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ABSTRACT

The kinetics of polyene exchange and substitution in (polyene)Cr(CO)3

complexes has been investigated. The exchange reaction involving
displacement of complexed polyene for free polyene (Chapter 2) has shown two
competing rate determining pathways to be operative; a ligand independent
pathway giving rise to the exchange product and under certain conditions
small amounts of Ct(CO)ﬁ, and a ligand dependent pathway involving

exclusive formation of the exchange product. Both reactions are postulated
to originate from a common reaction intermediate. Structural interpretations

of this intermediate are discussed in the light of theoretical molecular

orbital calculations.

Phosphite substitution of (polyene)Cr(CO)3 complexes to form
[P(OME)3]3Cr(CO)3 is discussed in Chapter 3. 1In contrast to the
exchange reactions, limiting rates at high ligand concentrations are
apparent, indicating the presence of a ligand free intermediate. Such an
Intermediate is consistent with that postulated in the exchange reaction and
enables interpretation of both exchange and substitution reactions in terms
of a common mechanism under different limiting conditions.

Formation of isomeric products fac-L3Cr(CO)3 and mer-L Cr(CO)3 from

3
the substitution reactions together with a study of the fac 3% mer
isomerisation of these octahedral complexes are the subject of Chapter 4.

Kinetic information indicates the isomeric product formation to be a result
of a preceeding fluxional five-coordinate intermediate, whilst the

lsomerisation reaction proceeds via an intramolecular mechanism involving a

six-coordinate trigonal prismatic intermediate.
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1. EXCHANGE AND SUBSTITUTION REACTIONS OF 18-ELECTRON ALKENE AND POLYENE

TRANSITION METAL COMPLEXES

1.1 Introduction

One of the most interesting and rapidly developing areas of inorganic
chemistry is that of organometallic chemistry. Historically the subject
dates back to 1827 with the discovery of Zeise's Saltl . Other notable
early landmarks include the syntheses of methyl and ethyl derivatives of
zinc™ by Frankland in 1848 and Victor Grignard's synthesis of
organomagnesium halides3 in 1900, for which he was awarded the Nobel
Prize. The chemistry of metal carbonyls dates back to 1890 with the
discovery by Mond of Ni(CO)aa. closely followed by Fe(CO)ss; later

years have witnessed an extensive development of the chemistry of metal
carbonyls and their derivatives. More recently the discovery of
ferrocene6 in the early 1950's has led to an extensive application of

organometallic complexes in stoichiometric organic syntheses.

The interest and expansion 1in organometallic chemistry arises not only
from the variety of structures and bonding observed. but equally
importantly from the potential of such compounds to act as heterogeneous
or homogeneous catalysts for chemical reactions. Major developments in
homogeneous catalysis, which 1is the main industrial application of
organotransition metal chemistry. include hydroformylation (1938)
catalysed by metal carbonyls, Zeigler-Natta polymerisation of alkenes
(1955). the Wacker process (1959), alkene metathesis (1964), and the
rhodium catalysed carbonylation of methanol, which has recently been
re-investigated and shown to involve cis—Rh(CO)ZIZ— as the

catalytically active species7.



The continuing growth in the fine chemicals industry to provide materials
for agricultural, pharmaceutical and electronic applications provides
probably the main future area of application of organometallic complexes
in  both stoichiometric and catalytic synthesis. The more rigorous
requirement for selectivity in such reactions, particularly
énantioselectivity, is a subject of much current research. Other current
areas of interest include the anchoring of homogeneous catalysts on
Polymer supports involving inorganic or organic backbones; such materials
have potential in designing systems with selective permeability or
Specific electronic adsorption properties.

The significance of catalysis has undoubtedly accelerated the development
of a systematic study of organometallic chemistry. Though the synthesis of
New compounds still provides great stimulus, there has been an increasing
effort over the last two decades devoted to a mechanistic understanding of
Feactivity using kinetic studies and other methods. Such studies provide
not only a stimulating intellectual challenge, but also practical
applicability in the design and operation of catalysts, including the
i“Creasing important area of metal cluster chemistry. Finally, the recent
deVelopment of theoretical techniques, such as the fragment molecular
orbital approach of Hoffmann8 which may be applied to both ground state
Structures and reaction pathways, has provided an additional stimulus
towards research in the area of reactivity and mechanism in both catalytic
and stoichiometric organometallic reactions, since the latter may provide
"model" systems for particular steps in a catalytic cycle which are not

amenable to direct study.



1.2 Bonding in Organometallic Complexes

The chemical properties of organometallic compounds are determined to a
a large exent by the nature of the bonds between metal and ligand. The
traditional type of 2-electron, 2-centre bond can onlyin part explain the

bonding characteristics of some metal atoms attached to organic ligands.

Of the numerous amount of organometallic compounds reported, bonding may

be classified into five main categories:

l. Tonic bonds - occuring in alkali metals and alkaline earth metals.
2. Electron deficient bonds, such as the formation of M———CH3———M
bridges.

3. Metal-metal bonds, such as in metal cluster compounds.

4. Sigma donor bonds.

5. Pi donor bonds.

The latter two are the most commonly encountered types of bonding in low

valent transition metal chemistry and deserve extra consideration.

1.2.1 Sigma (&) Donor Bonding.

Sigma covalent bonds are formed from the overlap of ligand orbitals of
g Symmetry with suitably orientated metal orbitals of @ symmetry. The
bonds are to some degree polar in character depending upon the differences
In  electronegativity. The carbond donors may be formally subdivided into
two classes: (a) anionic ©@-donors and (b) neutral d-donorAT-acceptor
Compounds in the first class include metal alkyls. Type (b) compounds are
formed almost exclusively by transition metals in low valence states
bonded to ligands such as carbon monoxide, isonitriles, phosphines and

phosphites.

3



Carbon monoxide has a filled & orbital and two filled TT orbitals localised
between the carbon and oxygen atoms. As carbon is less electronegative
than oxygen, the spatial extent of its lone pair is greater than that of
Oxygen. Associated with the filled TT orbitals are empty'nk orbitals
mainly localised on carbon as the filled IT orbitals are predominantly
localised on oxygen. The interaction of the metal with a CO molecule is
linear, such that if the dZ2 orbital overlaps with the lone pair
orbital on carbon then the dxz and dyz filled metal orbitals can

* 1.
overlap with nx and ny“ empty orbitals.

Ov@Zpc=o cao

f

M—> L

Fig. 1.1

The net effect is that carbon monoxide donates electron density to the
metal via overlap of orbitals of & symmetry and accepts electron density
from the metal via overlap of orbitals of two [l symmetry adapted orbitals.
Carbon monoxide and other ligands which bond to the metal in a similar

Manner are termed &-donor, M-acceptor ligands.



1.2.2 Pi(IM) Donor Bonding

The majority of metal compounds with l-donor ligands involve low valent
transition metals. The reason for this becomes clear when examining the
Dewar , Chatt, Duncanson (DCD) model9 whereby interactions consist
of donation of T electron density from a filled pll molecular orbital

to a metal orbital of & symmetry directed towards the centre of the

ligand system, and back donation from the filled metal d orbitals to

%*
the M orbital on the ligand.
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Fig. 1.2

The bonding of compounds containing unsaturated organic ligands such as

allyls, conjugated dienes, cyclopentadienyls. trienes or arenes can be

explained using essentially an extension of the DCD model, with all being

eéxamples of this synergistic model of donor-acceptor bonding.

- B -



1.3 Mechanisms of Ligand Substitution Pathways.

The classical categories introduced by Hughes and Ingold10 to
define organic reactions were based on the molecularity of the rate
determining step of the reaction. The categorisation of inorganic
substitution mechanisms as described by Langford and Gray
includes examples seemingly bimolecular in nature but which are related to
unimolecular cases. This latter approach, which effectively provides a
continuum from one limiting mechanism to the other, has been adopted in
transition metal complex chemistry and provides the framework for a

classification of reaction mechanism. Three possible simple pathways have

been identified:
1.3.1 The Dissociative Pathway.

The dissociative (D) pathway involves loss of the leaving group to form an
intermediate of reduced coordination number, which 1is subsequently
attacked by the entering group to form the product. The rate determining
Step of the reaction is the initial dissociation of the leaving group. The
transition state, formed prior to the intermediate has no entering group
Participation, hence the complete absence of an energetic role for the
éntering group 1is a characteristic feature of this mechanism. Scheme 1.1

1llustrates a particular example of a reaction proceeding via a D

mechanism.

By ky

— ' ML L'
MLX < MLX + L' — el

k-1

-1

Scheme 1.1



A true D mechanism usually gives rise to large positive activation
enthalpies and entropies, with negligible effects due to solvation.
Application of steady state theory to the intermediate MLx—l’ under

Pseudo first order reaction conditions yields the rate equation

R = klkZ[MLx] [L'] (1.1)

k_y +k,[L']

For the condition kz[L'] >> k 1 this reduces to

R = kl[ML ] (1.2)
X

1.3.2 The Associative Pathway.
The associative (A) process involves an initial addition of the entering
8roup to substrate producing an intermediate of increased coordination
Mumber. The transition state and associated activation energies are
affected by both entering and leaving groups; hence larger variations in
rate can occur by altering entering or leaving groups, a characteristic
feature of this mechanism. True A mechanisms are not observed in ligand
Substitution reactions of 18-electron organometallic complexes, though
this is the most common pathway for substitution processes in l6-electron

Square planar complexes11 . Scheme 1.2 illustrates an example

of a reaction proceeding via an A mechanism.

Kaies ky kg
—— . ]
ML+ L' g ML L' ML L' ML L + L
k_o
Scheme 1.2

7=



As ky is the rate determining step, the rate equation is

R=Kdiffk2[MLx][L‘] (1.3)

Kdiff is the equilibrium constant for the diffusion together of
MLx and L' to form the 'caged" species ML_.L' (analogous to the ion
Pair formation constant when considering ionic species). As with the

dissociative mechanism, proof is provided by detection of the

intermediate, in this case one of increased coordination number.

1.3.3 The Interchange Pathway.
The interchange (I) pathway is illustrated in Scheme 1.3

Kaife ko

— 1
MLx + L! < MLx'L'-_-»MLx—lL + L

Scheme 1.3
and  involves a diffusion controlled caged combination whereby the leaving
8roup moves from the inner to the outer coordination sphere, and the
éntering group moves from the outer to the inner. The process could
involve g multi-step path since the formation and dissociation of the
Outer sphere complex may consist of discrete steps of a reaction, but

Characteristic of the 1interchange 1is the absence of an intermediate

related to any coordination change of the metal.

-8-



The subdivision of the mechanism into Ia and Id classifications acts

as a useful distinction between those reactions whose activation
Parameters are sensitive to changes in the entering ligand,
Ia (interchange-associative) and those more sensitive to changes in

leaving ligand, Id (interchange-dissociative).

The Ia mechanism involves a transition state in which bond

formation predominates over bond cleavage, while the Id mechanism

involves a transition state in which considerable bond cleavage has taken

place. The implicit assumption is made that k2 is the rate determining

Step, the applicable rate law is

R [MLx][L'] (1.4)

= Kaypeto

Reactions of 18-electron complexes which depend on [L'] have been shown to

be I~ in

d nature although many reactions exhibit competing D and

Id Pathways. Figure 1.3 reflects the differences in the general rate
behaviour for A, D and I mechanisms, and Figure 1.4 the accompanying

energy profile diagrams.

1.3.4 The Ring-Opening Mechanism

The mechanisms described, do in the main, explain reactions at metal

Centres involving sustitutions of monodenate ligands. However,
Substitution reactions of polydentate chelating ligands often exhibit rate
behaviour  which is more complicated than the simple picture. The
ring-opening mechanism (Scheme 1.4) proposed by Dobson and
12,13

CoO-workers provides an explanation for substitution reactions

°f polydenate ligands

-9 -
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rate constant

Fig.1.3
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L < K L
omeo), = ([Tm(co),
k-
[A]
ko+ Ll
L,\ ' fast+ L' L e
. m(co), <-_—(-L:—L-) L S m(co), 8]

Scheme 1.4

Assuming steady state concentration of the intermediate (A), the derived

rate law is

R = lkz[s][L'] (1.5) where [S] and [L'] are
\—
k-l + kz[L’] substrate and ligand

concentrations.

The high "local concentration"14 of the free end of the polydentate

ligand may provide conditions where k , >> kZ[L']- In this case rate

1

€quation 1.5 reduces to

R = klkz[S][L‘] (1.6)

e

k.3

- 12 -



Under conditions such that the k?[L'] term gpreatly  exceeds

the re-chelation term (k ). the rate law becomes

1

Intermediate conditions with k2[L']:i k have been observed in a

1

number of cases, such as reactions of:
(2,2.7.7—tetramethyl—3,6—dithiaoctane)w(CO)a with alkyl and aryl

phosphines and phosphitesls' Plots of‘kobs against [L'] are

curved; the corresponding plots of 1/k against 1/[(L'] are

obs

linear with a common non-zero intercept.

Rearranging equation 1.5 leads to such a linear equation

1 = -
1 + k_1 (1.8) where kobs = R/[S]
Kobe k, k ko [L']

Support for the ring-opening mechanism has come from linear plots of this
type, with added confirmation from reactions in which the intermediate (A)
in  scheme 1.4 has been trapped, such as the reaction of bidentate
M(CO)A( th P(CHz)n NRZ) (M=Cr ,Mo,W) complexes (R=Me,Et;n=2,3)

with CO, in which the five coordinate intermediate can be trapped as
M(CO)SP-N+ H in the presence of acid16. An intermediate (B) has

also been isolated from the reaction of bidenate

M(CO)Q(MeZN(CHZ)BNMe2> and bicyclic phosphitel7. Rate plots

of the three cases are illustrated in Figure 1.5.

- 13 -




k, [L’] >> k—q

kobs
[v]
koi>> k, [L’J
(2) ,
kobs
[]
(3) e []
kobs
[v]
k-122 k [L/J
(3)p
1
{obs
Y

Fig. 1.5
V]



It is apparent from the plots that, if kZ[L'] >> k—l it is

kinetically indistinguishable from a D pathway, and that if
k_l >> kz[L‘]. the rate law is likewise indistinguishable from an I or

A pathway. The magnitude of ast (entropy of activation) has been used to

distinguish these possible mechanisms in the reaction of

(2.5-dith1ahexane)M(CO)4 (M=Cr,Mo) with triphenyl phosphite; As' for

the molybdenum complex 1is -83 J K—l mol_1 indicating some form
of associative reaction, while Ast for the chromium complex is
8 J K—l =l . . :

mol consistent with an intermediate of wunchanged

Ccoordination number18.
The above outlined mechanisms can account for the majority of
Organometallic ligand substitution processes involving chelate ligands,
Examples involving competing mechanisms, particularly applicable to the
ring-opening mechanism, are frequently encountered and information from

Other sources is necessary to establish the overall mechanistic pathway.

.4 Properties Contributing to Reactivity in Transition Metal Complexes

Reactivities of transition metal complexes, and the mechanisms by which
they react, may be influenced by structural and bonding features of the
ground state structure, or those developed in a subsequent transition
State or intermediate. The following are some of those features believed

to be of influence.

1.4.1 Effective Atomic Number

The sixteen and eighteen electron rule or effective atomic number rule
(E.A.N.) was proposed by Tolman19 to provide a basis for
the systematisation of much of the structural chemistry of

Organotransition metals., and also acted as a useful guide to reactivity.

- 15 -



The main points of the rule are:

(1) "Diamagnetic organometallic complexes of transition metals may exist
In significant concentration at moderate temperatures only if the valence
shell of the metal 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.

