more well establighed kinetic systems
with bidentate leaving groups1'4'14, a second.set of kinetic experiments
was carried out with morevnucleophilic monodentate phosphite entering
groups. The products of this type of substitution reaction are species of
the type Cr(CO),.(L), which exhibit geometric isomerism and consequently it
was possible to consider the stereochemistry of the substitution process by

cemparison of the spectra of the product species with those of

bis(phogphite) complexes of known geometry15517,

4.2.1 Alkadiene Exchange Reactions.

Alkadiene exchange reactions were carried out in hexane at
26.5°C employing pseudo-first-order conditions in which the entering group
was present in a greater than ten-fold excess relative to ‘the eubstrate.' :
Kinetic experiments were carried out using an apparatua described in ‘the 7’
experimental section; the treatment of kinetic data 1s described in i
Appendix A. Satisfactory pseudo-first-order plots{could be obtained from an
‘analysis of the change in infrared spectrﬁm with time.'Both'aebStrete,¢

disappearance and product appearance could be monitoredvand’were found to
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give values of Ko bs {(the observed rate constant) which were identical
within experimental error. Measurements quoted in the tables refer to the
rates of disappearance of the 1943 and 1932 em™! stretching vibrationsg of
the carbonyl groups of c;(co)4.(ﬁf-buta-1,3-diene) and those at 1937 and
1920 cm” ! for the substrate Cr(CO)4o(qf-trans,trans-hexa~2,4—diene) since
product-ligand spectral overlap was minimised in this region of the

spectrum, The small amount of overlap found in this region had no

measurable effect on the linearity of the pseudo~first-order plots

obtained.

Preliminary experiments with the substrate Cr(CO)4-(Tf
-buta-1,3-diene) revealed that a thermolytic process was competitive with
ligand exchange at low concentrations of the entering ligand. No competing
thermolysis was observed with the substrate Cr(co)4.(nf—trans,trans—hexa—
2,4-aiene) over the time-scale of the kinetic experiments. Since the
thermolysis is the only process obse:ved when the butadiene complex is
heated in thé absence of a suitable entering group this was studied
kinetically.. The thermolysis was found to proceed at a reproducible rate of
12.8 x 1074 5'1 in the absence of a suitable entering group, with
hexacarbonylghromium as the sole product containing carbonyl groups active
in the infrared region. In mafked contrast to the thermolfsis ofvnoh~“
conjugated aikadiene complekes, which proceed at non-reproducibie rates and
produce varying yields of hexacarbonylchromium, the cdnjugatedvspécieslwas’
found to give a yield of exactly one mole of hexacarbonylchromiﬁh for each"
three moles of substrate consumed. No attempt was made to‘identify othe£'
products of the thermolysis owing to the very low concentration of the
substrate solution available. However, since no crystalline chromium oxide
residues were observed at the end of the reaction, the most 1ikely products"i
_would be carbon monoxide¢ibutaf1,3-diene and‘free,chromium metal, The e

probable stoichiometry of the‘thermolysis iS'giveh by equation (4-3) ‘
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(4-3)  3cr(co),.(n'-buta-1,3-diene)
!‘ Cr(CO)6 + 6CO + 2Cr + 3buta-1,3-diene
It is noteworthy that the rate of thermolysis was found to increase if the
reaction was carried out in daylight, an observation in keeping with the
photoinduced hydrogenation of alkenes by this substrate, which is
postulated to proceed by way ofﬂa“ooordinatively unsaturated intermediate

9,18
of the type : [Cr(C0),-(H). (v -alkadiene)] °*'8,

The thermolysis was found to be competitive with ligand
exchange only at the lowest entering group concentrations used with the
butadiene~bearing substrate; quantitative ylelds were found for all other
concentrations used. Only'réactions which were found to result in
quantitative yields of the expected Cr(CO)4-(7f-alkadiene) product, as
indicated by Beer-Lambert law measurements, were used 'in deriving the rate-
law for the exchange process. All reactions involving the subsfrate
Cr(CO)4.(qf-trans,trans-hexa-z,4-diene) were found to result in
quantitative yields of the expected products, and in consequence it was
poséible to examine the dependence of the observed rate of exchange on
entering group concentration in the important low concentration region
using this substrate. Rate data corresponding to the ligand exchange.

reactions between the substrate Cr(co)4.(n,_buta-1’3-diene) and the
enterin§ groups norbornadiene and cyoloocta-1,5-dienevare qiven»,in fhire 4
1, whilst TABLE 4-2 gives data for the substraﬁe Cr(CO)4-(ﬂf—trans,trans-
hexa-2,4—diene) with the same entering groups; Plots of the chanbu rate
constant against entering ligand concentration for the four kinetic systems
are provided in FIGURE 4~1 and indicate clearly that the observed reaction
rate is a linear function of ligand concentration over the entire
concentration\range studied in each case. Since there is no observable: 
curvature of the rate'PlotS at low entering ligand concont:ations for the = |

reactionsbwhich produce quantitative yields,the‘applicabie_rateflaw‘will
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have the form given by equation (4-4) :

(4-4) -dfs] = k,[s] + ka[S][L]

dat

k, is a ligand-independent term, estimated from the intercept of the linear
plot with the y-axis of the graph, whilst ka’ the ligand-dependent term
corresponds to the slope of the plot. This type of kinetic behaviour is
well known for the substitution reactions of six~-coordinate transition
metal complexes1 and may be interpreted in terms of the mechanism
illustrated in Figure 4-2. Application of the steady-~state hypothesis to
intermediates A and B of FIGURE 4-2 yields the expanded rate law given in

equation (4-5) :

(4-5) =-d[s] = qua[S][L] + ka[S][L]

at k_q * k,[L] |

Under the conditions where k2[L] >> k_4 rate law (4-5) reduces to the form
given in (4-4). For the systems used in the present study these conditions
would be expected to hold true even at the lowest entering group
concentrations employed since the metal-conjugated diene bond has been
shown to be cohsiderably weaker than the corresponding bond between a

chromium and a non~conjugated diene10.

Values of k1 and ka derived using equat;on (4-4) weré
calculated by meansg of a weighted linear least-squares ahalysisvgiven in
Appendix A and the values obtained are presented in TABLE 4-3 with sténdard
deviations reflecting the fit of the modelltoythe éxperimehtal data. It
will be seen that’in all cases k1 has a considerably greatef magnitude thén

ko7 indeed, in view of the large experimental'uncertaintf in k, the ?alue»‘
of this constant does not differ sighificantly from‘zero. Oh.therbaéis‘of ,'
the limited information available it appears that the much higher
reactivity of the complex Cr(CO)4-(7L-trans,trans—hexa~2 4—diene) towards‘

ligand exchange can be accounted for in terms of the electron donorfability
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of the alkadienes which is influenced by the substituents at the ligand ¢f -~
centres. This type of behaviour is analogoué to the electronic contribution
to the metal~-alkene bond cleavage in complexes of the type Fe(co)4.(qf_
CHZCHX) 19. Steric acceleration is not a likely cause of ligand lability
for these systems since the ability of the alkadiene to adopt an s-cis

geometry is well known and would prevent metal-methyl interactions in the

resultant complex.

The influence of the entering group on the ligand
exchange process is difficult to discern since the rate-determining step of
the reaction appears to involve a simple bond dissociation. It is
noteworthy, ho&ever, that the observed values of k1 show no marked
variation with a change in entering group for gither substrate. This is in
marked contrast to another study of a six-coordinate system involving
alkenes as entering groups where it was observed that the k1 constants
showed significant variation with entering group geometry suggesting a form

of steric control on the overall reaction ratezo.

4.2.2 Phosphite Substitution Reactions.

The isdmerisation of Bis(phosphite) complexes of 8ix~-
coordinate transition metals has been studied entensively in recent yea?s,
The thermal isomerisation of species of the type M(¢0)4.(PR3)2 has‘beén’the
subject of a number of reportsz1 23. Separation of the cis~ and trans*'

- isomers of these complexes has proved possible in several different cases
rand the cis-isomer of Cr(CO)4-[P(OCH) (CH2)3]2 haa been reported to undergo
‘thermal isomerisation to yield the trans-iaomer under mild conditions 21.
The most recent reports of the kinetics of isomerisation of related species

indicate that for the process represented by equation (4~6) inttamolecular

isomerigation occurs when the phosphine ligands are tributylphosphinea
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whilst with the bulkier ligand triphenylphosphine metal-ligand bond
dissociation is required for isomerisation to take place.
(4-6)  cis-Mo(CO),+(PR3)y —~ trans-Mo(CO),«(PR3), -
With the former ligand no incorporation of isotopically labelled carbon
monoxide is observed during isomerisation which proceeds with :
AH =102.5 (6.7) kJ mol”;

whilst with the more sterically hindered phosphine triphenylphosphine the

reported value is :

AH =125 (10) xJ mol™ ',

In view of these observations it was interesting to find
that reactions of the type given in equation (4-7) yielded a mixture of the
cis- and trans-isomers of Cr(CO),.[P(OR);],.

(4-7) Cr(CO)4.(nf-a1kadiene) + 2P(OR),
Y Cr(CO),+ [P(OR)4], + alkadiene .
where (P(OR),= P(OMe); or P(OPh)4 ).
In the case of the bis(trimethylphosphite) complex both the cis~ and the
trans-isomers have previously been characterised and the infrared spectrum

of the products of the substitution reaction could therefore be compared

with literature values16 t

Observed ¥ =CO str. (reaction mixture) = 2026(w), 1942(w),
(hexane) . _ 1937(W)' 1917(s) em~ ! ;
Reported ¥ =CO str. (cis-isomer) = 2026, 1947, 1939, 1921 em™', -
(hexadecane) {trans~-isomer) = 1914(vs) cm-1.
The substitufionv:eaqtions reported in the éreéent studinere cé?rie&’out o
at 26.5°C and this may explain the curious spectrum of the product mixtufe

for ligand substitution with the entering group triPhenylphoéphité ii
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Observed v=-CO str. (reaction mixture) = 2036(m), 1957(m),

(heptane) 1941(sh), 1930(s) cm | .
Only the trans-isomer of Cr(CO)4-[P(0Ph)3]2 has been reported in the
literature and this species has only a single strong vibration at 1930 cm—1
in the solvent tetrachloromethane17. However the literature synthesis used
rather more vigorous conditions than used for the present study and under
the reported conditions the initially formed cis~isomer would be expected
to undergo thermal isomerisation to the trans-isomer by analogy with the
similar molybdenum complexes. For this reason the infrared stretching
vibrations seen for the reaction mixture in the present study can be
assigned to the previously unreported species cis-Cr(CO)4.[p(oph)3]2 in
view of the similarities with the spectrum of cis-Cr(CO)4.[p(oMe)3]2.

The relative intensities of the carbonyl stretching
vibrations of the products of the two substitution reactions suggest that,
in béth cases, the trans~isomer predominates in the product mixture, but in
the case of the triphenylphosphite entering group systems the proportion of

the cis-isomer in the product is greater than for the less sterically"

hindered triphenylphosphite ligand.

Though these findings are in accord with the differing
mechanisms of isomerisation for the two phosphites put forward by

Darensbourg et al.22'23

the results can equally well be explained in terms
of a mechanism involving a fluxional intermediate. In this regard it is
perhaps interesting to note that the reaction of Mo(CO)4-(n’-1 5-cod) where
(1, 5-cod= cycloocta-1,5-diene), with a variety of Group Va 1igands as’
entering groups results exclusively in products of the structura ‘cis=
MO(CO)4-(L)2 for reactions carried out at 30 ~ 40°C in a variety of :f

5,6 24

solvents . It is ‘known“ that Cr(co), .( —buta-1,3—diene)'exhihits -
10y "L, ‘ | 8xnibits

vstereochemica1~non*rigidity on the n.m.r, time-scale whilst the complex |
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Cr(CO)4-(n?-cycloocta—1,5-diene) does not rearrange at readily accessible
temperatures. When considering the possibilty of cis-trans isomerisation
during the substitution process the evidence of a number of relevant
studies is available. An increasing number of reactions are known which
have the stoichiometry given in equation (4-8) whilst generating a mixture
of cis- and trans-M(co)4.(L)2 Products.

(4-8)  M(CO),.(L-L) + 2L' — M(CO),+(L'), * L-L
Several examples of systems displaying spectroscopic or kinetic evidence of
fluxional intermediates have been reported in the literature2'3'25. Perhaps
the most compelling evidence concerns those reactions for which a constant
ratio of the stereochemical isomers of the product is established at an
early stage in a kinetically measured substitution reaction and maintained
throughout the remainder of the reaction. Studies of a reaction of this
type have resulted in Dobson and coworkers pdstulating a five~coordinate
intermediate of the type [M(CO),.(L')], possessing fluxional properties, as

2'3’25. Cohen and Brown?® nave

the species responsible for the isomerisation
reached similar conclusions in considering the stereochemistry of the
alkadiene substitution reactions of the species Cr(CO)4.(n?-1,5-c9d) by
isotoplcally labelled carbon monoxide. These reactibns proceed according to
equation (4-9) :

1300

4

(4-9) Cr(co)4-(7f-1,5-cod) + 2

Cr(co)4.(’3c032 + alkadiene

Taking into consideration the very milga condiiiﬁés used in the-
present study it is tempting to favour a model involving a fiuiional\five—f
coordinate intermediate to account for the observed bahaviéur. Thermélf ,.;
isomerisation subsquént to product formation does not seem likely under -
these conditions whilst isomerisation of arseven*cobrdinaﬁe‘;ntermediate of
the f°rﬁ Cr(C0)4-('f-alkadiene).[p(oR)B] or of the possiﬁleigltérnative’."'

five-coordinate intermediate Cr(CO)4-[P(OR)3]‘gehérated at a later stage in
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the substitution process would accord with observations of fluxional

2
intermediates in related systems '3.

A study of the kinetics of ligand substitution under
pseudo~first-order conditions using the leaving group buta-1,3-diene with
the entering groups P(OMe)3 and P(OPh)3 was undertaken. Following the
substitution reaction by infrared spectroscopy, as used for the ligand
exchange reactions, showed that a rate law of the type (4-4) was applicable
to the entering group P(OMe)3 whilst extensive overlap of the reagent and
product carbonyl absorptions prevented accurate determination of the rate
of substitution when P(OPh)3.was employed as the entering group. Rate data
corresponding to the ligand substitution reactions with P(OMe)3 as entering
~group are given in TABLE 4-3. An examination of the derived plot of kobs
against entering iigand concentration confirms that rate law (4-4) isg
applicable to this system, indicating that in this case also kZIL] >> k4
for all concentrations of the entering group. Values of the k1 and ka
partial rate constants derived according to this rate law are to be found
in TABLE 4-4. It can be seen that the k1 Constant obtained from this
reaction is identical to that obtained for the alkadiene exchange reactiong
with buta-1 3-diene as leaving group; this would be expected for a wholly
‘dissociative pathway. On the other hand the k constant 15 at least two
orders of magn;tude greater‘than that‘observed for alkadiene exchange. This
“almost certainly indicates the greater “nucleophilicitY" of the‘phosbhite
ligand and suggests that the ligand~dependent pathway involves a transisiog
-state with rather more bond-making character than observed for the 1igand-
dependent pathway in the analogous five-coordinate systems described in the>"
previous chapter. Qualitative work with the entering group P(OPh)3 suggestav
that the k, > ky for this SYstem with | k falling in the range 40-30 x 10 4. 7 :

-1

vother systems with the butadiene leaving qroup- This being the case, At

8”1 am® mol”! whilst k1 is of comparable magnitude to that observed for theml L
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appears that the k, constant does not represent a true "a" pathway since in
square~planar d10 systems exhibiting true "a" kinetics, observed ka values
show a range of 106 in going from the most highly nucleophilic entering
groups to the least nucleophilic. Since the observed spread of ka's is of
the order of 102 to 103 in going from P(OMe)3 to the alkadiene entering
groups it would appear that the kinetic behaviour may be described in terms
of an "I " or "I," mechanism. Ligand-dependent pathways of this type are
not uncommon in d6 six-coordinate systems and are generally ascribed to an
"Id" pathway1. The present results are not conclusive in this regard since
the solvent dependency of the rate has not been investigated but the rather
large span of observed ka values seems to suggest that bond-making is of
considerable importance in the rate~determining step and accordingly an

"Ia" mechanism cannot be discounted.

4.3 EXPERIMENTAL SECTION.

4.3.1 Preparation of Materials.

The substrates Cr(CO)4.(qf»buta—1,3*diene)4and
Cr(CO)4.(qf-trans,trans-hexa-é,4-diene) were prepared and purified
according to the method of Koerner von Gustorf et él.g. Followiné,
purification the‘substrates were dissolved in degassed heftane aﬁ -40°C to
produce solutions of a concentration of 0,00075 mol dm™3 sultable for the
‘ kinetic experiments. The solutions were stored under an atmosphere of
dinitrogen in a cryogenic bath at =20°C. The infrared spectra of thé
substrates: - N

cr(co)4.(n?-buté~1,3-dieﬁe) v ~CO str.lﬂ 2035(m), 1979(m);n

(heptane) ‘ "~ 1948(s), 1935(s) cm" !,
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cr(co) . (n¥-hexa-2,4-diene) v-CO str. = 2034(m), 1959(m),

(heptane) 1943(s),1929(s) cm™ !,
were consistent with literature values. The substrates are extremely air-
sensitive and consequently the concentrations of the stock solutions of the
substrates were checked by Beer-Lambert law measurements prior to each set

of kinetic experiments in order to establish the exact concentration of the

solution used.