(2) Organometallic reactions, including catalytic ones, proceed by
elementary steps 1involving only intermediates with 16 or 18 electrons."
The rule, although empirical, has some theoretical support20 which

depends on full utilisation of metal valence orbitals. However an
increasing number of stable 17-electron and l4-electron complexes are

being found and implicated as intermediates in organometallic substitution
21-23

reactions

1.4.2 Transition State and Ground State Configurations.
The relative magnitude of donor-acceptor character in a metal-ligand bond
Femains difficult to quantify, although theoretical molecular orbital
calculations can give some idea of relative orbital populations. Using
Such calculations on ground state molecules, it is possible to rationalise
the greater affinity of metals in low oxidation states for [ll-acceptor
ligands on the basis of greater pll -dN ligand-metal orbital overlap.
HOwever, though both ground state and transition state arguments have been
Used to explain reactivity, evidence suggests that information gained from
Teaction rates (and activation parameters associated with them) may be
more closely related to electronic and geometric changes in transition
States or intermediates of a reaction. These changes can only be evaluated
by calculation when the intermediate is not directly observable. One area
of conflicting argument between ground state and transition state
Calculation lies in the CO dissociation from Mn(CO)6+ and Mn(CO)5 Br

- 16 -



While ground state calculations suggest  similar reactivities, transition

.24 ; ;
state calculations suggest that energy changes associated with

+

geometrical relaxation of the 5-coordinate complex fragment [Mn(CO)5
or Mn(CO)ABr)] are of sufficient magnitude to strongly influence the
€nergetics of the CO dissociation. This transition state approach
Predicts Mn(CO)6+ to be relatively inert, as observed

€Xperimentally.

The angular overlap method, which is a simple approximation of the full
molecular orbital theory 1involving key orbital interactions has been
Successfully applied to associative substitution at square planar

8
d metal centres which proceed via a trigonal bipyramidal intermediate.

The potential surface derived from this procedure contains two transition
States, one associated with bond making, the other with bond breaking,
between which is the trigonal bipyramidal intermediatezs. The
calculations predict that, if the height of the entering barrier is rate
determining, as it is in the majority of cases, then decreasing the height
Causes an increase 1in the rate of the reaction. This increased rate of
Teaction can be achieved by:

a) Increasing @-donor strength of entering ligand

b) Increasing the entering ligand polarisibility
c) Increasing o strength of cis ligand

d) Decreasing @ strength of leaving group
e) Decreasing @ strength of trans ligand
£)

The presence of better M-acceptor orbitals on entering ligand

8) Good interaction of metal (n+l)s and p orbitals with entering ligand

- 17 -



If the leaving barrier 1is rate determining the height of the barrier
increases with:

a) Decreasing @-donor strength of trans ligand

b) Better M-acceptor characteristics of trans ligand

c) Good interaction of (n+l)s and p orbitals of metal with trans ligand

d) Polarisability of trans ligand

The conclusions agree well with experimental data from reactions involving
hYdrolysis, ammoniolysis and anation reactions of

Pt(NH,) 2
3 X(HZO)yCIA-x-y and related systems

1.4.3 Coordination Number and Geometry.

fragment molecular orbital approachzo‘26 has helped to provide

The
an  explanation for chemical reactivity of different metals possessing
Similar coordination number and geometry. A detailed construction of
frontier orbitals derived from fragments such as M(CO)3 and M(arene)27
8ives information regarding symmetry properties, energy and spatial extent
of these orbitals for determining interaction with other ligands
Completing the metal coordination sphere. Similar arguments can be
applied to frontier orbitals derived from isolobal systems containing

28
Other ligands, for example CpM(CO)n (Cp=cyclopentadienyl) and

M(Polyene)zg.

A number of experimental studies examining the behaviour of a series of
Complexes with similar coordination number and geometry have provided
information relating changes in reactivity to electronic and steric
effects. One example of this approach is provided by the reactions of
Ni(CO)qa Co(NO)(CO)3 and Fe(NO)z(CO)2 with various chelating

11gands30.

- 18 -



In this case, increasing the electron density at the metal on passing
from Ni to Fe increases the importance of the ligand dependent term in the

rate law derived from kinetic measurements.

Finally, reactivity can be assessed in terms of relative stabilities of
complexes displaying similar electron configurations but different
geometries. The structural preference energy plots3l derived from a
consideration of angular overlap analysis show, for example, that for a
d atom, the ML6 geometry 1is strongly preferred relative to either

MLS or ML4 since dd* molecular orbitals are vacant. For a d8 atom

the ML5 trigonal bipyramidal structure 1is preferred relative to
Octahedral ML6 or tetrahedral MLA‘ but square planar ML4 structures

show equal preference, hence the large number of l6-electron square planar

*
Complexes of d8 metals. For a d10 atom the dd molecular orbitals

are equally populated for all coordination numbers and geometries and G-
only angular overlap considerations provide no distinction. The
tetrahedral geometry, is however, structurally preferred due to

Minimisation of ligand-ligand repulsions. The existence of tetrahedral
ML4 complexes, in view of the equally filled bonding and antibonding
Orbitals, is due to the mixing of metal (n+l)p orbitals with metal nd
Orbitals of similar symmetry leading to d molecular orbital stabilisation.
HOWEVer, such compounds do tend to decompose more readily, or to undergo
dissociation in solution. Thus, Ni(CO)4 decomposes readily to metallic
Nickel and CO gas, and the solid Pt(PPh3)4 dissolves to give solutions
Containing largely the 16-electron Pt(PPh3)3 speciesBz. Square
Planar l6-electron complexes undergo ligand substitution via an
d4ssociative mechanism involving an 18-electron intermediate. Thus the
Feaction of trans-RPtCl(PEt3)2 with pyridine proceeds via the
5“COOrdinate intermediate RPtCl(PEt3)2py which subsequently loses

33

chloride ion~.

- 19 -



The differing mechanistic pathways between tetrahedral 18-electron complexes
and 16-electron square planar complexes provide clear evidence that
decreased metal coordination number does not always equate with a greater
tendency to undergo associative reaction pathways. Better correlations exist

between mechanism and the number of valence electrons in the complex.

1.5 Exchange and Substitution Reactions of Alkene and Polyene Metal

Complexes at d18 Metal Centres

Published work on exchange and substitution reactions of ene and polyene

Complexes of transition metals is focused primarily on five- and

Six-coordinate geometries possessing 18-electron metal centres. The results

°f some of these studies, and the mechanistic conclusions derived therefrom

are presented below.
L.5.1- ?Z—Alkene Metal Complexes

Reactions involving the substitution of alkene in 5-coordinate 1iron

. 34-38
Complexes have been well studied . The rate of the reaction,

(CH2=CHX)Fe(CO)4 » L->Fe(C0)4L + CH,=CHX

X = OEt,Ph,Bu,CHO,CO,Me,CN

2

L PPh,,AsPh, ,Py,CO

3’ 3

ls independent of the concentration of added ligand and the experimental

fate law is

R = kA[(CH2=CHX)Fe(CO)4] (1.9)

<« 30 =



The reaction of (CH2=CHX)Fe(CO)4 with PPh3 gives, in addition the
disubstituted complex Fe(CO)B(PPh3)2 under conditions where
Fe(CO)aPPh:; is not known to undergo thermal substitution. Enthalpies of

CO loss from iron carbonyl species obtained from electron affinity and
a . 39,40 , C

PPearance potential measurements support CO dissociation from
Fe(C0)4 giving Fe(CO)3, and subsequently the disubstituted product. A
Plot of l/kobs against the concentration of added alkene is linear with a

non-zero intercept. The mechanism proposed to explain the above observation

is shown in Scheme 1.5

By

—» -
(CH,=CHX)Fe(CO) , g™ CH,=CHX + Fe(CO),
-1

Ky
..__>
Fe(CO), g = Fe(CO)5 + CO
£

L fast + 2L

\ \

Fe(CO)aL Fe(CO)3L2
Scheme 1.5

Ne81eCting the k3 pathway and assuming steady state conditions for the

Intermediate Fe(CO)a, the mechanistic rate law is

R = klkz[CH2=CHX)Fe(CO)4][L] (1.10)

k_l[alkene] + kZ[L]

- 21 -



If the condition kZ[L] >> k l[alkene] is satisfied the equation reduces

to

R = kl[(CH2=CHX)Fe(CO)4] (1.11)

which is the same as the experimental rate law (equation 1.9) where
k.=
1 kA‘

Rearrangement of equation 1.10 gives

1 = k 1[alkene] + 1 (1.12) where k = R/[S] and
= - . obs
k -
obs k k,[L] k, [s1=[(CH,=CHX)Fe(CO),]
and ig

in agreement with the linearity of the plot of 1/kobs against
Concentration of alkene.

41

The alkene exchange reaction has also been investigated

(CH2=CHPh)Fe(CO)4 + alkene-—)—(alkene)Fe(CO)4 + PhCH:CH2

alkene = methyl acrylate,cyclohexane, cyclooctene, cycloheptene.

The rate 1is independent of the concentration of added alkene, and the
eXperimental rate law (equation 1.9) also applies. The reaction proceeds via
rate

determining loss of styrene, and the effect of added styrene on the

Fate of the reaction is consistent with the proposed mechanism shown in

Scheme 1.6
ey
(CH, - —> _
2=CHPh)Fe(CO), <g—Fe(CO), + PhCH = CH,
k_y
k2 + alkene
(alkene)Fe(CO)4
Scheme 1.6

& 22 =



Application of the steady state approximation to Fe(CO)4 gives the same
rate equation (1.10) as the ligand substitution reaction. Values of
kz/k_l obtained from the plots of l/kobS against 1/[alkene] may be

taken as a measure of the nucleophlicity of the ligands compared to the
Substrate styrene, and are in the order CgHgN > PPhy > AsPh,

SbPh3 > CO0 > methyl acrylate. Alkene rather than CO dissociation is

consistent with ground state bond enthalpy contributions,

Fe-CH,(96.7 ky mol™') < Fe-co(116)*%.

One of the first kinetic studies involving Caz—alkene)M(CO)5 species was

, 4
the substitution of acetone by alkenes in (acetone)pentacarbonyltungsten

(aCetone)W(CO)S + alkene----P‘(alkene)W(CO)5 + acetone

alkene = acyclic pentenes,hexene,heptene

Although this study does not directly relate to alkene substitution, it
does provide information on the affinity of W(CO)5 for different alkenes.
The rate of the reaction 1is independent of the concentration of added
alkene. and the mechanism proposed to support the kinetic results is

Outlined in Scheme 1.7

g

(acetone)w(C0)5<_> w(co)5 + acetone
k.

k2 + alkene
(alkene)W(CO)5

Scheme 1.7
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Assuming a steady state concentration of the intermediate W(CO)S, the

Mechanistic rate law is

R = klkz[(acetone)W(CO)S][alkene] (1.13)

k_ [acetone] + k2[a1kene]

The ratio of the rates of capture of W(CO)5 by acetone and alkene can be

evaluated from the slope to intercept ratio of a plot of l/kObS against

1/lalkene] where

1 = 1 + k_lfacetone] (1.14)

— ——

kobs k1 klkz[alkene]

COmParing these ratios for different alkenes, the ordering of relative
kinetic affinity of W(CO)5 follows the order 1l-heptene > l-hexene >
Cis-2-pentene > l-pentene > trans-2-pentene > 2-methyl-2-butene. The
€quilibrium constant for the reaction, Keq is also dependent upon the

Nature of the alkene, where

K = [(alkene)W(CO)S][acetone]
eq

[ (acetone)W(CO)S][alkene]

[l‘hexene(>20)>1-heptene(21.5)>1—pentene(20.7)>cis-2-pentene>(8.2)>

trans-2-pentene(2.7)>2-methyl-2-butene(0.9)]
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The equilibrium constants within the C-5 series appear to be largely
dependent on steric factors. l-pentene with only one alkyl substituent on
the double bond is more stable than the 2-pentenes which have two alkyl
substituents. 2-methyl-2-butene having three alkyl substituents is the least
Stable. The difference between cis- and trans-pentene may also be due to a
Steric effect. Although both possess alkyl substituents the cis-pentene can
adopt a configuration in which the substituents are both directed away from
the W(CO)S, whereas the trans-2-pentene does not allow such a

configuration. The kinetic effects are not easily rationalised since they do
Mot closely relate to the equilibrium constants. Cis-2-pentene is bound less
firmly than l-pentene, but the former reacts more rapidly with W(CO)S.

This indicates that interactions which dominate binding are not fully

developed in the transition state.

The reaction involving substitution of alkene

ci ; 44
S~M(CO)4(PR3)(a1kene) + P(OPr—l)3*-cis—M(CO)A(PRB)P(OPr—i)3 + alkene
alkene = dimethyl fumarate,maleic anhydride,dimethyl maleate

PRy < P(Pr-i),,PPh,y,PPh(Pr-i),,PPh,(Pr-i) .Pit

3 3

ObeYs the rate law
R = kA[M(CO)Q(PR3)(alkene)] (1.15)

and  proceeds via rate determining loss of alkene. in agreement with the
Positive entropy of activation (Table 1.1). The reactivity of the
Metal-alkene bond 1is governed by substituents on the alkene. Electron
withdrawing substituents lower the n* levels, thereby increasing the

mEtal—to—ligand donation, hence the metal-ligand bond becomes stronger.
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The  phosphine ligands employed vary little in electronic character, however

the rate of alkene substitution increases with respect to PR, in the order

3

(P(Pr-1)3 > PPh, > PPh(Pr—i)2 > Pth(Pr—i) > PEt, which parallels

3

the order of ligand cone angle. The order of lability in terms of the metal

3

(Cr>>M0>>W) differs from the order usually found in substitution reactions
1nvolving these metals (Mo>>Cr>W)45. Analogous dissociative behaviour has

been found for alkene derivatives of manganese46.

3
1.5.2 ’9 -Allyl Metal Complexes
Few investigations into the mechanisms of 3P-a11y1 metal complexes have
been undertaken despite their considerable importance as intermediates in

Metal-catalysed reactions.

Kinetic studies of the reaction between (03—C3H5)C0(C0)3 and

trivalent phosphorous ligands have been reported47.

1 1

» /

'~—~00(co)3 + PPh 2 :—Co(CO)ZPPh

+ CO
" 3

3

\

Limiting plots of k against concentration of ligand are obtained, and

obs

interPreted in terms of Scheme 1.8

e

3
O -a11y1)c0(c0) ,F @-al1y1)c0(c0), + cO
k1
k, + PPh

(93-a11y1>cO(co>2pph3

Scheme 1.8
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ASSuming a steady state concentration of the intermediate, the mechanistic

rate law is

R = klkz[(73-a11y1)co(co)3]tpph ] (1.16)

3

k_,[COJ+k,[PPh,]

SUbStituents in the 1l-position decrease the rate of reaction, whereas an
increaseq rate 1is observed for substituents in the 2-position, though no
clear explanation to these findings is apparent. Similar results are
obtained for phosphite substitution of CO, although the reaction proceeds to

. . 8
the disubstituted product4 . In contrast studies on the CO substitution

Teactions of (? -C H X)Fe(CO) N049—52

(X:H,l-Me,Z—Me,1-Ph,1-CN,1—Cl,2—C1, or 2-Br) give an experimental rate law
3
R= o
k,[97-CH,X)Fe(CO) ,NO]LPR,] (1.17)
Entropies of activation are negative (Table 1.1), reflecting the associative

Nature of the reaction. The mechanism proposed (Scheme 1.9) involves an

1
a “Coordinated intermediate.

)

('9 “C3H,X)Fe(C0),(NO) + PR —»(7 ~C4H,X)Fe(C0),(NO)

(73—C3H4X)Fe(CO)(NO)(PR3)

Scheme 1.9
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Electron—donating groups in either the 1- or 2- position decrease the rate
of Feaction, whereas electron-withdrawing groups increase the rate. For
Strongly electron-withdrawing groups (X=CN,Cl,Br) the intermediates have
been isolated and shown to involve étallyl coordination. An explanation of
these effects concluded, that electron-donating groups increase the electron
density on the metal thereby hindering nucleophilic attack, whereas
electrOn—Withdrawing groups produce opposite effects. The difference in
Mechanism of the above reactions has been explained by considering the
effect of the NO group53. Acting as a 3-electron donor, it increases

electron density at the metal which subsequently is dissipated via
back—donation to the CO groups. hence increasing Fe-C bond strengths. Thus
the iron system in its reactions requires more participation from the
fNtering nucleophile, which might account for its second order reactivity.