Cr(co)4.(ﬁf—cycloocta-1,5-diene) and Cr(CO)4.(qf-norbornadiene) were

12,13

prepared by literature methods + The infrared spectra of the authentic

samples were used for comparison with the products of the ligand exchange
experiments:
Cr(c0)4.(qf-cycloocta-1,s-diene) v=CO str. = 2032(m), 1952(w),

(heptane) 1938(s), 1910(s) cm™ ',
Cr(CO)4.(nf-norbornadiene) v-CO str. = 2029(m), 1957(m),

(heptane) : 1945(s), 1915(s) cm=1.
Cycloocta-1,5~diene, norbornadiene and the phosphites trimethylphosphite
and triphenylpbosphite were commercial products which were distilled ﬁnder
reduced pressure and stored under dinitrogen prior to use in the kinetic
experiments. Heptane (Analar grade) was degassed and purgéd with dry
dinitrogen before use. Infrared spectra were measured using 1mm cells on a
Perkin-Elmer 257 spectrophotometer using an solvent-ligand blank‘of the

appropriate concentration as the reference.
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4.3.2 Kinetic Experiments.

All kinetic experiments described in the text were
carried out in solution in heptane in sealed vessels in a constant
temperature bath thermostatted to 26.5°C with control to 0.1°C. Reactions
were carried out under a dinitrogen atmosphere in the absence of light,
Aliquots of the substrate stock solutions were transferred from the
cryogenic apparatus at =20°C into the reaction vessels by means of Schlenk
tube techniques. Dinitrogen was then admitted to the reaction vessels at
atmospheric pressure with the temperature maintained at 0°C. The
appropriate quantity of the entering ligand was then added to the solution
at 0°C by a syringe. After rapid mixing of the solution the reaction vessel
wag transferred to the thermostatted constant»temperature bath. Rapid
sampling of the solutions was carried out by flushing the sample, which was
now stored under a slight over-pressure of dinitrogen, from the vessel into
the infrared cell through a small bore plastic tube fitted with a tap. In
this procedure allowance was made for the dead volume of the tubing to
ensure that the spgctrum of the freshly sampled reaction mixture was
obtained. Reactions were followed to completion, yielding an average of ten
absorbance against time pairs, when points due to reaction before thermal
equilibrium had‘been reached were excluded. The measurements were processed
by the method given in Appendix A and the deriyed plots of kK bg 29ainst
entering ligand concentration fitted to rate law (4-4) by means of an

unweighted linear least-squares computer program giveh in section A-4.
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TABLE 4-1.

Rate constants for Reactions of Cr(CO) (n4-buta-1 3-diene)a
with alkadienes.

Entering Group Concentration 104 K b
/mol dm~3 /s~ 1

0.1863 23,76

cycloocta~1,5-diene 0.2459 25.75
0.2563 24.51

T/K = 299.7 0.3106 26,94
0.3428 25,89

0.3870 25,92

0.4318 26.86

0.1125 20.98

norborna-2,5~-diene 0.1632 21.63
0.2250 22.75

T/K = 299,7 0.2563 21.58
0.3250 22,99

0.3541 23.59

0.3875 22.04

0.4213 23.31

Footnote,

a Reactions carried out in heptane solution.
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TABLE 4-2.

Rate constants for Reactions of
Cr(CO)A.(n4-t,t—hexa—2,4-diene)a with alkadienes.

Entering Group Concentration 104 4 bs
/mol dm~3 /s~1 ©
0.0510 48.07
cycloocta~1,5-diene 0.0680 47.71
0.0850 48.79
T/K = 299,7 0.1021 48,01
0.1191 49,26
0.1361 48,98
0.1531 49.03
0.1701 48.54
0.0561 50.70
norborna-2,5~diene 0.0748 53.65
‘ 0.0935 51.70
T/K = 299,7 0.1122 53.07
: 0.1309 ' 52,96
0.1496 52.48
0.1683 54.26
0.1870 52,33

Footnote.

8 peactions carried out in heptane solution.



Derived Rate Constants for Reactions

of Cr(co),.(n’-alkadiene).
v

Gives an estimate of the fit of the experimental

data to the theoretical model.

Abbreviations:

1,3=but = buta=-1,3-diene ;
2,4~-hex = t,t-hexa-2,4~diene ;
1,5-cod = cycloocta-1,5~diene ;

norborna-2,5-diene.

Leaving Entering 104 k4 104 ky 104
Group Group /s”1 /™1 am™3 mo1” /s
1,3-but 1,5-cod 22,4 1.2 10.6 3.8 0.08
1,3-but 2,5=nbad 20.6 0.7 6.3 2.3 0.07
1,3=-but P(OMe)3 19.0 2.6 375.7 29.7 3.42
2,4~hex 1,5~cod 47.6 5.1 8.2 4.4 0.48
2,4~hex 2,5-nbd 51.4 1.2 10.6 8.9 1.06
Footnotes

177
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TABLE 4-4.

Rate constants for Reactlions of
Cr(CO)A,(qf-t,t-hexa-2,4-diene)a with trimethylphosphite.

Entering Group Concentration 104 b
/mol am™3 /g1 °°8

: 0.0144 ' 26.54

trimethylphosphite : 0.0288 30.53
0.0576 38.53

T/K = 299,.7 0.0721 45,19
0.0865 53,81

0.0883 . 53.79

0.1009 49,99

0.,1135 61. 15

0. 1441 77.07

Footnote.

a Reactions carried out in heptane solution.
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CHAPTER FIVE: THERMAL ISOMERISATYON OF ALKENES AND ALRADIENES

INDUCED BY METAL CARBONYLS AND THEIR DERIVATIVES.

5.1 ALRADIENE ISOMERISATION REACTIONS.

S.1.1 Introduction.

Potentially one of the most important uses of the d8 metal
carbonyls and their derivatives lies in the catalysis of organic reactions.
It has been known for some years1'2 that the thermal isomerisation of a
number of alkenes and related compounds takes place under less rigorous
conditions in the presence of a transition metal carbonyl catalyst. This
being the case it would seem that a detalled knowledge of the mechanism of
transition metal assisted isomerisatlion reactions would be of value in the
desigh of organic syntheses involving unsaturated hydrocarbons. It is for
this reason ﬁhat a number of investigations of transition metal carbonyl
catalysed alkene isomerisation reactions have been published in recent
times 3'15, The available evidence suggests that metal assisted
isomerisation proceeds through a series of 1,3-hydride shifts, whilst in
the absence of catalyst the isomerisation proceeds through 1 S-hydride
shifts. Currently the most widely accepted model for transition metal
catalysed isomerisation involves formation of a 1¥-allyl metal hydride
intermediate as the catalytically active species. The 1 -allyl metai
hydride mechanism, illustrated in FIGURE 5-1, was originally proposed by

! and by Pettit and has been the subject of a number of reviews,_

Manuel
notably and13. Experimental evidence for the mechanism has been 1arge1y
inferential, since it has not proved possible to isolate intermediates A, B
or C during the isomerisation of acyclic alkenes. by iron carbonyls and

3-9,15

thelr derivatives « When work is carried out on metal assisted

- isomerisation of cyclic alkenes’and alkadienes , systems for which species
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such as A (FIGURE 5-1) may be independently synthesised, the results are

not wholly consistent with the simple 4Y-allyl hydride model.

A careful study by Barborak and coworkers has revealed that the
catalytic isomerisation of 9,9?dichlorobicyclo[6.1.0]non~3—ene (1) by
Fez(co)9 to yield the corresponding non-2-ene isomer (II) does not proceed
by way of the tetracarbonyliron complex of (I) as would be predicted if the
model given by FIGURE 5-1 was followed. Under conditions found to produce
isomerisation of (I) to yield (II) the tetracarbonyliron complex of (I),
(III) was found to decompose slowly to yield (I) almost exclusively. It
would therefore seem rather unlikely that (III) is formed as an
intermediate in the isomerisation of free (I). Since ligand isomerisation
is accompanied by extensive formation of Fe3(CO)12 the authors suggest that
complexation of (I) by the tetracarbonyliron moiety is not required for
isomerisation to take place, but that An lon pair is formed with an allyl
cation and a tetracarbonyliron hydride anion; which may undergo
polymerisation to yiéld the dodecacarbonyltriiron species. The mechanism is
illustrated by FIGURE 5-3. A more recgnt study by the same group15 has
indicated that ilsomerisation of the bicyclic hydrocarbon cis~
bicyclo[6.2.0]dec-9-ene by Fe,(c0), in refluxing hexane reéults . :
multipositional isomerisation of the alkene. The authors C§nsider ﬁhat the
findings can‘be accodnted for in terms of a ?f-allyltricarbonylmetal
hydride intermediate. If this is indeed the case it seems tha£ an~‘,
[Fe(CO)3-(ﬂ?-alkene)] intermediate such as (IV) must be‘génerated directly -
from Fez(CO)9 and the alkene since the alternative alkenefetraéarboﬁylir;n,»
intermediate (V) would not be expected to isomerise uhder the conditions by

analogy with species (II1).
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A number of other groups have put forward evidence for the
generation of the species [Fe(C0)3] by thermal or photolytic dissociation
of Fe(co)5 and Fez(CO)g. Wrighton et al. have found that the species

Fe(co)3.(Vf—a1kene) is a primary photoproduct of the reaction between

Fe(co)5 and alkenes10; whilst Gibson and coworkers have concluded that
[Fe(CO)3] is generated in both thermal and photochemical reactions between
Fe(co)5 and alkadienes7. Perhaps the most convincing experimental evidence
for the genqrétion of [Fe(CO)3] is the kinetic work of Cardaci on
substitution reactions between Fe(co)4-(ﬂ?-alkene) and Group V? 1igands32_
The author discovered that the reaction resulted in the formation of two
products : Fe(CO),.L and Fe(CO)y.L,, where (L= Group V® 1igand). Since it
is known that species of the type Fe(CO),.L do not undergo further
substitution to yield Fe(CO)4.L, under the conditions used in Cardaci's
experiments31 it seems that an [Fe(CO);] intermediate must be implicated.
The scheme postulated for the substitution process is given by FIGURE 5-5,

It is interesting that [Fe(CO),;] has been detected in low yield as a

product of the photolysis of pentacarbonyliron in low temperatﬁre

matrices16.

In view of the possible intermediacy of
alkenetricarbonylmetal species in the alkene isomerisationApfocess, work
with suitable alkadienetricarbonylmetal species seemed likely to provide
further information on the isomerisation mechanism, 2 study of the
literature indicated that cycloocta~-1,5-diene undergoes isomerisation to‘
yield cycloocta~-1,3-diene when heated at 145 C in the presence of Fe(co)sr
2(2) .nd that the complexes Fe(c0),. (0} -cyc;oocta~1,5-diene) and Fe(PRy)y: (0
44-cycloocta-1 5-diene) are thermally isomerised to the cﬁfréséohdihév
cycloocta=-1,3-diene complexes under rather milder conditions19 34
_Consequently the reactivity of cycloocta-1 3~diene, cycloocta-1 4—diene and ;_

’ ,cycloocta-1 S-diene were investigated with iron and ruthenium carbonyls as
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the potential isomerisation catalysts.

5.1.2 RESULTS AND DISCUSSION.

In Chapter Three of this thesis it was stated that ligand
exchange reaction between Fe(CO)3-(nf—benzalacetone) and cycloocta=1,5-
diene resulted in a mixture of Fe(C0)3-(ﬂ?-cycloocta-1,5-diene) and its
isomerisation product Fe(CO)3-(nf-cycloocta—1,3-diene) if the system was
studied at 90°C in toluene. Ligand exchange between cycloocta-1,3-diene and
Fe(C0)3~(nf-benzalacetone) was not found to go to completion under the

above conditions but no isomerisation of the complexed ligand was observead

in this case.

Preliminary studies of the thermal behaviour of the complexes

Fe(c0)3.(nf-cycloocta-1,5-diene) (VI) and Fe(c°)3‘(ﬂ?'CYC1OGCta~1,3-diene)

18 revealed that the former

(VII), synthesised according to references1 and
underwent smooth isomerisation to yield (VII) without appreciable
decomposition whilst the latter decomposed very slowly to yield a mixture
of iron carbonyis and free cycloocta-1,3-diene. In view of the results

obtained for Group VIb metal carbonylsm'20

where isomerisation results in
formation of the 1,5-isomer exclusively by way of a metal catalysed ligand
isomerisation a series of experiments was initiated to determine the

factors influencing isomerisation in & metal catalysed systems.

In designing a Suitable set of experiments account had to be taken
of the wide range of metal carbonyls and their derivatives which have been‘
implicated in the qatalysis of alkene isomerisation3 18.‘The preliminary
experiments revealed that the following carbényl complexes were'pfeseht in :_

the reaction mixture at some stage during‘the isomerisation of‘cycloocta~



184

1,5-diene :

(1) Fe(CO)3.(qf-benzalacetone)

(ii) Fe(CO)3.(qf-cycloocta-1,5-diene)

(1iii) Fe(co)3.(q?-cycloocta-1,3-diene)

(iv) Fe(CO)g
Analysis of reaction mixtures by gas-liquid chromatography (g.l.c.)
revealed that cycloocta-1,5-diene and cycloocta=-1,3~-diene were the only

free dienes present at detectable concentration during the course of the

isomerisation.

A further consideration was the possibility of the existence in
the reaction mixture of free or complexed cycloocta-1,4-diene at some stage
of the isomerisation process. Although the preliminary work provided no
direct evidence of either species in the reaction mixture at any stage,
both of the possible methods of isomerisation, ‘1,2~ angd 1,3~hydride shifts,

would involve at least transient existence of the free or complexed 1,4~

alkadiene.

In view of the need to investigate the role of each of these
species in the isomerisation process four different carbonyl species were
investigated with each of the cyclooctadiene isomers : the species employed
are those given in (5-7)- Additional experiments were carried out using the
well known metal carbonyl catalysts M;(CO),, (M= Fe, Ru ) , whilst the
results of the catalytic systems'involving the substrate cycloocta~1, 4=

diene were compared with those for cyclohexa=1,4~diene,
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5.1.3 Ligand Exchange Systems involving the Leaving

Group Benzalacetone.

(i) cycloocta~1,3-diene entering group.
Ligand exchange experiments with ligand : complex ratios of

150:1 were carried out in toluene at 90-100°C and in heptane at 95°C. In
both cases ligand exchange was found to be slow relative to that observed
with the other cycloalkadiené entering groups described in Chapter Three.
At 90°C in toluene the apparent pseudo-first-order rate constants for the
exchange varied between 1.5 x 1074 5-1 for ligand : complex ratios of 10:1
to 5 x 1074 5—1 for a ratio of 120:1. At the lower concentrations of the
entering group decompoéition of the carbonyls was not marked, with
Fe(co)3.(7f—cycloocta-1,3-diene) as the sole product of the exchange.
Decomposition of the carbonyl complexes was markedly faster in heptane
solution than in toluene. At the higher ligand concentrations rate plots
for the exchange process showed pronounced curvature, whilst decomposition
of the product to yield pentacarbonyliron was observed on continued
heating. In an attempt to discover the reason for the curvature of the rate
plbts competition studies ﬁsing the complexes Fe(co)3'(ﬂf"benzalacetone)
and Fe(CO)s.(qf-cycloocté-1,3-diene) with the entering groups listed in
TABLE S5-1 were carried out in toluene at 60°C. Thé clear implication is
~that the exchénge reaction does not show pseudo-first-order rate behaviour
due to competition‘betwgen the leaving group and the entering QrOUP PEI .

coordinatively unsaturated intermediate generated by the ékchange.

(i1) cycloocta—i 4-diene entering group.
with the non—conjugated diene entering group, cycloécta~1 4-

> diene, the exchange reaction with Fe(CO)3.(n’-benzalacetone) was found to

proceed rapidly in heptane at 95° c. Using a ligand : complex ratio of 240 1

. exchange was complete after two hours with negligxble decompositien of the
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carbonyl species. The sole complex generated by ligand exchange was
Fe(co)3.(q?-cycloocta-1,3-diene). A g.l.c. analysis of the free ligand
revealed that the 1,3-diene isomer began to appear after two hours and
increased steadily in concentration with continued heating. No 1,5-diene
was observed at any stage. Prolonged heating of the solution generated
increasing amounts of pentacarbonyliron with accompanying decreases in the

concentration of the 1,3-diene complex. FIGURE 5-7 illustrates the changes

in concentration of the various complexes and free ligands with time.

It is noteworthy that ligand exchange using free 1,4~-diene as
entering group resulted in rapid and quantitative generation of the

complexed 1,3-isomer under conditions where exchange with the free 1,3~

diene is slow.

(iii) cycloocta-1,5-diene entering group.

Exchange reactions with the entering group cycloocta~1,5«
diene were carried out in toluene at 100°C and in heptane at 95°C, In all
cases isomerisation of the free ligand to yield the 1,3-isomer was observed
following initial displacement of the enone to yield a mixture of cycloocta
-1,3~diene and cycloocta=-1,5-diene tricarbonyl iron oomplexes, When the
exchange reaction was carried out in heptane sOlution‘usihq a ligand to,
comple# ratio'of 40:1 the product mix;ure was found to contain equal
concentrations of the complexed 1,3~ and 1,5~isomers of cyclooctadiene,
Disappearaoce of the last of the benzalacetone complex Qas acco@panied by A‘
decrease in the proportion of the complexedr1 5-isomer, Analysis of thé'
free ligand revealed a smooth but slow isomerisation of the 1, 5-isomer to
yield the 1,3~ isomer, whilst no evidence for free 1 4~isomer could be
obtained. Decomposition of metal carbonyl species Was most marked using
this solvent, A graphical illﬁstfation of the,progreésbof tﬁevisomeriéation‘ j"

is given by FIGURE 5-8.
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In contrast reactions carried out in toluene using

ligand to complex ratios of 180:1, 200:1 and 240:1 gave remarkably uniform

results with little decomposition over the period of initial ligand
exchange. In all cases the disappearance of the Fe(CO)3-(n?~benza1acetone)
complex was accompanied by appearance of a quantitative yield of the ligand
exchange product, a 1:1 mixture of the complexed 1,3~ and 1,5-isomers.
Complete exchange was found to take place over 2 to 4 hours, depending on
the initial entering ligand concentration. The initial ligand exchange
process was followed by slow isomerisation of the complexed cycloocta~1,5~
diene to yield complexed cycloocta-1,3-diene. The isomerisation was
accompanied by slow decomposition of the 1,3-diene complex to yield
Fe(co)5. The first appearance of free cycloocta-1,3~diene in the reaction
mixture was found to coincide with the end of the initial ligand exchange.
Isomerisation of the free ligand then proceeded smoothly to yield 45% of
the 1,5-isomer and 55% of the 1,3~isomer after 60 hours. After 120 hours
the proportions of the free ligands in the mixture were 1:5¥isomer 5% and

1,3-isomer 95%. No evidence was found for either complexed or free

cycloocta~-1,4~diene.
(iv) Cyclohexa-1,4-diene entering group.