A recent kinetic investigation of the reaction GDB—allyl)Mn(CO)4 with

Phosphine ligands54 has shown the substitution to proceed by rate

determining loss of CO, with rate law
R = k,[(}-allyl1)Mn(c0),] (1.18)
A 4 :

Activation parameters (Table 1.2) reflect the dissociative nature of the
Feactiop, The mechanism proposed to account for the experimental results is
shown i Scheme 1.10

slow

(93—a11y1)Mn(CO)4»(93a11y1)Mn(CO)3 + CO

fast + PR3

(03—a11y1)Mn(C0)3PR3

Scheme 1.10
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4
1.5.3 7 -Diene Metal Complexes
Before proceeding further, it 1is wuseful to discuss in more detail the
difficulties and ambiguities which can arise in the mechanistic
Interpretation of experimental rate laws involving substitution or exchange

Teactions of complexes containing chelate or polydentate unsaturated

ligands.

The major difficulty arises in the interpretation of chelate substitution

Feactions which obey the experimental rate law
R = ky[s](L] (1.19)

and  the ambiguities may be illustrated with reference to reactions of
(X~Y)M(CO)4 systems where X-Y may represent a bidentate nitrogen or

phosphorus donor, or more particularly in our context a conjugated or
non

-conjugated diene ligand. This rate law may be interpreted

Mechanistically in two ways:

(a)  An Id ring-opening of the type

X k, + L X
\
-
M(co)4 - M(co)aL (A)
Y
k_, Y
k3 + L

LZM(CO)Q + XemY

Scheme 1.11
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On

rate law

2
R = k2k3[S][L] (1.20)

k_p+ks[L]
Is obtained which, when k3[L] >> k_2 reduces to
R = kyls]lL] (1.21)

which is the same as equation 1.19 where k, = kB . or

(b) A dissociative ring-opening of the type

\\\ ky X
__.»
///,M(CO)A < M(co)4 (B)
Y
T ¢
k2+L
fast
Xy L,M(CO), <&— \M(CO)4
"
L

Scheme 1.12
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Application of the steady state approximation to the intermediate (B) gives

the rate law

B = klkz[S][L] (1.22)

k ) + ky[L]

which

» under the conditions k . > kZ[L] reduces to

1
R = klkz[s][L] (1.23)
X

which i again of similar form to equation 1.19 where kB = klk
The

2!k g
energy profile diagrams associated with these pathways are shown in

Figure l.6.
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R
Iy /(Y/’M(CO)“
‘ X
/’ ( M(CO)“L
Y
(X—Y)n/u(co)4
s L,M(cO),
Reaction Coordinate
X P
( o),
3
v
G |~
o) L
X~ co),
\( Y)M( ) \LZM(CO)at

Reaction Coordinate
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Kinetic differentiation between these two alternatives is possible only if
ligand concentrations can be varied such that, the opposite of the two
assumed limiting conditions can be attained or approached, ie.
(1) k_z >> k3[L] for equation 1.20 in which case a second order

dependence on [L] at 1low 1ligand concentration should be observed, or

(11) kz[L] >> k-l for equation 1.22 in which a zero order dependence on
(L]

should be observed at high ligand concentration.
The  second order dependence outlined in (i) has not been observed

exl:’erimem:ally for a bidentate (X—Y)M(CO)Q system, and would in any case

1mp1y detectable concentrations of the intermediate (A) of scheme 1.11.

In cage (ii), assuming that k 1 >> k2[L] for the moment, it may be seen
that the variation in ligand concentration necessary to change from one set
of

limiting conditions (k-l/kZ[L] arbitrarily equal to 10) to the other
(kZ[L]/k_l arbitrarily equal to 10) is about 100-fold. The lower limit
of [L] 14 set by the pseudo-first order conditions of the experiment. and in
€4ses of reactions monitored by uv/visible spectroscopy. is of the order of

10~2 3

mol dm~ (ie substrate concentrations of 10—3 mol dm—3)

In Teactions which are monitored for example, by nmr where higher substrate
COncentrations are used (ca. 10_1 mol dm-3). the lowest possible ligand
‘Oncentration will be higher (ca. 1 mol dm-3). The highest limiting
concentration of ligands 1s that of the pure 1ligand, which for ligands
°f low molecular weight (100-200) is of the order of 10 mol dm-3.

Thus~ at least in the case where k f!kz, variation in [L] in the range

-2
10 -10 mol dm-3 does provide an appropriate kinetic '"window" for these
limiting conditions. Note that neither 1limiting condition necessarily

Implies any detectable concentration of intermediate (B). which 1is

determined solely by the magnitude of kl/k-l'

- 33 =



The relative magnitude of k-l and k2 will be both substrate and ligand
dependent . Thus, stabilisation of the intermediate (B) may be slight for

&Xample, simply an alteration in solvation energy, which in hydrocarbon
solvents will be small, or more substantial involving intramolecular

Stabilisation. Similarly, k2 may be dependent on both the size and

Mucleophilicity of the ligand and intermediate.

Based on the "chelate effect" in aqueous coordination chemistry, it would be

1 > kz. If the two

constants differ by more than a factor of 10, then it is unlikely,

c A
hemically reasonable to assume that in most cases, k

rate

e : :
Xcept at very high concentrations of [L] to see any deviation from rate law

(1.19),

Such deviations have indeed been observed, though some caution must
be shown in cases where the ligand and solvent differ appreciably in
character (for example, substitution reactions involving RCN, studied in
hydrocerbon or halocarbon solvents).

F : y
°F a chelate substitution reaction whose experimental rate law is (1.19)

and which s interpreted mechanistically as dissociative ring-opening,

t . y
he €Xperimental activation parameters must be associated with the

“Ombination of rate constants k1k2/k-l such that
g AH an'

which if k_1 >> k1 and k2 reduces to

AHau)::AHl + AHZ

t 3 ;
and AS = As + As - As
exp 1 2
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Thus

in reactions which do

it may perhaps be the case that

* ¥
measurement of AHexp provides no absolute value for AHl and AH

£
2

not show limiting rate behaviour. In entropy terms,

reactions with the more strongly

. t '
Negative As? values, are those in whichAH2 << AHl

One

where K 1 and k

It is possible that competing I, and

My be observed. Thus, the difference

r ; g
ing‘opened intermediate compared to

t
ransiton state, which leads to the

Pathways being kinetically accessible.

o are comparable (ie, AG

further point may be made which may be particularly applicable to cases

; and QG; are comparable).
dissociative ring-opening pathways
in energy between attack of L on the
attack at some point prior to the
intermediate, may be small with both

Based on Scheme 1.13, such reactions

Might be expected to exhibit three types of rate behaviour.

AN
L/ M(co)4

()

L kg+L
(\I\III(CO)4 . L,m(co), + Lt
L L

(8)

Scheme 1.13
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Steady state treatment of (A) and (B) yields the rate law

R kglsilL] + kzka[s][L]z (1.24)
k_j+k,[L] k_p+k, [L]

which if k4[L] >> k , reduces to

-2
R = kiky0s1L]  + k,[s1(L] (1.25)
k_y+k,lL]

.. k_l Les k3(L] over the whole concentration range, this reduces to

R = kiky o+ k,[[SI[L] = Ky[s1[L] (1.26)

—

k—1

le, first order in [L] with zero intercept.

If the limiting condition k3[L] >> k—l applies, the above reduces to

Ro=kqls] 4 ls1L] = k8] + k,[sIL]  (1.27)

le, first order in [L] but with a non-zero intercept.

In Cases where the "window'" of ligand concentration (k_l::ks[L]) has an

effect the rate behaviour may be represented as shown in Figure 1.7.
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obs
- slope = k

T . i
he substitution reactions of complexes containing polydentate unsaturated

1
igands, to be discussed now, provide examples of most, if not all, of these

POssibilitjes.

Tricarbonyl complexes of iron bound to 1,3-diene ligands have been studied
and found to undergo substitution reactions with group V ligands. Of the two
Ypes of diene systems studied, conjugated 1,3-alkadiene and conjugated
l’3‘heterodiene, the latter 1is the more labile. Both systems adopt square
Pyramidal

geometryss, in contrast to the trigonal bipyramidal structures

adopteq by Fe(CO)aL and Fe(CO)3L2 type complexes. Heterodiene systems

Studied are

(1)56
Ph—// X + L —» Ph—//—\
- NCgHsX \ NCsH4X
Fe(cO), Fe(co).L
L=PPh, PBu, Fe(CO), L,
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(11)57

pI, + CO —»
NPh

Fe (Z()
L= PPh, AsPh,, SbPh,
(i11)58
XC ¢H, /\/\
Fe (:()

L=PPh, SbPh,

T :
he €Xperimental rate law is given by

R = kA[S][L] + kC[S][L] (1.28)

1 + kB[L]

with Plots of k

obs
(Figure 1.8) ,

x1>;

el

obs

~——— slope = k

slope

+

indicating two competing pathways.

k

7

o

Fe(CO),L
(

Fe(CO);L,

against ligand concentration curved but non-limiting

(L]

Fig. 1.8
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Under the conditions 1>>kB[L] (at low concentration of L) equation 1.28

reduces to

R = (kA + kC)[S][L] (1.29) (slope, ky + kc)

ke kB[L]>>1 (at high concentration of L) equation 1.28 reduces to

R = kA[S] + kC[S][L] (1.30)(intercept, k,; slope, kC)
\ ————
k
B
kB
The overall mechanisms (Schemes 1.14A and 1.14B) have been rationalised in
terms

of competing ring-opening, and Id dechelation of the alkene bond in
(1)  ang (ii), and the ketonic bond in (iii). Steady state treatment of the
6~bonded intermediates (A) and (A') (Scheme 1.14A), and the??—coordinated

1ntermediates (B) and (B') (Scheme 1.14B) yields the rate law

R = k1k3[S][L] + kz[S][L] (1.31J

_—————

k_y + kylL]

Which is the same as equation 1.28 where k, = k1k3/k_1,

kB=k3/k_l and k, = k,. Intermediates (B) and (B') may be observed

60

spectrOScopically59 and in some cases isolated .



Ph

e == T

- Ph (A)
Fe(cc)\3
kg +L
@t Ph
[
_/—_—_ N—Fe(CO),L
Ph/ (A)
fast
-CO +L

+

PhCH= CH—CH= NP

ph\/_\\]\\ Fe (CO),
| Neh

Fe(Cq),

Scheme 1.14 A



k-
Fe(CO), Fe(CO),
(B)
kz*L k3+|_
i~
XCsH, f \0 ()

Fe(CO\sL
fast

XC¢H,CH = CHOR

_/,\—<R Fe(CO), L,

Scheme 1.14B



Reaction (ii) proceeds to equilibrium, but the approach can be accommodated

by rate law 1.28, although in this example the I 6 pathway governed by k2

d
ls very small (0.05%) compared to the ring-opening pathway. In reaction
(iii), for L=SbPh3, only the dissociative ring-opening pathway (k2=0)
dPpears to be operating. Substituent (X) effects show that
electrOn-donating groups increase the value of k

1

S .
ubstitution of the 1less labile (1,3-—alkadiene)Fe(CO)3 has been studied

Kinetically

61
(iv) (bé-l-a—cot)Fe(CO)3 + 2L -=cot + Fe(CO)3L2

cot = 1,3,5,7-cyclooctatetraene

2 = =
L PPh,,PPh,Et, PBuy L, = diphos

62
(v) (94~1,3—c0d)Fe(C0)3 + 2PPhg-=cod + Fe(CO)3(PPh3)2

cod = 1,3-cyclooctadiene

63
(vi) (04-1,4—chpd)Fe(CO)®4—l,3—chd) + 2L ——
chpd + (#*-1,3chd)Fe(co)L,
chpd = 1,4-cycloheptadiene L = PPhB. co

chd = 1,3-cyclohexadiene

62
(vig) @4_1-4-chp:)Fe(Co)3 + PPh3-—(94-1—4—chpt)Fe(CO)2PPh

3
+ Fe(CO)3(PPh3)2
chpt = 1,3,5-cycloheptatriene
63
(viig) (9"_1,3-chd)Fe(co)3 + PPhy ———
4
@ —1,3—chd)Fe(CO)2PPh3 + CO
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Plots of kobs against ligand concentration for reactions (iv) and (v) are

linear with zero intercepts, with the rate law being

Ro= kISl (1.32)

Activation parameters (Table 1.2) reflecting the associative nature of

re .

action (iv) have led to a proposed Id mechanism. However the favoured
me . . : . : .

chanism for reaction (v) 1involves dissociative ring-opening to form a

2
9 “Coordinated intermediate (Scheme 1.15), as the activation entropy for

thi i
'S reaction is somewhat less negative than that for reaction (iv).

fast

|| + Fe(co),(pPn,), e
3

| |
Fe(CO), PPh,

Scheme 1.15

T
his problem of Id versus ring-opening mechanism occurs in reaation (vi)
w
Lth plots of kobs against ligand concentration linear with a non-zero
i
nterCept’ giving an experimental rate law
Ri= k(8] + Kk,[s]lL] (1.33)

- 43 -



The bimolecular term may again be related to initial ring-opening, and the

intercept. in view of the associated positive entropy involves rate

determining CO dissociation to give (Zﬁ-chpt)Fe(CO)zPPhB. The rate of

Feaction (viii) is independent of ligand concentration, the rate law being
R o= k,[9*1.3-chd)Fe(c0) ] (1.34)
A . = 3 ;

P
Ositive entropies of activation (Table 1.2) reflect the dissociative nature

o :
£ the reaction and support a mechanism which involves rate determining loss

of Co,

D
lene lability in these complexes is in the order chd < chpt < 1,3 cod < cot

a
nd  ig primarily enthalpy controlled. The mechanism of the reaction may

d
°Pend to gome extent on the relative bond enthalpy contributions; the
®Stimated diene-Fe bond enthalpy is 184 kJ el compared to the Fe-CO
bong -1

enthalpy of 116 kJ mol ~. Enhanced reactivity towards loss of diene

fr
oM the tricarbonyl complex may result from steric factors. as the order of

1
ability parallels the order of size of the complexed diene.

D
lene exchange reactions of (274-diene)Fe(CO)3 complexes have been

Studieq kinetically

64
(ix) (ba—MeCH=CH-CH=CH—C02Me)Fe(CO)3+Me0

(74 ~-MeO

C-CH=CH-CH=CH-CO,Me —p»

2
C—CH:CH—CH:CH-COZMe)Fe(CO)3+MeCH=CH-CH=CH-CO

2

Me

2 2
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(x)41 4
+ 1,3—diene-p@9 -1,3-diene)Fe(CO)., + enone
Ph 2
(0]
R3
Fe(CO)3
Ry = H,Me,ph R, =H R, = H,Me

2 3
1,3-diene = cycloheptatriene, cyloheptadiene

cyclohexadiene, cyclooctadiene
R
faction (ix) gives a bimolecular rate law of the type

Ro= kglslL]  (1.35)

a
Nd  the authors attribute this to an Id mechanism. Reaction (x) is more

c
°mplicated, plots of kobs against ligand concentration conform to the

f
011°Wing non-limiting rate law.

R = kA[S][L] + kC[S][L] (1.36)

1+ kB[L]

T
e experimental results have been interpreted using competing Id and

d
iss°Ciat1ve ring-opening pathways shown in Scheme 1.16. Application of the

s
teady  grate approximation to intermediates (A) and (B) vyields the

s
lmplified mechantetie rate equation

R = k, [sIL] + kg, [SI[L] (1.37)

kC' + kD‘[L]
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. Ph! RZ’- R3= H

Scheme 1.16

Fe(co),
kg | ks
- [+

enone + [Fe(CO)a(vLL)]



h _
where k= k4k2/(k_2 + ka)

k= -
pr= K, (kpkgky + kokgk, - kok gk /(k 5 + k)
k —

c= k_ok_ o+ k gk o+ Kkk
ko=

pr= K_oky + Kk kg

In view of the complexity of the rate law, it is difficult to draw
Conclusions relating to entering and leaving group effects. However the fit

°f the theoretical curve of ko against ligand concentration to that of

bs
the experimental results provides some confirmation as to the validity of

the mechanism. Similar plots of kobS against ligand concentration are

Obtainegq for the reaction,

&
(9 -enone)Fe(CO)zL + chd—>(94-chd)Fe(CO)2L + enone

L

=P
Ph3, PPh_Me, P(OPh)3

2

fhone = trans-4-phenyl-3-buten-2-one

°F trans-3-phenylpropenal

¥ith the mechanism interpreted in the same way65. The decreased lability
of these complexes compared to the tricarbonyl complexes probably results

from the increased electron donor ability of the phosphine or phosphite,

hich enhances back donation to the enone and carbonyl ligands. Crystal

s ;
truCtUre determinations and infrared spectroscopy demonstrate the

Shortening of the M-CO bond lengths, consistent with increased back

d°“8tion.