The reaction between Fe(CO)3-(n?-benzalacetone) and cyclohexa-1,4-
diene was studied in toluene at 90°C and in heptane at 95°C. Liéand
- exchange was found to be very slow taking 150 hours to go to complaticn in
toluene using an entering ligand : complex ratio of 90:1 and 50 hours in
heptane at a ligand : complex ratio of 240:1. The reactions in heptane were
found to be very air sensitive, an observation in accord with previous o
reportsz(b) whilst the sole product of the 1igand exchanga was found to be
Fe(co)3.(1l—cyclohexa—1 3-diene). No isomerisation of the free cyclohexa—

1, 4—diene ligand was observed and no evidence fcr an intermediate af



188

structure Fe(CO)3-(ﬂ?—cyclohexa—1,4-diene) appeared in the infrared

spectrum.

5.1.4 Ligand Exchange Systems involving the Leaving

Group cYcloocta-l,B—diene.

(1) cycloocta-1,3~diene entering group.

The system Fe(co)3.(nf-cycloocta-1,3-diene) - cycloocta~1,3-diene was

studied in toluene at 100°C and in heptane at 95°C. Using ligand : complex
ratios of between 90:1 and 240:1 no evidence of free ligand isomerisation

was found, whilst the only carbonyl species observed were Fe(Co)3.(n?
cycloocta-1,3—diene) and its thermolysis product Fe(co)s.

In order to investigate the mechanism of generation of Fe(co)s
from Fe(co)3.(nf~cycloocta-1,3-diene) the alkadiene complex was thermolysed
in heptane. The complex éoncentration uéed was 0.245 mol dmf1,
significantly more concentrated than that used for the exchange reactions,
go that the course of the thermolysis could be followed by n.m.r.
Spectroscoéy. After~6-10 hours of heating/the solution took on a deep green
colouration suggestive of the formation of Fe,(C0),,, though the infrared
spectrum was ;ncoﬁclusive since the bridging carbonyl stretching vibrations
of the cluster carbonyl could not be definitely assigned. The final
solution obtained after 50 hours of heating was a deep orange colour with
an infrared spectrum characteristic of pentacarbonyliron. A Beer—Lambert

law analysis of the thermolysis of an 0.005 mol am -3

solution of Fey(co),,
under identical conditions was found to yield two moles of Fe(CcO)g from
each mole of Fe,(CO),, used in a smooth reaction which had reached

completion after 30 minutes;
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(ii) Cycloocta-1,4~diene entering group.

This system was studied in heptane at 95°C with ligand :
complex ratios of 40:1 and 240:1. Analysis of the infrared spectrum of the
reaction mixture revealed that the principal metal carbonyl species present
during the reaction was Fe(CO)3-(n?-cycloocta-1,3-diene) though a small
band with a carbonyl stretching vibration at 2021 cm'-1 was seen between t20
and t1540, reaching a maximum intensity after 270 minutes. This absorption
was found to decrease in importance as the concentration of the Fe(CO)5
generated by thermolysis increased. By analogy with the known species
Fe(CO)3.(n?-benzalacetone)-(SbPh3) 37 the intermediate seems likely to be a
bis(q?-diene)tricarbonyliron species. After 80 hours the proportions of
Fe(co)3.(qf-cycloocta-1,3-diene) and Fe(CO)5 were equal whilst the free
cycloocta=-1,4~diene ligand had undergone complete lgomerisation to the

corresponding 1,3-diene free ligand. There was no evidence of the 1,5;

isomer in the product mixture. FIGURE 5-9 illustrates the course of the

isomerisation.

(i11) cycloocta~1,5~diene entering group.
Reactions were carried out in toluene at 100°C and heptane at

95°C with resu;ts dependent on the degree to which air was excluded from

the system.

For tﬁe toluene reactions a ligand : complex ratio of 240:1 was
used. Unaer_cénditions where alr was ?igorously excluded infrared Bpect?a
of the initial period of the reaction éhbwed equal concentfatiogs of ‘tha'’
complexes Pe(C0);- (]'~cycloosta=1,5-diene) and Fe(CO),« (1i-cyclooota-t, -
diene). After 2 houré the concentration of the 1, 3;diehé ;ompléx w&srfouﬁd E
to increase slowly relative to the 1 5= diene complex, which had disappeared
entirely after 50 hours. No Fe(CO)5 was generated during the period of the

reaction which resulted in'complete isomerisation of the 115’diene free
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ligand to yield the 1,3~diene within a 60 hour period.

Following the reaction in heptane at 95°C using an entering
group to complex ratio of 40:1 complete isomerisation of the 1,5-diene free
ligand had occurred after 45 hours at which point the complexed 1,3-isomer
and its thermolysis product Fe(CO)5 were the only metal carbonyl speciles
remaining. Owing to the higher resolution of the infrared spectra in
heptane than toluene a small absorption with a maximum at 2021 cm" could
be seen in the early period of the reaction in addition to the bands
assigned to Fe(CO)s-(n?-cycloocta-1,3-diene) and Fe(CO)3.(ﬂf-cycloocta-1,5—
diene). This species attained an absorbance of 0.55 after 6 hours of
reaction before decreasing as the proportion of free 1,3-isomer in the
reaction mixture increased. After 20 hours the unidentified band became
partially masked by the increasing amount of Fe(CO)5 generated by
thermolysis of Fe(CO)3-(q?-cycloocta-1,3—diene) but could still be observed
as a "ghoulder" until isomerisation of the free ligand was complete. The

course of the isomerisation is illustrated by FIGURE 5-10,

(iv) cyclohexa-l,d—diene entering group.

| The system Fe(co)3'(q?'cY°1°°°ta‘1:3-diene) ~cyclohexa~1,4~diene was
‘studied in heptane at 95°C. Ligand : complex ratios of 40:1 and 260:1 wefe
used with the reaction mixtures monitored by a combination of infrared
specttoscopy and g.l.c, A small amount of decomposition of the 1,3-diene
complex was obsef&ed in the infrared spectrum but no isomerisation of'ffee'
cyclohex§—1,4-diene could be observed from g.-l.c. traces. No eQidence of

the formation of complexed cyclohexadienes wag obtained.



-10" tn(k/ T)

165

155

135

1254——
215

145

e 285 ey B 305




191

5.1.5. Ligand Exchange Systems involving the Leaving

Group cycloocta-1,5~diene.

Preliminary experiments using cycloocta~1,5~diene as the
leaving group in ligand exchange reactions revealed that, in the absence of

free 1,5~isomer, the complex underwent rapid thermal isomerisation to yield

Fe(CO)3-(ﬂf—cycloocta-1,3-diene). The experimental systems then followed

the pattern of isomerisation reactions catalysed by Fe(C0)3-(ﬂf~cycloocta-

1,3-diene) The evidence available suggested that the thermal isomerisation
proceeded smoothly to give a clean, quantitative yleld of the 1,3-diene

complex; Based on this information it was decided to undertake a study of
the kinetics of isomerisation of complexed 1,5~diene. Accordingly the rate

of thermal isomerisation of Fe(CO)3.(n?_cyclaqcta~1,5-diene) to Fe(co)3.(n?
-cycloocta-1,3‘diene) was studied in toluene solution by infrared
techniques used for the kinetic experiments described in Chapter Three.
From rate measurements taken at several different temperatures in the range
60-90°C it was possibie to derive activation parameters for the
{somerisation using Transition State Theory: the rate data obtained is
given in TABLE 5-2. Data analysis was carried out using the computer
program described in Appendix A-~3, FIGURE 5-11 gives a graphical
representation of the fit of the data to the model. The activation
parameters calculated were;

AH = 112,9 (3.9) kJ mol™'; As = 7.3 (11.6),§u.
which fall in the typical range for an intramolecular '1,3-hydride shift.
mechanism, whilstuthe‘calculatedll!{ would be exéepﬁionally large for a
“1,2=~shift mechanism3f The absence of any detectable intermediaté in the
infrared épectrum»spggested that the rate;deterﬁininé sﬁep'in,£her-, 

isomerisation of the complexed diene resulted in g,sbécies S b

repid reorganisation to yield ﬁhe Fe(¢0)3'(n?’cycloocta-1,3~diene)‘produét.,



192

5.1.6 Systems involving Pentacarbonyliron as the Catalyst Precursor.

In view of the known catalytic activity of solutions of

pentacarbonyliron towards alkene isomerisationz’10 attempts were made to
discover whether this complex acted as an isomerisation catalyst under the
conditions used for the present diene isomerisation reactions. Since it isg
known 31 that the reactivity of Fe(CO)5 towards substitution ig strongly
dependent on the purity of the carbonyl, experiments were carried out using

fresh samples of the complex dissolved in rigorously degassed solvents.

Pentacarbonyliron was not found to be catalytically active
towards the thermal isomerisation of cycloocta-1,5-diene under the
conditions used for the other isomerisation reactions, whilst cycloocta=~1,4
-diene was isomerised only very slowly in refluxing toiuene. In attempts to
discover the reactivity of the carbonyl complex towards diene
isomerisation, a series of experiments was carried out in decalin solvent
at temperatures between 125 = 150°C. Using this solvent the cycloocta-1,4-
diene ligand was found to undergo smooth isomerisation to cycloocta~1, 3~
diene at i35°c’over a period of 20 hours. Results with the cycloocta~1, 5«
diene free ligand were lé»'il‘s consistent with isomerisation rates appearing
to depend strongly on the purity of the reagehts‘used. However the onset of
isomerisation ?equired temperatures in excess of 140°C with measurabie
rates only found at 145°C for pure reagents, Thé‘present results are
consistent with those of Tayim et al. for Systems involving cycloocta~1, 4~
diene12 , and in outline with those of Pettit and coworkers for the
isomerisation of cycloocta-1 S-dienez(b). The elevated temperatures
necessary for isomerisation using pentacarbonyliron as a catalyat precursor '
seem to indicate that thermal dissociation of the substrate takes place to 5
yield [Fe(cO0),] and possibly [Fe(CO) 3l which then react with the |

cyclooctadienes. At the temperatures used in referencea2 and it would
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seem that Fe(CO)3.(qé-cycloocta-1,3-diene) was generated in a metal-
assisted isomerisation and that this complex then decomposed under the

rather extreme reaction conditlons to regenerate Fe(CO)5 and the free

cycloocta=~1,3-diene ligand.
5.1.7 Systems involving H3(CO),2 ag a Catalyst Precursor.

A considerable body of evidence has accumulated to suggest that

species of the formula M;(CO),,, where (M= Fe, Ru ), serve as effective
catalyst precursors in alkene isomerisation3‘6. In view of the probable
generation of Fe3(CO)12 under the conditions used for the isomerisation
experiments the reactivity of Fe;(CO),, and Ruy(CO),, towards cycloocta-1,5
~diene and cycloocta=-1,4-diene were investigated. Systems involving
Fe3(CO)12 ag catalyst precursor were found to result simply in carbonyl

decomposition at 95 - 100°C in toluene and heptane. The only products

obgerved were Fe(co)5 and the un-isomerised diene ligand.

In contrast Ru3(CO)12 was found to behave as a very effective

catalyst for diene isomerisation at 95°C in heptane,

(i) Cycloocta—1,4;diene_entetinq group systems,

When Ru3(CO)12 was allowed to réact with‘cycloocta-1,4-d1ene
using a ligand : complex ratio of 40:1 the free organic ligand was‘found to
isomerise to a mixture of cycloocta~1,3~diene and cycloocta~1,5~diene withr‘
the reaction going to completion in 75 hours at 95°C, Analysis of the
infrared spectrum revealed that a second carbonyl species had appearéd
after 2 hours, gradually increasing in importance to reach the same
proportion as Ru3(CO)12'after 70 hours. No marked degree of decomposition
of the carbonyl species was noted during the course of the reaction.;Frea

cycloocta-1 3- diene began to occur in the reaction mixture after 4 hours in
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conjunction with a trace of free cycloocta-1,5~diene. The proportion of
free cycloocta=-1,3-diene in the mixture increased steadily until the
completion of isomerisation at 70 hours, whilst the concentration of the
1,5-isomer showed no appreciable increase following its initial appearance.,

FIGURE 5-12 illustrates the changes in concentration of the species in the

reaction mixture with time. The intermediate observed had the following

infrared spectrum :

¥=CO str. = 2069(w), 1991(s), 1983(s) cm"'1 ; heptane .

This compares with the reported spectrum ;:
Y-CO str. = 2067(w), 1990(s) cm-1; cyclohexane18;
corresponding to the & ,ff -allyl complex illustrated in FIGURE 5-13. This
species has been reported as the éatalytically active species in the
isomerisation of cycloocta=1,5~diene using the complex Ru(CO)3.(nf_

cycloocta-1,5~diene) as the catalyst precursor18

It is notable that all attempts to synthesise the specles

Ru(CO)B.(nf~cycloocta-1,3-diene) have been unsuccessful.

(i1) Cycloocta-1,5-diene enteriﬁg group gystems,

Reaction between Ru3(C0O),, and cycloocta-1,5-diene at a
ligand : complex ratio of 40:1 in heptane at 95°C was found ﬁo result in
isomeriéation of the free ligand to yield cyclbocta—1(3—diene as the sole
product‘at thé complet;on of reaction. Anaiysis of the infrared spectrum of
the reaction mixture revealed that Ru (CO)12 underwent rapid reaction with
cycloocta~1,5~diene to produce a quantitative yield of the known species
Ru(co)3.(n,-cycloocta-1 5=diene) within 30 minutes of the start of
reaction. The 1,5-diene species was the only identifiable carbonyl 8pecies
present in the. reaction mixture during the course of free 1igand
isomerisation. Isomerisation of the free 1 /5=1isomer was monitored by g.l.c,

and was found to proceed in the manner described by Lewis et a1, « Free
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1,4-isomer accompanied by a trace of the 1,3~isomer was first noted in the

reaction mixture after 30 minutes and increased steadily relative to the

1,5-isomer from this point onwards. As the isomerisation proceeded the

proportion of the 1,3-diene relative to the 1,4~ and 1,5~gpecies also

increased. After 20 hours the relative proportions of 1,3-diene : 1,4-diene

: 1,5-diene were approximately 40:35:25 with little evidence of

decomposition of metal carbonyl species. The isomerisation was found to

reach completion after 50 hours with 1,3-diene as the sole free organic

product. The course of the jsomerisation is illustrated by FIGURE 5-14.

5.1.8 Mechanistic Implications of the Experimental Observations.

It is clear from a cursory exanination of the experimental
results that ruthenium catalysed alkadiene isomerisation proceeds by a
different mechanism to that catalysed by iron complexes. The results of
experiments in which the free ligand cyclohexa-1,4~-diene is used suggests

important differences in ligand reactivity between cyclohexadienes and

cyclooctadienes. For this reason the results are best examined in three

separate categories.

(a) Iron catalysed alkadiene isomerisation.

Three other research groups?* 1222 yave studied the .
isomerisation of cycloctadienes by iron carbonyls with results which are
broadly consistent with those presented here. The following observations
may be made 1 -

(1) free cycloocta-1)5-diene is isomerised to:free Cy010cta*1,3-diéne
in the presence of a number of iron carbonyls and'théir derivati‘;;as.‘v
‘Isomerisation catalysed bY>Pentacarb§hy11fon océﬁrs oﬁli ﬁhder'rather

extreme conditions‘z if pure samples of the carbonyl are used. In this

‘context it shpuld be note that in thé”presentrwcrk isomerisation of free
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cycloocta~1,5=diene by Fe(CO)5 in the absence of solvent was found to
proceed at an appreciable rate above 140°C , conditions much more vigorous
than those reported by Pettit and coworkersz(b). Rather less extreme
conditions were required for isomerisation of free cycloocta-1,4-diene by
pentacarbonyliron, a finding in keeping with the results of Tayim et a1.12.
However the conditions needed suggest that carbonyl dissociation to yield
tetracarbonyliron is necessary for catalytic systems involving
pentacarbonyliron.