D
lene substitution and exchange reactions of (Oa-diene)M(CO)4 complexes

whi
hich have been studied kinetically are listed below
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166
(xi) (04_1,4-nbd)M(co)4 + 2L—=1,M(CO), + nbd

nbd = 1,4-norbornadiene M = Cr,Mo,W

(xii)67’68 4_ _ N
D*-1,5-cod)Mo(CO) , + 2L—=L,Mo(CO), + cod
cod = 1,5-cyclooctadiene L2 = diphos,bipy,phen

2L = PPhy,AsPh,,SbPhyPBu,

(xiii)69 G?a-butadiene)Cr(CO)4 + 2P(0Me)3——[P(OMe)3]2c1:(co)4

+ butadiene

(xiv)70‘72
+ ZL-—P-LZMO(CO)4 +
/
Mo(CO),
2L = PPh3,SbPh3,P(OPh)3,P(OMe)3
L2 = diphos,N,N,N' /N'-tetramethylethylenediamine

N,N,N' ,N'-tetramethyl-1,3-diaminopropane
Reaction (xi) proceeds by the experimental rate law
R = kplsIIL] (1.38)

a . y .
1Y may thus be interpreted in terms of either an Id ring-opening or a

dissociative ring-opening in which k ., >> szL]. In one case, the

1
Substitution of (bq-nbd)Cr(CO)4 with phosphines, a limiting rate at high

fOncentration of ligand is evident (see ref. 41 of 73), and therefore a

dissOCiative ring-opening seems more likely to be correct.
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The order of reactivity of metals in this reaction (Mo>>W>Cr) does not

exhibit the same trend as bond enthalpy contributions, Mo-nbd(187 kJ
-1

mol )>Cr-nbd(80)74, but does parallel behaviour in other substitution

Feactions involving these metals.
The exXperimental rate law for reactions (xii) and (xiii) is
R=lk,0s] + i, ls10L] (1.39)

With the butadiene chromium complex showing the greater lability. Hoffmann
and E1iap2° have demonstrated the preference of a Cr(CO)4 fragment for a
non‘Conjugated diene system over the conjugated diene system, which accounts
for the greater lability of the latter. The two different mechanisms
Consistent with this rate law are

(a) Competing I, and dissociative ring-opening, with the limiting

d

condition k3[L] >> k , applied to the dissociative pathway (Scheme

1
1.13)

(b) In the rate law R = kA[S] + kB[S][L] (equation 1.39), if the

kB term is interpreted as dissociative ring-opening as in the
reaction of (794—nbd)W(C0)4 with phosphines, then the intercept
corresponds to a pathway other than ring-opening ie. dissociation to

M(CO)A,Scheme 1.17%
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M(CO)4 P L—L —2—"'-> L{M(co)

4

Scheme 1.17

Assuming a steady state concentration of the intermediate (A), the rate law

is

Bom kgigls] + Kk, [s017] (1.40)

l4
k—l + k3 + kz[L]

Under the conditions k-l >> k3 + kZ[U] the equation reduces to

% = kykals] + Kk k,[s101] (1.41)
k
| kK
Which 4 the same as equation 1.39 where k, = k1k3/k._1 and
k
B = klkZ/k 1 Large positive activation entropies (Table 1.3)
8sociated with the intercept are consistent with the dissociative
pathWay.
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Reaction (xiv) although not quantitatively studied is thought to proceed by

8 ring-opening pathway.
(Butadiene)Cr(CO)4 also undergoes diene exchange

i
(9 -butadiene)Cr(CO)4 + diene-——(ipa—diene)Cr(CO)4 + butadiene

diene - l,4-norbornadiene, 1,5-cyclooctadiene

with 4 rate law

R < kA[(butadiene)Cr(CO)4] (42)

The
kobs

(xiii),

value 1is the same as the intercept value obtained in reaction

0 ; .
N the basis of the dissociative ring-opening pathway, complete ligand loss

to form Cr(CO)4 (k2 = 0) is consistent with the lower nucleophilicity of

d
lene compared to P(OMe)B. The existence of the coordinatively unsaturated

Cr(cg)a species has been demonstrated by flash photolytic studies of

Cr(CO)675.

]-o
3.4 OS-Cyclopentadienyl Metal Complexes

S
°Me  systems studied kinetically are shown below. It may be noted that in

a
1 cases, the product is a result of loss of ligand other than

d
yclopentadienyl, though the cyclopentadienyl may not play a passive role in

the reaction.

76
(xv) (95—C5H5)V(CO)4 + L—o(?S-C5H5)v(co)3L + CO
L = PBuj, P(OBu)3
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77,78
(xrv) s (OS—CSHS)Mn(CO)Z(alkene) + L ——y
(?S-C H.)Mn(CO), L + alkene
55 2
L = phosphines, amines.
alkene = cyclic and acyclic hydrocarbons

(xvii)’9 (?5-c5H5)Mn(co)ZSR + L—-@?S-CSHS)Mn(co)ZL + SR

2 2

L = phosphines, phosphites

R = Me,Et,nPr,nBu,Ph,PhMe

(xviii)80 ({QS.CSHS)M(CO)2 + L——(75-05H5)M(CO)L + CO

L = phosphines, phosphites M = Co, Rh, Ir

Reactions (xv)-(xvii) show no rate dependence on ligand concentration and

Proceed by a rate determining loss of the respective leaving groups, as

feflected by the positive entropies of activation (Tablesl.3 and 1.4).

R ’ . .
faction (xviii) however, shows a linear dependence on ligand concentration

Yith the rate law
5
R = kyl9”-cHOM(CO),IL] (1.43)

Activation entropies (Table 1.4) are strongly negative for the reaction, and

i ;
N accordance with this an Id slippage mechanism is proposed (Scheme

1'18), though a mechanism with a discrete ?3—intermediate cannot be

&Xcludeq,
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ko +L fast
‘ -CO
I

| | ]

Rh(co)2 Rh(CO)ZL Rh(CO),L

Scheme 1.18

The order of metal reactivity is Co<Rh>Ir.
A recent kinetic study of the ligand displacement reactions of
(95‘N~heterocyc1e)Mn(CO)3 (N-heterocycle = pyrrolyl, indolyl) with
phosphines and phosphites81 shows the reaction to proceed via rate law
(1'43)- However, a large rate enhancement 1is observed relative to the
SubstitUtionally inert Gps—CSHS)Mn(CO)3. The reaction is interpreted

in terms of an Id ring-slippage mechanism, with the large rate enhancement
arising from the greater localisation of electron density on the more

e
lectrOnegative nitrogen atom compared to carbon in the allylic transition

States of the pyrrolyl and cyclopentadienyl ligands.

Th ,
€ substitution reaction

8
(x1x)92 (bs-ring)zm(co)2 * L—>(95-ring)2M(CO)L + €O

L = phosphines, phosphites M = Ti, Zr, Hf

(95—ring) = CgHg, CS(Me)5, indenyl
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For M=Ti, plots of kobs against [L] are curved, and limiting at high

Concentration of [L]. The mechanism used to explain the results is

Ry

CPZTi(CO)2<——-—>Cp2Ti(CO) + CO

kg

k, + PR

\

szTi(CO)PR3

Scheme 1.19

Assuming that the steady state approximation applies to the intermediate

szTi(CO), then the rate law is

R = klkz[szTi(CO)z][PR3] (1.44)

k_l[CO] + kZ[PR3]

At 1oy concentrations of PR,, such that k_l(CO) >> kz[PR3] the

3)
®quation reduces to
R = klkz[szTi(co)zl[PR3] (1.45)
k_,[col

a
M a linear dependence on [PR3] is found. However at concentrations above
0.

SM:rate constants level off, hence under these conditions kz[PR3] >

k
<10€0] and the equation (1.44) reduces to
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R = kl[szTi(CO)z] (1.46)

and shows no dependence on concentration of PR3.

T i i ; ; :
he Zlrconium and hafnium complexes give a second order experimental rate

€Xpression

R = kB[CpZM(CO)Z][PR3] (1.47)

A P s ; ; ; :
B Id associative mechanism involving concerted ring slippage of one of

3
the Cyclopentadienyl rings from 95——?) coordination is thought to be

°Perative. Loss of CO is then accompanied by re-chelation of the slipped

ring.

R ; y
€actiong receiving much attention at present are those based on the indenyl

Systenm

M(CO),,

Fig 1.9

Su
bstitUtion reactions of these‘Z? type complexes proceed at up to 108

ti
Mes the rate of the corresponding cyclopentadienyl systems.
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In contrast to the inertness of CpMn(CO)3 , reaction of
¢ . . 83 .
9H7)Mn(CO)3 with trivalent phosphorus ligands ~ yields a rate

law of the type (1.47). An I, slippage mechanism (Scheme 1.20) has been

d

Proposed, in view of the rate law and corresponding negative activation

€ntropies,
W 4
w ¥
/ Mn(C0)3
“—'L
fast | — CO
+L
Mn(CO)3 0
Mn(co), L
Scheme 1.20
The rate enhancement, known as the "indenyl effect”83’84, can be

a : ch 2 L . ‘
ttr1bUted to the increased stability of the transition state in the indenyl

s g .
YStem relative to the cyclopentadienyl system, resulting from aromatisation

of the 85,86

benzene ring . Alternatively the rate enchancement may arise

£ , 3
fom the resonance stabilisation of the 0 -allyl transition state. An

alternative mechanism also consistent with the kinetics, and noted by the
authors, involves reversible formation of a discrete coordinatively
unsaturated 273-intermediate. Activation parameters for the reaction are
8lven in Table 1.4. Note that the activation entropies for reaction with
PRy

3 and P(OEt)3 are similar. In contrast, the activation entropies for

t
he Teaction of these ligands with (95—pyrrolyl)Mn(CO)3 are numerically

w
1de1y different.
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Thus, these values may therefore indicate that reaction of

5
(9 ‘PYrrolyl)Mn(CO)3 with the more nucleophilic PBuj proceeds via an
Id pPathway, whereas reaction with P(OEt)3 proceeds via initial slippage

followed by rate determining attack at the b3—intermediate.
1.5.5 0
*Je 9 -Polyene and Arene Metal Complexes

Kinetic studies of the displacement of 96—polyenes and ?6—arenes from

6
b ~Coordinated metal complexes are listed below

87
(xx) (76—chpt)M(CO)3 + 3L -—-’-fac-—M(CO)3L3 + chpt
chpt = 1,3,5-cycloheptatriene M = Cr, Mo, W
L = P(OMe) 4
188
(xx1)©9,89 (96-polyene)M(CO)3 + 3RCN —-P-fac-M(CO)3(RCN)3 + polyene
polyene = 1,3,5-cycloheptatriene, C.H, CGH3(Me)3
M = Cr,Mo,W R = Me, C6H5
(Xxii)go,gl

(?6-;)olyene)M(CO)3 + 3L---fac—l*'1(C0)3L3 + polyene

polyene = C6H6’ C6H5Me, o-, m-, p—C6H4(Me)2,

C6H2(Me)4, C6H3(Me)3, CeMe,
C H NMe,
L = P(OMe)3, PBu,, PC12Ph, PCl3 M = Mo

92
For M=W =~ polyene = C6H6’ C6H5Me, C6H3(Me)3,

CHoNMe,, p-CcHOMe

(rx1113%3 § B g no

3B3Ng 3Cr(CO)3 + 3L —)-fac—Cr(CO)3L3 +

RabaliaRiq

L = P(OMe),, P(OEt),, P(OPh); R = alkyl
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(’(Xiv)g4 [(aS—CSHS)Ru(?é-polyene)]+ + 3MeCN ——3
[(95—C5H5)Ru(MeCN)3]+ + polyene

polyene = naphthalene, pyrene, chrysene, anthracene, azulene

95
(xxv) Cb6-polyene)Cr(C0)2CX + 3L—-fac—Cr(CO)2(CX)L3 + polyene

polyene = C6H5Me,C6H5NMe2, C6H5002Me, o-,

p—C6H4(Me)2, p—C6H4(C02Me)2,
p—C6H4(OCH3)2
X =8, Se, Te

Reactions (xx), (xxii) and (xxiii) give linear plots of ko against [L]

bs

and obey the experimental rate law

R = kB[S][L] (1.48)

Actj " § g : i
Ctivation parameters reflect the associative nature of the reactions, which
h . ;

ave been interpreted as proceeding via the Id slippage mechanism as shown
in (S 96 s . v &

cheme 1.21)7°, though again these reactions could be written as

i ;
MVolving discrete (a)a-polyene)M(CO)3 or (374—polyene)M(CO)3L

1 .
ntermediates, ie a dissociative slippage.

k2+L
6
(9 ‘POlyene)M(CO)3 < » ('94-polyene)M(CO)3L (A)
%2
k3 + L

Polyene . M(CO)3L3 4——(72-polyene)M(CO)3L2 (B)

Scheme 1.21
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Application of the steady state approximation to the intermediate (A) gives

the mechanistic rate law

R = k2k3[S][L]2 (1.49)
k_, + ky[L]
Applying the limiting  assumption k3[L] >> k_,, used in the

(diene)M(CO)4 case, equation (1.49) reduces to
R = k,[s][L] (1.50)

Co : . :
Mplexes analogous to intermediate (A) have been isolated from reactions of

6
(b ~Cyclooctatetraene)- and (?etcyc1ooctatriene)Mo(CO)3 with CO as

4
(9 ‘1,5-diene)Mo(CO)4 97. Similar complexes have been obtained from

t
he Feactions of (bicyclo[6,1,0]nona-2,4,6-polyene)Mo(CO)3 with CO and

P
(OPh)3 giving (?4—1,5—d1ene)Mo(CO)4 and

4
(a ‘1,5~diene)Mo(CO)3P(OPh)3 respective1y7l’98’99,

F
or feaction (xxi) (M=Mo,1,=C6H5CN and M=Cr ,Mo,W, L=MeCN) a second order

1i
8and dependence is found, though for M=Cr and L=MeCN, the quoted results

a
Ppear to be first order in ligand concentration. This reaction may perhaps,

th
¢refore, represent a situation so far not observed in (diene)M(CO)4

Co
Mplexes where k >> k3[L] perhaps as a result of the lower

2
88,89

nuy e
C1e°ph111city of MeCN compared to P(OR)3 The reaction of

(QG‘ChPt)W(CO)3 with C6HSCN is intermediate in behaviour, apparently

"ith k_z! k3; at low concentration of L a second order dependence on [L]

le fou“d, which changes to first order at high concentration of L. Strictly
1:st order ligand dependence is found for the reaction of

9 'Chpt)cr(co)3 with C H.CN.
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An  alternative mechanism proposed by the authors to account for the squared

dePendence, involves a rapid pre-equilibrium association between the complex

and nitrile ligand followed by rate determining addition of a second

Molecule of nitri1e88

K

6
@ ~chpt)M(co),  + L'-:i!rq74-chpt)M(CO)3L
k' +2L
M(CO)3L3 + chpt

Scheme 1.22

£ ; .
°F which the rate equation is

R = k'K[L]2 (1.51)

1 + K[L]
HOWev -l 3
er, the results imply a K value of >> 2 mol dm™, meaning that the

i .
Ntermediate (74-chpt)M(C0)3L predominates. None is observed

SpectrOScopically.

T

he Teaction of (06-naphtha1ene)Cr(CO)3 with MeCN also shows a strict

f

lrst order dependence on [L] over the concentration range usedloo, as
d

Oes the displacement of C7H7+ from [(‘9’6—C7H7)M(CO)3]+ by
Mecy 101

Some

general points regarding ground state bond enthalpies in terms of

Te PR
act1v1ty may be noted:
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(1)  The lability of polyenes in these complexes exhibits the same ordering
as the calorimetrically determined bond enthalpy contributions;

Cr-133N3Et (104 kJ mol-l) < Cr-chpt(150) < Cr—C6H6(177)

6
Cr-C_H Me(173) 202) 74102 bond
glisMe <Cr6Me6( ) . However, more recent bon

enthalpy calculations based on iodination studies have shown the

Cr-chpt bond to be stronger than the Cr-C6H6 and Cr—C6H5Me
103

bonds
(i1) The lability in terms of metal (Mo>>W>Cr) does not reflect
metal-polyene bond enthalpy contributions;
w-C6H3(Me)3(334 kJ mol—l) > Mo—C6H3(Me)3(279) >
Cr—C6H3(Me)3(191)74 and maybe an indication that molybdenum and
tungsten complexes can react via a lower energy concerted pathway
inaccessible to chromium complex.
The more recently studied reactions (xxiv) and (xxv) show a linear

de
Pendence of rate on concentration of ligand, giving a rate law of the type

Li
48. Both reactions are interpreted in terms of a dissociative slippage

mechanism
?® k
9 ‘Dolyane)Cr(CO)Zcxz('oa—polyene)Cr(CO )ZCX (A ,
o]
k2 + L
fast + 2L

c
r(CO)z(Cx)La. + polyene «€«—— @a-polyene)Cr(CO)z(CX)L
Scheme 1.23

On
the assumption that k_, >> kz[L} the rate equation is

R = klkz[S][L] (1.52)

e

k1
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Initial slippage to a discrete 94—intermediate (as opposed to an
associative Id process) is considered more likely since nucleophilic
attack at the metal in the ?6—complex would be energetically unfavourable
due to the high electron density located about the metal atomloa.
It is again difficult to differentiate experimentally between this mechanism
and the I, slippage mechanism.
The polyene and chpt exchange reactions (xxvi) and (xxvii) have been
kinetiCally investigated in solvents of differing polarity.
(xxv3105'107 676_p01yene)M(Co)3 + polyene'—-(96—polyene')M(CO)3

+ polyene
Polyene - polyene' C_H,, C,H.Me, naphthalene

66 65

M= cr, Mo, W

(xxv1)105-107 (76-chpt)Cr(co)3 ¥ chpt'->(96-chpt')0r(co)3 + chpt

I ; ; ;

n hydrocarbon solvents both reactions proceed via a two term rate law, with
0 ;
N€  term common to both and the other dependent on the coordinated polyene.

Reaction (xxvi), when the arene is naphthalene and reaction (xxvii) obey the

r
ate €quation

R = kA[s] + kB[S][polyene'] (1.53)

E ;
xChange reactions involving the less labile monocyclic polyenes proceed via

a
two term rate law of which one term has a squared dependence on

Sub
Strate concentration

R = kA[S]2 + kB[S][polyene’] (1.54)
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The kg[S1[polyene'] term common to both may be interpreted as either a

dissociative or I, slippage pathway. The kA[S]2 term has more recently

been

interpreted as a self catalysis of the exchangelOS, and will be

discussed in more detail in Chapter 2.

Polyene exchange reactions have also been studied in solvents of greater
polarity such as cyclohexanone and tetrahydrofuran, and proceed at much

f ; ; : :
aster rates which are independent of the concentration of entering polyene.

S ’ 3
olvent assisted mechanisms have been proposed to account for these rate

ks

6
(9 'pOIYene)Cr(CO)B + S—:Cr(CO)3Sx + polyene
kg

k3 + polyene'
(76—polyene')Cr(CO)
3

Scheme 1.24

A
PPlication of the steady state approximation to Cr(CO)3Sx leads to the

ra
te equation

R = k2k3[(polyene)Cr(CO)3][polyene'][S] (1.55)

k_z[polyene] + k3[polyene']

wh '
ich if k3[polyene'] >> k_z[polyene] reduces to

R = kz[(polyene)Cr(CO)3][S] (1.56)

The 4
‘Ntermediate involving Sx has not been clearly defined in terms of the

ny i
Merical value of x.
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1.5.6 cConclusion
The difficulty in unambiguous assignment of mechanism is apparent, since
different reaction pathways may obey the same experimental rate law. Further
€Xperiment and theoretical work in this area, directed towards the
diffErentiation of these ambiguous pathways, may provide a more ordered
strUCturing of organometallic reaction mechanisms of particular value in the
design ang development of transition metal complexes, both in stoichiometric
and Catalytic organic synthesis.

This is  the subject of the work described in Chapters 2 and 3 of this

thesis, Chapter 4 describes work arising from these studies and is concerned

Vith the intramolecular rearrangement of six-coordinate octahedral complexes

of Cr, Mo and W.
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Table 1.1

Reaction P $ £ 3
AH LEN AH AS,

(AH Ky mol!  88%/ J K1 moi™)
(CO)QFe(styrene) + L —

(CO)4FeL + styrene

L = PPh, 137 108
L = AsPh, 127 88
L=eco 121 54

cis-(co)aw(dmf)PEt + P(OPr-i); —»

3

ciS-(<30)4»~11=(0Pr-1)31>Et3 + dmf 109 39

3
% ~C3“4,5()Fe(co)2rqo 3 L =

»
“~3H,X)Fe(CO)(NO)L + CO

X<H, L=PBu, 28 221
X<H, L=pPh, 65 -229
X=<H, L=P(0Et)3 59 117
X=2-Me, L=P(OEt) 57 -137
X=1-Ph, 1=P(0Et), 48 133
#=2-01, LePPh, 57 -134
X<2-C1, 1=PPh,Et 45 _146
X=2-Br, L=P(0EL), 55 113
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Table 1.2

Reaction AHZ As

> %

*?
~C3H4X)Mn(CO)4 + PPh

3
%3
-C3H4)Mn(CO)3PPh3 + CO
X<H 112 40
X=2-Me 98 11
X=1-Ph 111 32

4
(77 ~PhCH=CH-CcH=NC HQX)Fe(CO)B + L —»

6
(74-p
hCH=CH_CH=NCGH4x)Fe(CO)2L + CO
X=4NMe, L=PPh, 26 3
X<H, L=PPh, 31 20

(74
‘COt)Fe(CO)3 + 2L —>»

tr
a“3~Fe(CO)3L2 + cot

L=pp
By

L2=diphos

*5_ S
) 1,4-chpd)Fe(co)(74-1,3-chd) + 2PPhg

4
7, 1,3-chd)Fe(C0)(PPh,), + 1,4-chpd

3.
7 1,3~cod)Fe(CO)3 + 2PPh3 B o

tra
“8~Fe(co)3p1>h2 + 1,3-cod

@

4
® ‘1,3~chd)Fe(co)2PPh

4
‘1,3-chd)Fe(CO)3 + PPh, —>»

3

3 + CO 176 0

- 66 -

:
AHB

20

48

60

85

87

AS

os]

-16

-159

-126

-12
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Table 1.3

REaction AH

: as} OHY DSy
(7)4-cod)Mo(C0)4 + 2L —>»
LZM(C0)4 + cod
L,=bpy 105 21 79 - 46
L,=diphos 100 8 59 -105
L,=phen 113 46 84 - 13
L=PPh3 105 9 88 - 13
L=AsPh3 105 9 71 - 71
L=SbPh3 105 9 80 - 4
L=py 100 13 75 -~ 50
L=P1>hc12 100 13 83 - 41
@a‘nbd)Mo(CO) + 2P(OPh)., —>»
4 3
[P(Oph)3]21\do(C0)4 + nbd 37 -151
(7 ‘CSH V(CO), + PBuy —m
(? ‘C5H )V(Co) 3PBug + CO 230 150
(’)5 H. )Mn(
5 n(Co) 9SR, + PRy ——=
(7 ~CsH, )Mn(co) + SR
3 2
RZS = tetrahydrothiophene 154 92
R=Me 146 75
R<Et 147 79
R=By 150 92
R=benzyl 133 54
R=Ph 133 79

= O] =



Table 1.4

Reaction AH

o

5
(’) ‘CSHS)Mn(CO)Zol + PR3 —_—

@ ¢t (o)
5t n(CO 2PR3 + ol

ol=C 144

2ty
Ol=cyclooctene 146
Ol=propylene 141
Ol=cyclopentene 140

ol=1l-pentene 139

Ol=cycloheptene 135

CpRh(co)Z o f
L=pPp
hEt,

L=P(0Bu)3

5

D ‘C4H4N)Mn(co)3 + L ——
3

(7 ‘C4H4N)Mn(co)2L + CO

L=PBu3

L=P(0Et)3

*3_
7 CSHS)ZM(CO)Z + PPhMe2 —_—

®>.
i CsHg),M(CO)PPhMe, + CO

2

M=Ti 117

M=Hf
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AS

>

79

120

115

115

102

49

63

AH

=

63

75

63

95

64

AS

T »

-156

-130



Table 1.4 continued

$+ *
AHg ASg
9
‘C9H7)Mn(CO)3 + L —
5
v, “09H7)Mn(CO)2L + CO
L=PBu, 71 -151
L=P(0Et)3 70 -156
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Table 1.5

ReactiOn AH AS

> W
>

6
(7 -arene)Mo(CO)3 4 3PR3 —
fac‘(PR3)3Mo(CO)3 + arene
arene = toluene, R=Cl

arene = p-xylene, R=Cl

arene

Il

mesitylene, R=Cl

arene = mesitylene, R=OMe

6
(7 -arene)W(CO)3 + 3P(0Me)3 —_—

(p
(OMe)3]3w(Co)3 + arene
arene = mesitylene

arene

]

methyl benzoate

6
(9 ‘Chpt)M(co)3 + 3P(0Me)3 —
(p
(OMe)3]3M(CO)3 + chpt
M:Cr

M=Mo

(R
3B3N3R'3)Cr(CO)3 + 3P(OMe); ——

[P(o
Me ) 1.c '
343 r(co)3 + R3BN,R' 4

R:Me’ R'=Me
R:Et, R'=Me
R=Me, R'=Et

R<Et, R'-E¢

)

=« 70 =

aH

67 .

63

71

72

79

74

69

41

47

25

23

33

43

20

48

- 88
-100
- 84

- 76

-107

-102

-105
-125

-121

-171
-173
-158
-140
-188

-113



Table 1.6

E
Reaction AH* AS

(bs-chpt)M(co)3 + 3RCN —>
fac-(RCN)3M(CO)3 + chpt

M=Cr, R=Me

M=Mo, R=Me

M=W, R=Me

M=Cr, R=Ph

M=MO y R=Ph

6
(9 ‘C6H6)Cr(co)zcs + 3P(OMe) ; — >

[P(OM
®)313cr(co),cs + CH,

L(nd
(7 ~CSMES)Ru('?f)—anthracene)]+ + 3MeCN ——>

[(»3
(9 ‘CSMes)RU(MeCN)3]+ + anthracene 62

0P
9 Celgder(co), + “C.H, —
P * 3 66

" Cgligder(co)  + cyH

66
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2. POLYENE EXCHANGE IN (POLYENE)Cr(CO)3 COMPLEXES

241

Introduction

‘7 “Polyene complexes of transition metals have been shown to be both

us G ; ; : :
eful catalysts and stoichiometric reagents or intermediates for organic

s <
Ynthesis. Catalytic applications of these complexes include homogeneous

r N . . 1,2
€gioselective hydrogenation of 1,3-dienes to cis-2-monoenes ’ , and more

r
€cently the addition of haloalkanes to alkenes3. (Naphthalene)Cr(CO)3
allows both these reactions to be performed at ambient termperatures and

br . n .
" e8sures. The mechanism of this catalytic behaviour probably involves a

5
eduction of, or loss of coordination of the naphthalene from the Cr(CO)3

m
oietYy thus allowing empty coordination sites to be filled by reacting

8
Pecies. op this basis, the hydrogenation reaction might proceed as shown.

?;>i—<§?
H 3 | L H
D] +Hediene — e’ .
A"

Cr(co), * €OoCcoco

4-}12
+diene

Scheme 2.1
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Stoichiometric reactions involving polyene complexes had, until the mid
19601 g received little attention. One of the first examples reported by
Birch et al involved the aromatisation of l-methoxycyclohexa-1,4-dienes
usin 4 : ; ;
8 Cr(CO)6 . The reaction, which proceeds via an
(96
~p01Yene)Cr(CO)3 complex, has been applied to steroids possessing a
3= ;
Methoxy-2,5-diene (ring A) structure converting them into aromatic
Steroidsg 1 9 5 ,
s§ in 70% yields (Scheme 2.2)”. The intermediate complex (A) formed,

m,
4y be decomplexed by the combined action of light and air, which is

generally the method of choice.

M 4
0dificatlons to the chemistry of polyenes when coordinated to the Cr(CO)3
Ui
Mt are of particular interest to the organic chemist, and are both
el ;
®Ctronic and stereochemical in nature.
El
fCtronic modifications arise form the strong withdrawal of electron
de
"Sity from the aromatic ring by the Cr(CO)3 moiety. Reactivity changes
re .
Sulting from this effect are:-
(1) Enhanced nucleophilic substitution of aromatic ring
(ii) Enhanced acidity of the polyene ring hydrogens6
(i1 ‘ _—
ii) Activation of alkyl side chains
Examples

of nuc leophilic substitution include reactions of

(ben,
en‘e“e)Cr(CO)3 with lithium alkyls, of which two general reactions are

n
oW well defined
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(co),

Scheme 2.2



~a) OX ®

A

LiR

b) H* @

Scheme 2.3

(ch
lorobenzene)Cr(CO)3 also undergoes nucleophilic substitution with

Me t .
hoxide ion to give (anisole)Cr(CO)3.

Pro

ton abstraction from an aromatic ring by strong base (metalation) is a
Me t

hod of direct activation of a ring carbon atom as a nucleophile, though
alk

Ylareneg undergo preferential side chain metalation. Complexed

alk
Ylarenesg however, due to their increased acidity allow ring metalation.

Rea
‘tion of (toluene)Cr(CO)3 with n-butyllithium gives initially mixtures

of
the meta- and para- metalated complexes, though synthetic uses of these

Nte :
fmediates have yet to be developed.
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CH, CH,

Li

cr(co); crco),Li

Fig. 2.1

A ;
¢tivation of alkyl side chains involves stabilisation & or 8 to the ring.

Al :
kylat10n of anionic sites both in the & and ﬂ positions to the complexed

ri
ng is Possibles. Thus whereas free PhCHZCOZMe and PhCHZCHZCOZMe

ar
¢ inert to MeI, the Cr(CO)3 complexes of both readily undergo

m g
thylation to give PhMeZCOZMe and PhCHZCMeZCOZMe respectively.
The

feasons for B-activation are still unclear. Synthetic applications of

the
€Xtraordinary stabilisation of & -carbonium ions include preparation of

am
Ines (yields 70-80%) from primary, secondary and tertiary alcohol

de :
Tivatives of (benzene)Cr(CO)36.

R/
R, . _ ll\l
é:___rz1 F*F’Fb // \\ __.(f:/ 2 _ngittlg.. C
| CH,Cl, \— R, L
OH 2
Cr{co), cr(co), cr(co),
Scheme 2.4
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Th : . . s o
€ stereochemical consequence of complexation is shown in Figure 2.2. Arene

deri ; . ;
€rivatives containing different ortho or meta substituents exhibit planar

chirality, and undergo nucleophilic or electrophilic (%-anionic sites)

attack from the opposite side of the ring to that of the Cr(CO)3

mo i ; . < .
lety (exo attack). An important application of complexes of this nature is

t ;
herefore in asymmetric synthesis involving enantiomerically pure products.
1
|
|
|
|
A | A
|
|
|
|
|
1
]
1
]
'
1
1
1
cr(co), | cr(co),
Fig 2.2
A 8ood

example of the effect is provided by the route to optically pure

€ph 8
Phedrineg . Reaction of optically pure complex (Scheme 2.5), with the

Soqd

Lum derivative of nitroethane yields a 70/30 mixture of diastereoisomers
(707

° erythro) resulting from the orientation of attack by the pro-chiral

nitr
O¢thane.  Asymmetric induction at C,, nearly 100%, arises from

exc

lusiVe attack of the nitroethane from the exo side of the molecule to the
Cr(c

0)3 moiety. These diastereoisomers can be separated by chromatography
Suc

. that decomplexation affords enantiomerically pure ephedrine.
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H Me NH,

\/

stigpf

o "CH,CHNO, /C

// 2) reduction
C » C./m,,

\\, . 3) decomplexation \ OH
H
H
Me Me
crieo),
Scheme 2.5

I? ro
M a synthetic point of view, these reactions suffer in that the

ac .
tivatlng group, Cr(CO)3 is generally removed oxidatively and cannot be

Tec 2
Yeled. The advantage of achieving a cyclical process is therefore
€co ; "
fomically apparent as stoichiometric amounts of the costly chromium(0)
Co
Mpound can be substituted by essentially catalytic amounts. One reaction

wh
lch would therefore be of great synthetic importance is that of polyene

ex
Change~ This approach has been adopted in the preparation of some

Su
bstitUted benzenes9

(A N -

( rF)Cr(co)3 + X —pp-(ArX)Cr(C0) 5 + F
A
l‘X)Cr(Co)3 5 ArF-»(ArF)Cr(CO)B + ArX

X‘: OBut t
» cholesteryloxy, menthyloxy, SBu , morpholine.