(ii) Less vigorous conditions were needed for thermal isomerisation

using species such as Fe(CO),.L, as catalyst precursors. The experimental
evidence suggests that systems involving Fe(CO)3-(qf—benzalacetone),
Fe(co)3.(nf-cycloocta-1,3-diene) and Fe(CO)3'(7f-cycloocta-1,5-diene) as
catalyst precursors involve a common mechanism. It may be tentatively
suggested that isomerisations proceeding with cycloocta=-1,4~diene
substrates also follow this mechanism since a long lived intermediate which
showed a infrared carbonyl stretching vibration at 2021 om™ ! in heptane was
observed during the course of the kinetic experiments : this species has
been assigned the structure Fe(CD)3-(q?—diene)2 + The thermal isomerisation
experiments carried out with the complex Fe(c°)3'(ﬂ?-cy01000ta~1,5-diene)
revealed that isomerisation ﬁo the eompiexed 1,3-diene isomer occurs
readily under the conditionskused for the free‘ligahd isomerisation
reaction. However, although the activation parameters were suggestive of
the intramolecular 1,3-hydride shift mechanism to be expected for a metal
assisted isomerisation, the 1,3-diene complex generated did not appear to
be labile with regpect to ligand displacement in the absence of suitable»
entering group. A‘comparison of ekperiments carried out in the‘preaence of
free cyloocta-1,5fdiene indicated that Fe(C0)3-(qf-cycloocta~1,3-diene)
undergoes exchaﬁge witb tﬁe 1,5-diene‘free ligand under the cqnditions used

for the free ligand isomerisation. The reaction between the benzalacetone

complex and free éycloocta-1f5-dieneﬂwould, on the other hand,‘be expected
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to generate only the complex Fe(CO)3o(q?-CyCIOOCta-1,5—diene) in the
initial steps. Since in practice equal proportions of the 1,3~ and 1,5-
diene complexes from from the start of the reaction it seems that the rate
of ligand exchange is slow relative to the rate of intramolecular
isomerisation. A further observation would appear to be that cycloocta~1,5-
diene is a better entering group than cycloocta-1,3-diene in this type of
system since rates of ligand exchange with the benzalacetone complex are
markedly greater with the 1,5-isomer as the entering group than with the
1,3~isomer. Since free ligand isomerisation occurs for all systems at a
period before the first appearance of thermolytically generated
pentacarbonyliron it seems that the known isomerisation catalyst Fe3(CO)12
3-6 does not play a significant part in the isomerisation processes
currently under consideration. In view of the absence of definite evidence
for the nature of the intermediates in the isomerisation process the
reaction scheme illustrated in FIGURE 5-15 is postulated to account for the
experimental evidence found during the isomerisation of free cycloocta~1,4-
diene or free cycloocta=1,5-diene by tricarbonylmetal species. The
available evidence would suggest that the rate of isomerisation of
coordinated cycloqta~1,4-diene to cyloocta=-1,3~-diene is fast relative to
the rate-determining step in the intramolecular isomerisation of
Fe(co)3.(n?-cycloocta—1,5-diene) to yield Fe(co)3'(Q?-CYCloocta-1,3—diene)
which presumably also proceeds by way of coordinated 1,4-diene. Indeed the
absence of experimental evidence for the generation of free 1,4-diené
during the isomerisation of free cycloocta~1,5-diene suggests that
coordinated 1;4-diene undergoes lsomerisation at a rate whicﬁ is séveral
orders of magnitude greater than the rate of ligand dechelation. The
relatively low Qoncentfation attained by the intermediate whose infrared

1 in the isomerisation of free

spectrum includes ¥-CO str. = 2021 cm™
cycloocta~1,4-diene would tend to support this argument. The activation

paramétera for thermal isomerisation of the'complex Fe‘¢°’3~(ﬂf-cycloocta~~
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1,5-diene) in toluene support the view that an intramolecular 1,3~hydride
shift mechanism operates and,‘since the A S for the process approaches
zero a non-dissociative M-allyl metal hydride mechanism gives the best
explanation of the high value of A H ; owing to the necessity for the

rearrangement of the ligand ff-bond framework and for the intramolecular

transfer of hydride from the ligand to the metal.

Both cycloocta-1,5-diene and cycloocta=-1,4-diene isomerisation result
exclusively in free cycloocta-1,3~diene when iron carbonyl species are used
as the isomerisation catalysts. This presumably reflects the thermodynamic
stabilities of the respective cyclooctadienetricarbonyliron species as
postulated by the ﬁolecular orbital arguments of Hoffmann et a1.23. That
the results of isomerisation are not a reflection of the thermodynamic
stabilities of the free alkadienes is indicated by the fact that, in the
presence of hexacarbonylm01deénum ¢+ both cycloocta-1,3~diene and cycloocta
~1,4-diene are isomerised to yield cycloocta-1,5~ diene as the sole free
diene product12. The results of metal‘catalysed isomerisation reactions

seem therefore to reflect the bonding capabilities of the free dienes with

the metal carbonyl species used as catalysts.
(iii) Further evidence is provided by the results of the
cyclohexa-1,4-diene isomerisation reactions. The experiments described in
the present work indicate that, under conditioﬁs where ligand exchange |
occurs, iron carbonyls fdrm 1,3-diene complexes with cyclohexadienes. Using
the catalyst precursor Fe(CO)B-(n?-bénzalacetone) the complex Fe(CO)3Q(Vf—
cyclohexa—1;3-diehe) is generated as the sole product of ligand exchange .
with‘cyclohexaf1,4~diene(:although no free 1,3-diene is observed. Using the
species Fe(CO)3-(ﬂ?-CYC10°Cta‘1,3‘diene) as tﬁe’potential isomerisgticn
catalyst no iigand exchange is observed, with cyloocta-1 3;diene remaining

the only coordinated diene in the reaction mixture. No isomerisation Qf

free cyclohexa-1 4~ diene is observed. Since isomerisation of the

T
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coordinated diene only occurs when the more kinetically labile leaving
group benzalacetone is used it is apparent that the initial step in the
mechanism must involve ligand exchange to form an intermediate such ag
(VIII) or (IX) of FIGURE 5-16. Subsequent metal-carbon bond dissociation to
yield a coordinatively unsaturated intermediate such (X) would then follow
as has postulated for the isomerisation of analogous 1,4-diene
complexesg’34. On the basis of the mechanism found for alkadiene exchange
reactions with tetrahapto-heterodiene complexes the initial formation of
intermediate (VIII) seems the more likely with the rate of appearance of
the product Fe(Co)3.(n?-cyclohexa-1,3-diene) then reflecting the competing
processes illustrated in FIGURE 5-17. The experimental observations suggest
that chelation of the free double bond of (X) must be slow relative to the
rate of isomerisation since the species Fe(co)3'(qf°CY01Ohexa~1,4-diene) is
not obser&ed. The absence of free cyclohexa=-1,3~-diene in the reaction
mixture indicates that cyclohexa-1,4~diene cannot undergo isomerisation in
the dihapto form at intermediate (VIII) since k_q would generate free 1,3-
diene in this case. The complexed 1,3-diene speclies generated by the
isomerisation does not undergo exchange at temperatures below 150°c 24 and
for this reason free cyclohexa-1,3-diene in the reaction mixture would
result exclusively from decomposition of the product carbonyl complex,
effectively ruling out obéervation of the isomeriseq free diene by gelec,
techniques as employéd in the Present étudy.

(iv) - Accordingly it may be postulated that iron catalysed

isomerisation of non-conjugated cyclic dienes to yield the corresponding -

conjugated diene will take place only if the following conditions can be

met s
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(a) A kinetically labile catalyst precursor is used.

(b) The diene substrate must be capable of forming an
Fe(CO)3-(1?-ally1).(H) intermediate under the reaction conditions.

(c) The Fe(co)3.(qf—conjugated diene) complex resulting from isomerisation
of the coordinated ligand must undergo ready dechelation to yield the free

alkadiene.

A ff~allyl metal hydride mechanism with the rate of isomerisation of the
complexed diene greater than the rate of dechelation of the diene is in

accordance with these findings3’8.

{b) Ruthenium catalysed alkadiene isomerisation.

Catalytic isomerisation of alkehes and cycloalkenes using
R.u3(CO)12 ag catalyst precursor has been studied by a number of different
workers 4,11,35,36 and a variety of metal-alkene complexes isolated from
the reaction mixtures used. Work with alkadiene substrates indicates that
hydridotriruthenium carbonyl complexes of the organic ligands are formed
most readily under the isomerisation conditions but that smaller
proportions of hydridodiruthenium carbonyl complexes and
tetrahaptodienerutheniumtricarbonyls are also generated35'36. In view of
the large number of metal ®f-complexes implicated in alkene and alkadiene
isomerisation by ruthenium carbonyls it is rather difficult to draw
definite conclusions concerning the mechanism of isomerisation. In thia
regard perhaps the most illuminating work'has‘been carried out by Valle and
coworkers4 on the isomerisation of pentenes by Ru3(CO)12- Inrihis stuﬁy the
authors isolated six different ruthenium cluster complexes from the
reaction mixtures; the organic ligand showed dihapto and‘trihaptc ( o=
allyl) coordination whilst all structures involved bridging hydride

ligands. The authors concluded that equilibrium isomer concentrations of

the organic ligands, when associated with the low concentrations of the
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metal cluster complexes were not consistent with any of the isolated
complexes acting as an isomerisation catalyst. The increased rates of
isomerisation obtained by addition of polar substances to the reaction
mixtures, and the inhibition of isomerisation by high pressures of carbon
monoxide led the authors to postulate a dissoclative pathway generating a

T ~allyl metal hydride catalytic species. Lewis et al. have also postulated
a T-allyl metal hydride catalytic species for the isomerisation of

cycloocta~1,5-diene by Ru(C0)3-(ﬂ?-cycloocta-1,5-diene)34.

It was for this reason that the isomerisation of 1,4~ and 1,5~
isomers of cyclooctadiene in the presence of Rua(CO)12 was studied with a
view to discovering whether a mechanism analogous to that found for the

iron systems was applicable to ruthenium systems.

(1) Isomerisation of cycloocta-1,5-diene by Ru3(co)12 at 100°C was
found to proceed at a rate comparable to that observed for the iron
systems. The equilibrium isomer ratio was found to be as follows:

cycloocta=1,3~diene : éycloocta-1,4-diene t cycloocta~1,5=-diene .

(95) (2) (3)

The most striking difference between the results of the iron and ruthenium
catalysed reactions wés the observation of free cycloocta-1,4-diene during
the pre~equilibrium period. The free 1,4~diene was found to be the
predominant isomerisation product during the early stages of the reaction
with the appearance of substantial amounts of the 1,3=isomer only after
disappearance of the majority of the free 1,5~diene. The free ligand
concentrations during the course of the isomerisation arebillustraﬁed’in
FIGURE 5-14. It is‘interesting that a similar pattern of 1somefisation wés
obtained by Lewis et al. for isomerisation of‘cycloocta-1,5-diene cataleed

18

by Ru(c0)3.(rL“-cycloocta-ns-diéne) . The mechanistic implications of the

observatlons are that isomerisation proceeds through consecutive 1,3~
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hydride shifts to yield both cycloocta=1,4~-diene and cycloocta=1,3~diene.
If a 9% -allyl metal hydride mechanism is to be postulated by analogy with
the iron systems it seems clear that the rate of dechelation of the
coordinated ligand in this case must be of the same order of magnitude as
that of ligand isomerisation since free 1,4-diene is observed during the
course of the reaction. The differing stabilities of ruthenium and iron
alkadiene complexes supports this postulate and is illustrated by the
observation that Ru(co)3-(q?-cycloocta—1,5-diene) is generated during the
early stages of the isomerisation process. This species remains the only
metal carbonyl derivative detectable by infrared spectroscopy until
isomerisation of the free 1,5~diene is complete at which point

18 becomes the dominant metal complex.

Ru(co)3.(4—6n?,1d-cyclooctenediyl)
Generation of the @, f ~allyl complex at this stage of the reaction
presumably reflects a thermal isomerisation of the 1,5-diene complex in the
absence of excess free 1,5-diene. This behaviour is in contrast with that
of the analogous iron systems for which isomerisation of the complexed 1,5~
diene results in the formation of the 1,3-diene complex. It is perhaps
significant that independent attempts to synthesise RU(C0)3-(nf—cycloocta~
1,3=diene) have been unsuccessful‘e.

(ii) Isomerisaﬁion of cycloocta=1,4~diene by Ru3(CO)12 under simiiar
conditions to those of (15 resulted in steady isomerisgﬁion of the free 1,4
-diene to yield the 1,3-diene with traces of the 1,5~diene. The equilibrium
concentrations of the free dienes were found to be very similar to thoge
found for (1) : these results are consistent with a common ff—allyl metal
hydride mechanism. A major difference betwgen_the two isomerisation systems
is that only two metal carbonyl species Qere observed during the course §f
the isomerisation: ﬁq(co)3.(4-6 3,1 -cyCIOOCtenediyl)’and R;3(CO)55‘. Since
the;f,11-a11yl speciés was geen to increase steadily ih éoﬁcentration
during the isomerisétioh of the free.1,4—di¢ne it seems‘likely thét,this

species is generated by a reversible step from a ¢ommqn intermediate
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accessible from both the 1,5-diene and 1,4-diene complexes.

Drawing together the evidence it appears that the most plausible
explanation of the experimental observations involves a common 1f -allyl

metal hydride mechanism. Species such as the &, fl ~allyl complex illustrated

35 36

in FIGURE 5-13 and the cluster carbonyl species of references™> and”°,
illustrated in FIGURE 5-18, whilst present in detectable concentrations in
diene isomerisation systems, do not appear to be primary catalytic species.
Rates of isomerisation, equilibrium isomer concentrations and the
concentrations of metal carbonyl species during the course of the
isomerisation would suggest that the primary catalytic species has not been

isolated35'36

. In view of the observation that RU(C0)3-(n?-cy01oocta-1,5-
diene) also acts as a catalyst precursor iﬁ the isomerisation of dienes it
is attractive to suggest that isomerisation proceeds through simple ¢ -
allyl metal hydridé species such as (XI) and (XII) (FIGURE 5-19). Such a
species would be analogous to that postulated for the iron carbonyl systems
and of similar structure to the known catalytic species (XIII), illustrated
in FIGURE 5-19 (14). If (XI) and (XII) are accepted as the catalytic
species a plausible mechanistic scheme is given by FIGURE 5-20, which
resembles that found for the analogous iron systems. It must be emphasised
that the above schehe is merely a plausible principal route for diene
isomerisation and that in view of the number of carbonyl species isolated
from ruthenium catalysed systems other catalytic species may also be

involved in the isomerisation process.
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5.2 ALKENE ISOMERISATION REACTIONS.

5.2.1 Introduction.

In view of the interesting information obtained for the
alkadiene systems a further study was carried out to provide a comparison

with the better investigated alkene isomerisation systems1'3_6'9-13.

For
this purpose it was found convenient to investigate the mechanism of
isomerisation of hex-1~ene by two different types of iron carbonyl catalyst

precursors.
5.2.2 Systems using Pentacarbonyliron as Catalyst Precursor.

Attempts to catalyse the isomerisation of hex~1~ene using
pentacarbonyliron in heptane at 70°C were found to result only in slow
decomposition of the carbonyl species, with no alkene isomerisation. Ready
isomerisation of hex-1-ene only occurred at 140°C in decalin over a period
of several hours. No evidence for formation of a catalytic carbonyl specles
céuld be found from the infrared spectrum of the reaction mixture under
these conditions. As has been reported previously25 the isomerigation
produced a thermodynamic ratio of free linear hexenes{

hex;1-ene {5) : cis-hex=2-ene (25) : trans-hex-3-ene (75)

at equilibrium.
5.2.3 Systems using Fe(CD)4-(Yf-a1kene) as Catalyst Precursor.

_Catalysis of hexene isomerisation by the species Fe(C0)4.(n?-
styrene) was found to proceed rapidly in heptane at 70°C resulting in an
equilibrium mixture of linear alkenes with the sameﬁproportions as were .

found using Fg(co)sxaslisomgrisétion catalyst. Isbmerisationmof the alkene
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free ligand took approximately 2 hours at 70°C according to g.l.c. analysis
of the reaction mixture. A study of the infrared spectrum revealed that
absorptions due to the styrene complex disappeared within ten minutes to
yield a complicated spectrum with a number of broad carbonyl stretching

vibrations close to 2020 cm !

. the region of the spectrum characteristic of
species of the structure Fe(CO)3-(q?—a1kene)2 and of Fe(co)3.(qf-non-
conjugated diene). No definite evidence for Fe(CO)4.(q?-hexene) was seen in

the infrared spectrum of the reaction mixture.

The implication of the above results is that displacement of the
styrene leaving group occurs rapidly under the reaction conditions to yield
[Fe(CO),] or a polymeric carbonyl species such as [Fe,(CO),] or Fes(CO),,
7'13. Capture of the free alkene by the codrdinatively unsaturated iron
carbonyl species then results in isomerisation. In view of the complexity
of the infrared spectrum of the reaction mixture it is difficult to draw
definite conclusions about the structure of the catalytic intermediate but

by analogy with other carbonyl catalysed systems the following observations

may be made.

(i) Observations with a‘number of Fe(CO)4o(q?-aikene) substrates have -
failed to show evidence that the alkene moieties undergo ready
isomerisation under the reaction conditions used for ﬁhe‘presentiwork.
Where measurable rates of isomerisation are not comparable Qith the rate'of
decomplexation of the coordinated ligahd in the systemé presently undér
consideration 3‘8

{ii) The rate of isomerisation in the present study is too large to be
consistent with an isomerisation catalyst generated by dissociation of a

further carbon monoxide dissociation from [Fe(CO),] und&r ‘the reaction;

conditions. Although aféatalytically'active species of the.typé;-[{gg
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[Fe(CO)3.(n?-a1kene)2] would be an attractive model in view of
the likelihood that this species would be kinetically 1abile7 and would
have an infrared spectrum in accofd with that observed experimentally26, it
does not seem probable that such a species can be generated from [Fe(CO)4]
by simple dissociation of carbon monoxide.

(iii) It is well known that tetracarbonyliron polymerises to form
Fe3(CO)12 under the conditions obtaining in the isomerisation reactions.

Dodecacarbonyltriiron is a well known isomerisation catalyst for alkenes 3-

6 but it seems unlikely that this species is an active isomerisation
catalyst for the systems presentl