Scheme 2.6
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Exchange of the complexed functionalised arene, (ArX)Cr(CO)3 can be

dccomplished, even though it may be more stable than (ArF)Cr(CO)BIO, by

the use of a large excess of fluorobenzene. An example of this approach can

be applied to Scheme 2.2 by considering exchange of the complexed arene (A)

wi ; ‘ :
Ith reactant polyene. Thus, an understanding of the thermodynamic, kinetic

a ; . " .
Nd  mechanistic features of the polyene exchange reaction 1is of some

importance.

S :
urPtiSlngly little work on the kinetics of polyene exchange has been

re
Ported. Exchange reactions carried out in coordinating solvents have been

Studjeq kineticallyll_l4

is

, although information gained from these studies
MO0t directly relevant to the exchange in hydrocarbon solvents. Solvent
Partj ;

ticipation by coordinating solvents significantly increases the rate of

rea
€tion, and gives rise to a solvent dependent term in the rate law (See

Ch
@Pter 1 Section 1.5.5.). Oxidative catalysis by iodine has also been

Studiedla' P . , " i 11
y with exchange occurring’ at room temperature. This potentially

att
Factive process 1is thought to proceed via a 17-electron cationic

intermEdiate

(
POIyene)Cr(Co)3 —-—->[(polyene)Cr(CO)3]+
[(
p°1yene)Cr(CO)3]+ + polyene'—,»[(polyene')Cr(CO)3]+ + polyene
(¢
p°1yene')Cr(co)3]+ + (polyene)Cr(CO)y ———

(pOlyene’)Cr(CO)3 + [(polyene)Cr(CO)3]+

Scheme 2.7

The

Nature of the reaction however, may prove restrictive for ligands that

e g .
ensitive to redox conditions.
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The earliest results from kinetic studies of polyene exchange in

12,15-17

n°“‘Coordinating solvents stem from the work of Strohmeier The

feactions involve the exchange of 140 labelled polyene

(P°1yene)Cr(CO)3 + polyene'-—»(polyene')Cr(CO)3 + polyene

Polyene = polyene' = naphthalene, benzene, toluene, cycloheptatriene.

T
he general rate law may be represented as

b KALST + 1 [s10L] + kC[S]Z (2.1)

(i) (ii) (iii)

Te .
ms (i) and (ii) apply to the polycyclic and cycloheptatriene complexes,

wh{

ke only terms (ii) and (iii) are observed in monocyclic complexes.
Str

Ohmejer g interpretation of the terms in this rate law are shown below.
The

€Xperimental techniques used in this study only allow for the detection

of
the exchange product (polyene')Cr(CO)3, which assumes quantitative

Yielq
d in the calculation of the rate constants. Additionally rate constants

are
Calculated only from initial rate measurements, and may therefore not

re r
P €sent g true value of the rate constant. Furthermore, the entropy value

der
Ived from kinetic data for the ligand independent pathway (i) in

Na
Phthalene exchange 1is large and negative, and inconsistent with a

iSs . n
Oclative pathway as represented.
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(1)

@ . @ . crfco),
Cr(co)

(i)
crico), i

(i

Scheme 2.8




Since this work, pathway (i) involving the high energy l2-electron Cr(CO)3

. 18
intermedlate has also been criticized on energetic grounds and pathway

(i) has been criticized from a stereochemical point of view, since in the

dbsence of added polyene' it would imply an inversion of configuration of
the bound polyene. Individual isomers of (alkylindane)Cr(CO)3 (Figure 2.3)
Were

recovered unchanged after being heated under conditions where exchange

Normally occurs19

&

R $ R
Cr(CO)s Cr(CO)3
Cis- alkylindane cr(c())3 trans-alkylindane CI’(CO )3
Fig. 2.3
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It therefore appears that this process (iii) cannot be interpreted as
Tepresented. More recent work by Traylorzo’21 has however, appeared to
confirm this second order substrate dependence term, the postulated pathway

inVOlving a carbonyl bridge.

+ SR k
3 c c’o co

Cr(co) Cr(cO) B C{/Cr\— o—

CO Co

3

Scheme 2.9
Most Fecently an investigation of the reaction
(
naphthalene)Cr(CO)3 + toluene—,»(toluene)Cr(CO)3 + naphthalene

Yielded 4 rate law which is independent of toluene concentration, though the

c
Ofcentration range used was rather 1imited22.

I
T view of the paucity and apparently contradictory nature of the data, a

£
Urther study 1into the exchange reactions of these types of complexes has
b

¢en undertaken. With the aid of theoretical calculations, this work aims to

r
P Ovide 4 fuller interpretation of the reaction pathways contributing to the

Oov
€rall mechanism of polyene exchange.
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2.2

Experimental

2.2.1 Reagents and Materials

All (Polyene)Cr(CO)3 complexes were prepared by standard literature
meth 23,24

ods from Cr(CO)6 , except (styrene)Cr(CO)3 and
(2a6~dimethylpyridine)Cr(CO)3 which were prepared from

(NH3)3Cr(CO)325’26. Polyenes were supplied by Aldrich Chemical Co.

Ltd, except for octamethylnaphthalene which was prepared by a literature

2
Method 7. 2,6-dimethylpyridine was purified prior to use to remove

n0n~a1ky1ated impurities. Cr(CO)6 was supplied by Strem Chemicals Inc.
PerOXide free tetrahydrofuran, di-n-butyl ether and dioxan were all refluxed

and distilled from sodium under a nitrogen atmosphere.

(1) Example of preparation from Cr(co),.

Cr(CO)6 (2g 9.1mmol) and pyrene (3g 16mmol) were added to a mixture of 2ml

ot tetrahydrofuran in 100ml of di-n-butyl ether in a 250ml round bottomed

flask, equipped with stirrer, condenser and nitrogen bubbler. After

degassing with nitrogen for 15 minutes, the mixture was refluxed at 160 °C

Under 4 nitrogen atmosphere. Any sublimed Cr(CO)6 appearing in the

‘Oondenger was scraped back into the flask. After reacting for 24 hours, the

red Mixture was cooled, filtered through a a glass frit containing celite,

and solvent removed under reduced pressure. Separation of the complex from

free Pyrene was effected by passing the mixture down an alumina column
(grade IT1) and first eluting with hexane/diethyl ether (4:1) to remove free

DYrene’ followed by elution with diethyl ether to remove the complex. After

r
fMoval  of the solvent, recrystallisation from dichloromethane/hexane

ffordeq red crystals of (pyrene)Cr(CO)3 (0.3g 10%).
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In all other preparations from Cr(CO)b, except for (naphthalene)Cr(CO)3,
Oml of tetrahydrofuran were used. Purification of both alkyl naphthalene
cOmplexes involved the chromatographic procedure outlined with subsequent
fecrystallisation from hexane. (Naphthalene)Cr(CO)3 was purified by

Sublimation and the remaining complexes purified by recrystallisation from
hexane,

(i1) Example of preparation from (NH3)3Cr(CO)3

(NH3)3Cr(CO)328 (0.9g 5mmol) and 2,6-dimethylpyridine (2.7g 26mmol)

¥ere added to 50ml of dioxan in a 100ml round bottomed flask equipped with
Stirrer’ condenser and nitrogen bubbler. After degassing for 15 minutes with
nitr°gen, the mixture was refluxed for 4 hours after which the resulting
brow“ solution was cooled and filtered through a glass frit containing
celite, The yellow filtrate was evaporated to dryness. Recrystallisation of
the

solid from hexane afforded yellow <crystals of the complex

(2’6‘dimethylpyridine)Cr(CO)3 (0.2g 17%).

All complexes were characterised by 1H nmr (Jeol Fx-100), infrared (Perkin

Elmer 257) and microanalysis. Analytical data are given in Table 2.1
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C
r(c0)3

Complex
Naphth-
a].ene

Pyrene

2a6~dmn.

2v5~dmt.

2)6~dmp,

1H nmr

(ppm, CDC13)

5.52(dd,2)
6.12(dd,2)

7.34-7.61(m,4)

5.56(dd,1)
6.00(d,2)

7.45-7.91(m,7)

Me 2.41, 2.29
5.38(dd, 1)
6.07(m,2)

7.15-7.47(m,3)

2Me 2.18

5.23(s,2)

2Me 2.38
5.08(d,2)

5.64(t,1)

Table 2.1

-1

/cm

.QCO

(decalin)

1974
1910

1898

1964
1904

1898

1969
1905

1891

1984
1824

1914

1984

1924

1914
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microanalysis/%

found calc

67.36 67.45

@]
Il

H = 3.22 2.96

61.79 61.60

(]
Il

H= 4.08 4.10

43.43 43.55

(@]
Il

H= 3.12 3.22

49.19 49.36

(o]
I

H = 3.56 3.70

N = 5.56 5.76



cyclohep_

tatriene

Styrene

OCtamethy] -

naphthalene

thiophene

Loluene

‘butyl_

benzene

m‘x)'lene

Table 2.1 continued

1.63(m,1)
2.88(m,1)
3.32(m,2)
4.79(m,2)

5.99(m,2)

6.25(dd,1)

5.24-5.71(m,7)
4tMe 2.28, 2.34

2.54, 2.57

5.34

5.57

Me 2.15

5.20(m,5)

Bu" 1.27

5.21-5.54(m,5)

2Me 2.17

5.0(m,3)

1982

1920

1896

1978

1912

1952

1886

1871

1978

1905

1897

1977

1902

1972

1898

1970

1898
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52.60

3.47

54.91

3.22

67.13

6.52

38.29

1.72

52.44

3.37

57.84

55.19

4.25

52.63

3.51

55.00

67.02

38.20

52.63

3.91

57.78

5..19

54.54

4.13



Table 2.1 continued

O-xylene 1971
1899
P=xylene 1969
1897
hexamethyl.  gMe 2.26 1952 C = 60.13 60.40
benzene 1876 H= 6.10 6.04
%, -t ft, 5.16-5.58(m,5) 1994 C = 42.82 42.55
1930 H= 1.81 1.77
m'eth}’lphenyla<:etat:e 1980
1905
g’g‘dmn- = 2,6-dimethylnaphthalene
Z’G‘dmt. = 2,5-dimethylthiophene
O=dmp, - 2,6-dimethylpyridine
oot ft = o, ok,on-trifluorotoluene
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Literature methods29 for the purification of polyene reactants are
Outlined below. Toluene, xylenes and t-butylbenzene were purified by

first washing with conc.HZSOQ, followed by aq.NazCO3 and

fina11y water. After drying over anhydrous CaSO4, each solvent was

fraCtionally distilled. o« ,x,&-trifluorotoluene was treated with
boiling aq.Na2C03, dried and fractionally distilled. Methyl

phenylacetate was washed with Na2C03 in water, then dried over

Ca804 and distilled from P205 to remove any alcohol.

He"amethylbenzene was recrystallised from absolute ethanol and dried
Under high vacuum. Cycloheptatriene was treated with 2N NaOH and

fractionally distilled.
Al vegetants were stoved umder an atmosphere of nitrogen.

Decalin (Aldrich Chemical Co. Ltd. and Lancaster Synthesis) and

cyclOoctane (Fluka) were purified by stirring with conc.HZSO4
folloWed by washing with water, aq.Na2C03 and water respectively.

After

drying with CaSO, (decalin) or MgSO4 (cyclooctane), the

%
Solventg were passed down an alumina column. Decalin was distilled

from sodium under reduced pressure and cyclooctane fractionally
distilled from LiAlHA. Both solvents were shown to be pure by glc.
The decalin, which shows two peaks on glc, consists of a cis/trans

180meric mixture (76/24). This ratio was consistent between different

batches of decalin.
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sy

The

copoly(divinylbenzene-styrene) used in exchange experiments was

obtained from Polymer Laboratories Limited (8% crosslinked. 10y bead

$ize) and was purified by washing with water. 1;1 water/ethanol.

®thanol ang acetone followed by Soxhlet extraction with CH2C12 and

drying under vacuum.
2.
W Kinetic Measurements

A - -
a appropriate amount of complex. to give a 10 3 mol dm 3 was

d
lssolveq in a polyene solvent mixture of the required composition,

The

resulting solution was transferred into a 10mm uv/visible glass

all (Figure 2.4) previously internally silylated with a 5% ethereal

©lution of N-(trimethylsilyl)acetamide to remove any catalytically
ctive surface sites. The solution was degassed for a minimum of 15
Mnutes with oxygen free and moisture free argon., obtained from
Passage of the gas through an activated copper catalyst and molecular

]
leve (4A) trap. The cell was then sealed with a teflon stopcock under

a
POsitive pressure of argon (5psi).

Fig. 2.4
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After an initial absorbance reading, the cell was immersed in a
Constant temperature oil bath (20.2 ). At appropriate time

Intervails of not less than 30 minutes, the cell was removed from the

bath, quenched in cold petroleum ether and the visible spectrum

r s
€corded. A minimum 30 minute time interval was used to ensure that

the time taken for the cell to reach bath temperature (approximately 3

Minutes) was small 1in comparison. An average of 10 absorption/time

d
ata points at specific wavelengths (See Figure 2.5) were measured on

a
Varian pMs-100 spectrophotometer and used to calculate the rate

c
Ohstant. All kinetic studies were carried out under pseudo-first

0
Tder conditions with at least a ten-fold excess of polyene reactant

(ie >10_2 mol dm—3) and were monitored over not less than three

h
lf-lives. The data obtained gave linear plots of ln(At_Am) versus

ti
Me (where At and ‘Am are absorbances at times t and

@ Trespectively) when analysed by a linear least squares program,

w
Lth correlation coefficients greater than 0.999. All reactions were

perf°rm8d in duplicate with a reproducibility of about *7%. Yields

f
°f the reactions were established by comparing the visible and

i
Nfrareq absorbances of the solutions at t, with absorbances of

So
1Ut10ns of known concentrations prepared from authentic samples of

t
he Teaction product. Good agreement was found between uv and infrared

d
eterminations of the yield. Infrared was also used to detect amounts

of
any other carbonyl containing products, principally Cr(CO)6.

A
fter each kinetic run, acidified potassium bromate was introduced

1
Nto the cell and boiled to remove any traces of oxidised material

Which may h
y have been formed during the reaction.

In
the solvents used. it was established that the change of absorption

wi
th Concentration of complex conformed to the Beer-Lambert Law.
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ABS

UV/visible spectra of (polyene)Cr(CO); complexes

2.0 '

1.6

il 5 4 3\ \2 \1

0.8 -

0.4 -

0.0 ' ' ] |
340 430 520 610

250

700

Wavelength nm.

Complex Wavelength
monitored
1. (pyrene)Cr(CO), 530 nm
2. (2,5-dimethylthiophene)Cr(CO), 470 nm
3. (naphthalene)Cr(CO), 470 nm
4. (2,6-dimethylpyridine)Cr(CO), 440 nm
S

- (toluene)Cr(CO),

Fig: 2.5



2.2.3 Polymer Studies
(a) Preparation of copoly(divinylbenzene—Z—vinylnaphthalene)3o

1000m1  of water was added to a polymerisation vessel equipped with
Btirrer, thermometer and nitrogen inlet tube. After degassing with
nittOsen, 0.125g of copoly(styrene-maleic anhydride) surfactant was
added fo1lowed by a solution of 5g of 2-vinylnaphthalene (Aldrich
Chemical Company Ltd.) and 0.25g benzoyl peroxide dissolved in the
Mnimum amount of toluene. 0.63g of a 63% solution of divinylbenzene

tn ethylstyrene was added and the mixture stirred for 6 hours at

70 oC- The resulting yellow polymer was filtered and washed
succesSively with 50ml water, 50ml 1:1 water/ethanol, 50ml ethanol and

finally 50ml acetone. The resulting solid was extracted with

CH2012 and dried under vacuum to give 2g of an off white powder.

Analysis (%) :- C=90.64, H=6.34
Calculated values for each component are:
divinylbenzene:- €=92.3, H=7.7
2-vinylnaphthalene:- €=93.5. H=6.5
(b) Complexation of copoly(divinylbenzene-2-vinylnaphthalene)
0'58 of the copolymer and 0.5g Cr(CO)6 were added to a solution of
2m] tetrahydrofuran in 50ml of di-n-butyl ether. The mixture was
refIUXGd for 10 hours at 160 °¢ under argon, and the resulting red

Powder yaq filtered and washed with degassed tetrahydrofuran and dried

Under vacuum (yield 0.7g)

Analysis (%):- C=79.1, H=6.0, Cr=8.6
Infrared (KBr disc)(cm-l):— 1966, 1876
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(e) Complexation of copoly(divinylbenzene-styrene)

0‘078 of the copolymer beads were suspended in 5ml of decalin
containing 0.09g (naphthalene)Cr(CO)3 and the mixture heated at
130% for 48 hours wunder argon. The resulting yellow powder was
filterEd. washed with degassed tetrahydrofuran and dried under vacuum

(yield 0.08g).

Analysis (%):- C-77.8, H=6.5, Cr=7.2

Infrared (KBr disc)(cm-l):— 1966. 1882

(d) Exchange studies

ALl solutions were degassed with argon for a minimum of 15 minutes and

Sealed under 5psi pressure of argon.
(1) Copoly (divinylbenzene-Z—vinylnaphthalene)Cr(CO)3 (0.1g) was

heateq in decalin (5ml) at 140 °C for 50 hours (a) alone, (b) in the

Presence of copoly(divinylbenzene-styrene)(0.36g) and (c) 1in the
Presence of copoly(divinylbenzene-styrene)(0.36g) and
2.6~dimethy1naphtha1ene (0.3g). The resulting vyellow sediment was
filtered

and the colourless filtrate analysed by infrared for

Cr(c0)6_
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(i1) Copoly(divinylbenzene—Z-vinylnaphthalene)Cr(CO)3 (0.1g)
Suspended in hexane (8ml) was reacted with P(OMe)3 (1.0ml)
overnight. The resulting yellow sediment was filtered and the
colourless solution analysed by infrared for fac—[P(OMe)3]3Cr(CO)3.A
Pure sample of this complex for calibration purposes was prepared

Using the method outlined in Chapter 3.
(111) Copoly(divinylbenzene—Z-vinylnaphthalene)Cr(CO)3 (0.1g) was

heateq in toluene (5ml) at 140 °C for &4 hours. The resulting yellow

Solution was filtered and analysed by infrared for (toluene)Cr(CO)3.
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2.3

Results and Discussion

2.3.1 Experimental

Our initial kinetic studies of the reaction

(naphthalene)Cr(CO)3 + toluene-)—-(toluene)Cr(CO)3 + naphthalene

were performed in septum sealed vessels, such that samples of the

Solution could be withdrawn by a syringe. Though similar rate
COnstantg were found to those reported in a previous study using the

Same €xperimental procedurezz, the relatively poor reproducibility

dnd formation of observable green deposits leading to reduced yields
ind1Cated the presence of large amounts of oxygen. In addition, even

the trace amounts of oxygen usually present in commercial argon might

be €Xpected to effect a catalysis similar in nature to Scheme 2.7 in

which 02 rather than 12 acts as the initiator. Argon used in the
kinetic work was passed through an activated copper catalyst to remove
traces of oxygen. If this 1is not done, although not affecting the
Yleld of (toluene)Cr(CO)3, this catalysis masks the increase in rate

w
Lth Increase in toluene concentration at concentrations less than

&bQUt 0.1 mol dm-3 31.

T
he 8lass cell in which the kinetic work was carried out was designed

P Minimise the head space above the solution as well as maximising

t
he efficiency of the degassing procedure.
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Previous work by Pausonlo and Traylorzo'21 has demonstrated the

Catalytic affinity of wunsaturated and oxygenated compounds on the
reaCtion; hence solvent impurity is another area of possible
Catalysis. 1In this work, the use of unpurified solvents, as received
from the supplier, resulted in rate enhancements of up to a factor of
10, The possibility of a catalytic effect of this nature occurring in

t .
he work of Strohmeier, where solvent purification was not rigorous, is

PParent in view of his higher rate constant values (vide infra).

F

1na11y, internal silylation of the cells to eliminate the possibility
o
¥ any surface catalysis was carried out. Poorer reproducibility of

k
netic results for polyene exchange in unsilylated nmr tubes has been

r
€ported by Kundig32. Although in this work, rate constants obtained

f

rom experiments performed in silylated and wunsilylated cells were
8

imilar, all reactions were carried out in silylated cells.
As

far ag possible we are confident that the rate constants reported

i
U this work represent those of a genuine uncatalysed polyene exchange

sj-“(',e ;

(
D Reproducibility (X7%) is comparable to other recent studies

0

n Monocyclic arene exchangezo, although plots of kobs against

[

polye“e] have better correlation coefficients in this work (>0.999).

T
i slightly poorer reproducibility compared to substitution reactions

sy
54), which take place at much lower temperatures (Chapter 3), may

r
®Sult  from the presence of light which is known to catalyse the

ex
Change reaction, and which is difficult to exclude in view of the

Mo
Mtoring technique.
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(i1) Although the intercept values of plots of kobs against
[p°1YQHEJ differ for the same reaction performed in the two solvents
Used (cyclooctane and decalin), the difference is only a factor of 2.
In the event of any catalysis due to the impurity in a solvent, a much
8reater difference would be expected. Additionally, values obtained
for the slopes are the same in the two solvents.

(iii) Rate constants obtained wusing different batches of the same
Purified solvents are the same. A catalytically active species would
8ive rise to difference values of rate constant, unless coincidentally
°Ccuring at similar concentrations in the different batches.

E
Xchange reactions

(Polyene)cr(co)3 + toluene-—-(toluene)Cr(CO)3 + polyene

Polyene = naphthalene, pyrene, 2,5-dimethylthiophene,
2,6-dimethylpyridine

Were monitored in hydrocarbon solvent (cyclooctane or decalin) by the

decrease in absorbance at the wavelengths indicated in Figure 2.5.

At

Completion, reactions were analysed spectroscopically (uv/visible

d infrared) to determine yields of (toluene)Cr(CO)3 and Cr(CO)6.

K

Inetic data are presented in Tables 2.3 - 2.5 and plots of K bs
8aingt concentration of toluene are shown in Figure 2.6. Activation
paramEters derived from variable temperature kinetic data for

n
@Phthalene and pyrene complexes shown in Table 2.6 were determined

f
fom plots of In(k/T) against 1/T.

- 104 -



105 kabs/$-1

Plots of kops VS. [toluene] for the reaction

(polyene)Cr(CO), + toluene — (toluene)Cr(CO); + polyene

40 -
o
35 1
(pyrene)Cr(CO),
(150°C, decalin)
30
254
(2,5-dimethylthiophene)Cr(CO),
(170°C, decalin)
20 l
154
10 4 (2,6-dimethylpyridine)Cr(CO);
(115°C, cyclooctane)
. 1
(naphthalene)Cr(CO),
0 (150°C, decalin)
B 1 T T T T T T 1

0 1 2 3 4 5 6 7 8

[toluene]/mol dm-3

Fig. 2.6



2.3.2 Observed Rate Law and Postulated Mechanism

Polyene lability follows the order 2,6-dimethylpyridine > pyrene >
Maphthalene > 2,5-dimethylthiophene. At 150 °C  exchange between
toluene and the Cr(CO)3 complexes of styrene, octamethylnaphthalene

and Cycloheptatriene were too slow to be kinetically useful. Recent

Calorimetric results>>->> show that (cycloheptatriene)Cr(CO)3 is
thermodynamically more stable than (toluene)Cr(CO)3 by approximately

20.5 kJ mol-l, equivalent to an equilibrium constant for the

Teac tion

(chpt)cr(C0)3 + toluenei__—tt(t:oluene)Cr(CO)3 + chpt

a o -

t 150 °¢ of approximately 2.9 x 10 3. However, at the
¢

OMcentrations used in our experiments [(chpt)Cr(CO)3,

10-3 3

mol dm™~; toluene, 6 mol dm "], 95% of the bound chromium

Shoulgq be present as (toluene)Cr(CO)3 at thermodynamic equilibrium.
The lack of reactivity of (chpt)Cr(CO)3 towards exchange 1is
therefot‘e kinetic rather than thermodynamic in origin, though the
PPosite may be true to account for the low reactivity of
(styrene)Cr(CO)3 and (octamethylnaphthalene)Cr(CO)3, for which
there yg no thermodynamic data.

Al Teactions monitored exhibit first order rate behaviour with
respect to 1loss of substrate. Furthermore, the first order rate
constﬂnt kob is independent of any variation in initial substrate

Co
NCentration at both high and low concentrations of toluene,

Co
nfirming the experimental rate law as
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-d[s] - kA[(polyene)Cr(CO)3] +

—

dt kB[(polyene)Cr(CO)3][toluene] (2.2)
Mk e =k, + kyltoluene] (2.3)

The

Observed rate law is thus consistent with Strohmeier's exchange
8
tudy of (naphthalene)Cr(CO)3 using 14C-naphthalene15 though our

k
A Value for exchange of (naphthalene)Cr(CO)3 with toluene at

145 © = -
4 Te in cyclooctane (0.98x10 3 s 1) is smaller by about a

$;
A¢tor of 50 than the value reported by Strohmeier in cyclohexane at

140 © - =
0 e (45.4x10 ’ s 1). Comparison of the rate constant kB is

No
g Meaningful because of the difference in entering ligand.

Re
actions of all substrates wusing concentrations of toluene greater

t -
han 0.75 mol dm . provide quantitative yields of

(t
oluene)Cr(CO)B. Though the rate law is maintained (for example, in

th
® Pyrene and naphthalene cases) down to almost pseudo-first order

i N -
™ting conditions ([toluene] = 3x10 . mol dm 3, [substrate] =

Ix19-3 s
10 mol dm 3), reactions below toluene concentrations of about

0, -

75 mol dm 3 result in some formation of Cr(CO)6, with a

¢

orresponding reduction in yield of (toluene)Cr(CO)3. Table 2.2

e
monstrates the variation of product formation with concentration of

to
luene for the Cr(CO)3 complexes of pyrene and napthalene.
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Table 2.2

[toluenel/ % (toluene) % Cr(CO)6
mol dm'-3 Cr(CO)3
(naphthalene)Cr(CO)3 0.76 >90 5
0.19 85-90 5-10
0.10 80-85 5-10
0.03 75 15
0.00 " 30
(Pyrene)Cr(co)3 0.76 >95 0
0.38 >90 <5
0.19 >90 5-10
0.10 85-90 5-10
0.05 85 10
0.00 - 20
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Thermal decomposition of both (naphthalene) - and (pyrene)Cr(CO)3 in the
absence of toluene proceeds at rates which are approximately one-half the
Value of the extrapolated intercepts of the plots in Figure 2.6. These
1nterCePtS, however, represent a genuine kinetic pathway to product, and not
8imp1y a competitive decomposition. At concentrations of toluene greater
than 0,75 o1 dm—3 where yields of (toluene)Cr(CO)3 are quantitative,

the relative values of kA and kB show that the reaction is still carried
Mainly by the kA term. Reaction of Cr(CO)3 with toluene under the
‘onditions used in the exchange does not occur, eliminating the possibility
°f an indirect formation of (toluene)Cr(CO)3.

An e€xperimental rate law of the type, equation 2.2, is not uncommon in
°ganometallic reactions (see Chapter 1), and at least for the exchange or
Substitution of monodenate ligands, is generally interpreted as reflecting

competing dissociative and I, pathways. A mechanism which is different in

d
¢
harGCter, but which we believe 1is most consistent with the rate law is

Shown in Scheme 2.10.
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Cr+Cr(CO)6 + polyene

; k1 k3
@ ~polyene)Cr(co) 3¢®x—po lyene)Cr(CO) 34.—,(?y—po lyene)Cr(CO) , '
(S) k1o k-3 ()
k_2 k2+toluene k4+toluene

(toluene)Cr(CO)3 + polyene

v

(?y—po lyene)Cr(CO) 3(?6_" -toluene)

(z)
(toluene)Cr(CO)3 + polyene
Polyene - naphthalene, pyrene etc.
Scheme 2.10

Der
lvation of the mechanistic rate law assuming steady state concentrations

of
the intermediates (X) and (Y) is as follows

~d[s] = kl[s] - k_,[x] (2.4)

\-
dt

Ag
Suming k-2 is negligible

d
~£f} = k8] + k_30¥] - [XJ(k_; + kg + ky[tol]) =0 (2.5)

dt
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WYY < kXD - [YIGk_y + Kk, [tol]) =0 (2.6)
dt

(Y] - k3[x]

k_3 + k,[tol]

S“bstituting for [Y] in equation (2.5)

fffl = k081 +  kjk_,[X] - [XJ(k_; + kg + ky[tol]) = 0
dt k_y + k,[tol]
[X] = kl[S](k_3 + k4 [tol])
(k_1 + k3 & kz[tol])(k_3 + ka[tol]) = k3k_3

S
ubstituting for [X] in equation (2.4)

-d[s] _
8- glsT - kpk_y[81Ck 5 + k,[to1])
. (_y + Ky + kLol + k,[tol])-kyk 4

= (k 2
“1525_3 + kykak,[tol] + kykok,[to1]7)[s]

(k—l + k

+ ky[tol])(k_5 + k,[toll)-ksk

3 -3

A
Ssuming k_1 >> k., + kz[tol] then

3

~d[s] . 2
i (k1k3k_3 + kykgk, [tol] + kikyk,[to11%)[s] (2.7)
dt

k_1k_3 + k_jk, [tol]

s

Suming k_3 is small compared to the rate constants involving the
fo

fMation of Cr(CO)6 and (toluene)Cr(CO)3 this equation reduces to

- 111 -



4IS1 - (kg [tol] + kpk,k,[to1]9)(s]

k_jk,[tol]

dt

T kykgls) 4+ Kok, [tollls] (2.8
\

k-l k-l

¥hich yg the same as equation 2.1

-d[S] <k [s] + k. [5][tol] (2.1)
dt

Where | _ -
A—k1k3/k_l and kB = klkZ/k_l
The Mmechanism may thus be viewed chemically as a progressive reversible
slippage to (X), followed by reversible slippage to (Y), with both
intermediates energetically accessible and contributing significantly to the
Overal] reaction rate. Values of x and y cannot be calculated from

experimental data but may to some extent be defined from molecular orbital

calculations.

2.

3.2 Effect of variation of entering arene
T
he exchange of pyrene 1in (pyrene)Cr(CO)3 for monocyclic arenes and
cycloheptatriene is consistent with the mechanism shown in Scheme 2.10. A
s
frles of rate plots is obtained, with slopes which are ligand dependent,

b
"t with a eommon intercept (Figure 2.7).
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omitting hexamethylbenzene. where precision is limited due to the limited
Solubility of the ligand. no intercept value is further than 4d from the

@Verage, which 1is consistent with a pathway independent of the nature of

the ligand.

The

slopes may be taken as a measure of the relative affinity of the

differEHt polyenes for 1intermediate (X) as the rate constant associated

with this value 1is ligand dependent. These values span a range of about
100 '
iNncreaa <
and increase in the order C6H5CF3 < C6H5Me
m‘Caﬂ Me < C,H But < C/Me < 1,3,5-cycloheptatriene
472 65 6 6 1= :

Measurements of relative rates at a single arene concentration in the
X .
Ylene series show a reactivity order ortho(1.0) = meta(1.0) < para(l.2).

T .
hermodynamic stability of the (xylene)Mo(CO)3 complexes shows a similar

0
Fdering, ortho < meta = para36. Exchange between (pyrene)Cr(CO)3 and

a
Feneg such as C6H5CH2C02Me which contain a Lewis base donor site

i
S complete within minutes at 150 °c.
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105 kobs/s-1

Plots of Keys VS. [polyene] for the reaction
(n®~pyrene)Cr(CO); + polyene — (nf-polyene)Cr(CO); + pyrene

in decalin at 150°C

80 -

60 -

W
(—}
1

+——1,3,5-cycloheptatriene

E-N
(=)

30

20 -

10 -

[polyene]/mol dm-3

Fig 2.7



The above ordering is the same as that qualitatively observed for the

feaction of Mo(CO)6 with these arenes and cycloheptatriene37—40. At

least  for the arenes there 1is a direct correlation between increasing
Teaction rate and the increase in thermodynamic stability of the product
complex resulting from increased methyl substitution33_35.
CYcloheptatriene is different; although it exhibits the highest kB
Value, recent results show its ground state bond enthalpy contribution to
be between Cr-toluene and Cr—mesitylene33. It has been suggsted34 that

in the ground state, metal coordination of an arene results in some loss
ok Tesonance energy, whereas cycloheptatriene 1is stabilised by metal
coordination, and such arguments, applied to the transiton state
Interaction of the coordinatively wunsaturated (Ox—pyrene)Cr(CO)3
intermEdiate with incoming ligand, may explain the greater kinetic
reactiVity of cycloheptatriene. Such a reversal of ordering 1is not
unkHOWn, although cis-2-pentene reacts more rapidly than l-pentene with
w(CO)S(acetone), the terminal alkene forms the more thermodynamically
Stab]e W(CO)S(alkene) complex41.

The kB[S][toluene] term in equation 2.2 is a typical example of
8ubstitl.ltion reactions of arene and cycloheptatriene complexes of both Mo
nd cr with group V ligandsaz_ag. In common with these reactions, this
term may be interpreted as either a dissociative slippage shown in Scheme
210 (ie a discrete (ax-polyene)Cr(CO)3 intermediate) or an
associative pathway (probably Id) in which slippage and attack of

en
tering ligand are concerted.
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2.3.4 Interpretation of the kA term

The kA[S] term requires some comment since at least three different

interPretations from that presented in Scheme 2.10 have been discussed in
the literature.

(1) As with Strohmeier's original postulate it may represent a
disSOCiation to Cr(CO)3 followed by rapid coordination of incoming
polyene15. Following Traylorzo, we have sought to examine the
Potentia] viability of a Cr(CO)3 intermediate by application of the
three phase test 42 in the following reaction

(dvb~2-vn)Cr(CO)3 * dvb—st—»(dvb—st:)Cr(CO)3 + dvb-2-vn
dVb"z‘Vn = copoly(divinylbenzene-2-vinylnaphthalene)

Ivb-st - copoly(divinylbenzene-styrene)

The test is a method for the detection of reaction intermediates and
1nVOIVeS the generation of an intermediate from an insoluble polymer bound
Dtecursor and 1its trapping by a second solid phase suspended in the same
reaction mixture. The insoluble properties required of the two polymers are

achieved by incorporation of small amounts (5-10%) of a cross-linking

reage“t, in this case divinylbenzene, Although the copolymer of
divinYlbenzene—styrene is commercially available only homopolymeric
Solvent soluble vinylnaphthalene 1is available, Hence preparation of its

€OPolymer with divinylbenzene was necessary.

Req (dVb-Z-vn)Cr(C0)3 prepared by the complexation method used for
(naphthalene)Cr(CO)3 contains about 8% chromium by weight bound to both
naphthalene and monocyclic rings (divinylbenzene and ethylstyrene)

t
°8ether with some decomposition product.
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Preparation of (naphthalene)Cr(CO)3 also 1involves formation of this
decomposition product. However, preparation of yellow monocyclic aromatic
Cr(Co)3 complexes is a relatively clean process with virtually no
decomPOStion product formed. The naphthalene-bound chromium may be
determined and differentiated from monocyclic-bound and oxidative chromium
deposits by selective reaction of the copolymer with toluene to give

(toluene)Cr(CO) or with P(OMe)3 to give fac—[P(OMe)3]3Cr(CO)3.

3
both under conditions where (dvb—st)Cr(CO)3 is unreactive. The
"aphthalene-bound chromium may thus be estimated at about 13% of the total
amount of chromium present. Polymeric complexes recovered after extraction
by toluene or P(OMe)3 are yellow in colour and exhibit infrared spectra
Which are indistinguishable in the CO stretching region from
(dvb~st)Cr(CO)3. In common with (naphthalene)Cr(CO)3 the

(
dvb-Z-vn)Cr(C0)3 complex undergoes thermal decomposition in the absence

0
£ toluene to produce about a 30% yield of Cr(CO)6 (based on

n
8phthalene-bound chromium) under conditions where (dvb—st)Cr(CO)3 is

unreactive.

CatalYSEd bead-to-bead exchange may be accomplished; the most efficient
catalySt being 2.6-dimethylnaphthalene. Thus reaction of
(dvb‘z-vn)cr(CO)B with copoly(divinylbenzene-styrene) in the presence of
2'()"dim(ithy1r1aphthalene initially develops a red solution colour due to
formation of (2,6—dimethy1naphthalene)Cr(CO)3 which fades with time to
Jield Yellow beads and an essentially colourless solution containing no

Cr
(00)6' In contrast, attempts at uncatalysed bead-to-bead exchange

re
sule only in the formation of Cr(CO)6 in an amount equivalent to that

fo
'med  from the thermolysis of (dvb—Z—vn)Cr(CO)3 in the absence of

Co
Poly(divinylbenzene-styrene).
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The results suggest that any ”Cr(CO)3” intermediate produced by
Cr‘“aphthalene bond dissociation has too short a lifetime to allow

diffusion to another polyene site before decompositon to '"Cr'" and CO.

Finally, the substantial negative AS‘ values associated with kA (Table

2.6) are not consistent with such a dissociative process. The values imply

4 substantially more ordered nature for intermediate (Y), and it is
-1 -1
1nstructive to compare these As* values with that of -96 J K~ mol
obtai § i 50
ned for haptotropic ring exchange in (naphthalene)Cr(CO)3 for
Which molecular orbital calculations indicate an
3-int . . 51
ermediate/transition state” .
(11) The kA term may represent a bimolecular catalysis of the exchange
b
y substrate polyene complex, product polyene complex, or both.
2
Recently - the exchange reaction

(benzene)Cr(CO)3 & mesitylene—)-(mesxitylene)Cr(CO)3 + benzene
has been shown to obey the rate law

:iEEE = kA[(benzene)Cr(CO)3](Kbenzene)Cr(C0)3]+ (2.9)

dt [(mesitylene)Cr(CO)3])+kB[(benzene)Cr(CO)é[mesitylene]

While the values of k, and kg (3.8 % 1077 and 2.1 x 10-7 mol_l

dnd -

L respectively at 170 °C in cyclohexane) are about 100 times
less than our results for pyrene/toluene exchange at 150 °C, the

k
A/kB ratio is comparable.
C
Ombined with the demonstration that (C6Me6)Cr(CO)3 functions as a
c
Atalyst for arene exchange without undergoing exchange itself, the
Imp1y 2
cation of this recent work is that the kC[S] term of Strohmeier

Ma
Y better be represented as
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isl =k [S1([S] + [(polyene)Cr(c0),])  (2.10)
dt

wh .
ere [s] + [(polyene)Cr(CO)3] represents the total (polyene)Cr(CO)3

Co . .
nCeﬂtratlon, and is constant. Catalysis may occur through the formation

of .
an intermediate such as

Cr
/
co | Ne -

€0 \0“Cr

co” | co
Cco

Fig. 2.8

wh i
¢h ‘undergoes rapid exchange of the tf—ring,with both substrate and

pr
Oduct being catalytically active. As written, equation 2.9 implies an

e
sl Catalytic activity of both substrate and product, and while this is

ﬂlm
- certainly true for the isotopic exchange results of Strohmeier, it

WOU
ld be coincidental in the benzene/mesitylene reaction above. A

Cat
alytiCally more active substrate would render the initial rate of the

reac
tion sensitive to the initial concentration of the substrate. A

Cat

alytically more active product would initially show a rate increase,
fol

loweq by a decrease as substrate is consumed. Added product at the

Star
Y of a reaction should increase the rate depending on the amount

Addeq ,
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In this work neither substrate nor product catalysis is apparent as the
Complexes of naphthalene, pyrene and 2,6-dimethylpyridine show no
Variation of first order rate constant with changes in substrate
fOncentration or added product (Table 2.3). Additionally all kinetic runs
8lve rise to linear plots of Iln[substrate] against time. The exchange of
(Dyrene)Cr(C0)3 with C6HSBU , 1is however weakly catalysed by
(C6Me6)Cr(CO)3 and at 150 °C is strongly catalysed by
tetrahydrofuran (10:1 molar excess, reaction complete within minutes in
8 mol dm~3 toluene)32.

(
iii) As originally postulated by Pausonlo the kA term may represent

fate determining CO dissociation followed by rapid polyene exchange and
recoordination of CO. We have not been able to examine the influenceof
exter“al CO on the rate of polyene exchange because of rapid formation of
Cr(CO)6- However the results of Traylor52 on monocyclic arene

Co : 3
MPlexes are not consistent with this mechanism. He has recently reported

St
Udies op the non-dissociative CO exchange reaction

9 @-9 @

awl \
CO co*co c¢coO co co *cé co co ¢coO co co

13

*co="CO

Scheme 2.11
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i ;
U the absence of free arene and in the presence of free mesitylene which

a
Lso Yields the product of arene exchange. Internal CO exchange and arene

e
Xchange are postulated to proceed via the CO-bridged dimer (A) in Scheme

2.12,
d6
*co ¥ ﬁ
§?Cx) I \\\\
~-t——
Cr
\ / | ~Cco
C
Il
. 0 o)
[A] l [6]
r 5
Product of internal CO exchange product of arene exchange
Scheme 2.12
HOwerr_ the bimolecular rate constant for the formation of the bridge
SPecies (A) (8 x 10_5 mol_1 dm3 s_l at 170 °C) is ten times

la
Y8er than the rate of arene exchange. implying as postulated that a

fu
Fther jntermediate assigned structure (B) is responsible for arene

ex
Change and lies at considerably higher energy. From the reported rate

Co
NStants, the rate of formation of the bridged species (A) at a substrate

r ) _ P
oncentration of 10 4 mol dm 5 may be calculated as 8 x 10 b

m =3 -
. dm s 1 at 170 °C. It seems likely (vide infra) that the

r :
e for such a process in (naphthalene)- or (pyrene)Cr(CO)3 should be

81
Milar. The rate of exchange (naphthalene)Cr(CO)3 with toluene at
175 o -3 -3

C at substrate concentration 10 mol dm and toluene

Co - = - -

Centration of 1 mol dm 3 is 3 x 10 g mo 1 dm 3 s l} Thus it
Se

ems unlikely on kinetic grounds that formation of a bridged intermediate
of
tYpe (A) represents a reasonable mechanistic pathway for exchange in

th
¢ Teaction reported here.
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It is reasonable to assume that since formation of the bridged species (A)

involyes alteration of the M-CO bonding arrangement only, the rate of such

4 process should not depend significantly on the metal-polyene bonding

1nteraction Indeed, there is no ground state, spectroscopic or
cryStallOgraphic evidence that in the more ring-labile complexes such as
(naphthalene)Cr(CO)3 the M-CO bonds are more labile. A decreasing value
for the infrared DCO stretching frequency has been taken as a measure of

i . ;
ncreaSIDg M-CO back bonding and therefore M-CO bond strength. Comparison

°f  the highest frequenfy values for (benzene)Cr(CO)3 (1978 cm-l) and

(naphthalene)Cr(CO)3 (1974 cm—l) indicate 1little difference in the

n
Ature  of the M-CO bond. Indeed, changes of substituents in monocyclic

ar " ¢
€ne complexes show more substantial variations in these values (for

. - -
Xamp]e C6H5CF3’ 1994 cm l; C6Me6, 1952cm l).

C
rysta110graphic data also show little ground state difference; the M-CO

b
and length in (benzene)Cr(CO)3 is 1.842 X, while that for

(
naphthalene)Cr(CO)3 is 1.821 R.

T
hus these data not only show the unlikelihood of internal CO exchange at

th )
¢ temperatures used in the naphthalene exchange but also provide further

ci
feumstantial evidence that neither substrate nor product polyene complex

Ca
talysesg polyene exchange in the reaction studied in this work.

Teaction profife that most likely represents a realistic picture of the

ar
ne exchange pathway is shown in Figure 2.9. AG' values associated with

th
¢ rate constants of Scheme 2.10 may be calculated at 150 °c from the

ac
Hvation parameters associated with kA and kp (Table 2.6)
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Energy

(polyene)M + polyene’

Reaction Profile for Polyene Exchange

(nY -polyene)M

M = Cr(CO),

AG;., AG). AG;

naphthalene 97 148 144 51

pyrene 110 140 139 30

(kT mol™' at 150°C)

47
29

(polyene’)M + polyene

Reaction Coordinate

Fig. 2.9



T
hus on the assumption that AGt is relatively small compared to AG?

1
3
and AGB (as k—l >> kz[toluene] + k3)then.

AG*A=AGI +  ach (AG'1+3 Figure 2.9
nd a6t AGI + AG; (A(;‘1+2 Figure 2.9

Va ‘ %
lues of AGZ and AGB are very similar, consistent with significant

Co
ntribUtions of both kA and kB terms to the overall rate. Since

1i
Miting rates cannot be seen at high concentration of incoming polyene,

1:
ndividual values of AG*

1 AG; and AGg cannot be evaluated. However,

i
Mting rate behaviour is observed in the phosphite substitution
Te
Ctions (See Chapter 3)
M o1
Po yene)Cr(CO)3 + 3P(0Me)3———-»[P(OMe)313Cr(CO)3 + polyene

Pol
Yene = pyrene, naphthalene, 2,5-dimethylthiophene, cycloheptatriene

for
Which the following mechanism may be postulated

(mP b
" ~p°1}’ene)Cr(CO)3 - 4’(’)x—polyene)Cr(CO)3
|
(8) K, A x)
k_2 k2 + P(OMe)3
k3+2P(OMe)3 v

p°1yen X
e+[P(OMe)3]3Cr(CO)3 <«——— () -polyene)Cr(CO) P (OMe),

(z)
Scheme 2.13
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Assuming a steady state concentration of the intermediates (X) and (Z).

derivation of the rate equation is as follows

-d[s] .
5T = kgls] -k [s1ix] (2.10)
dt
@ = k081 + k2] -k [X] - ky[XI[P(oMe) ] = 0 (2.11)
dt
dz) . kp[XI[P(OMe) ] - Kk ,[2] - kj[z)[P(oMe),] = O
dt
[z] = kZ[X][P(OMe)3]

k_2+k3[P(OMe)3]

A
SSuming k3[P(OMe)3] >> k-2 this reduces to

[(z] = kz[xJ

kq

Sy
bstitUting for [2] in equation 2.11

dix) _ .
iy kIS + k_pkolx] - k_ [X] - ky[xI[P(0Me) ;] = 0
dt -
k3
x1 . k,[8]

k_p + ky[P(OMe) y1-k ,k,/k,

= k1k3[s]

k .k, + k2k3[P(OMe)3] - k_,k,
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Substituting for [X] in equation 2.10

-dls] - -
Bt kl[s] klk3k_1[S]
ot k_kg + kykg[P(OMe) ] - k_,k,

-dls] = Kk k,k,[S][P(OMe),] - k,k,k ,[S]
17273 3 172°-2
dt -
k (kg + Kk, 4[P(0Me) 5] kok o
Again, assuming that k3[P(OMe)3] >> k_, this equation reduces to
-d[s] = kqk,[s1[P(0Me),] (2.12)
\
dt "
k., o+ k,[P(0Me) ,]
A
t low [P(OMe)3] such that k_; >> kZ[P(OMe)3] this equation
beCOmes
-d[s] = kyk,[S1[P(OMe) ] (2.13)
\
dt k

-1

At
high [P(OMe),] such that k,[P(0Me);] >> k_; equation 2.12

-1
bec0me8

-d[s] = kl[S] (2.14)

dt

e
franging equation 2.12 leads to the equation

& 1 - _
\ k\ 1 + k-l (2.15) where kobs = —d[S]/[S]
Obg ky klkzlP(OMe)3] dt

- 126 -




hence i .
1 and kal/k—l may be evaluated from plots of l/kobS

8gainst 1/[P(0Me)3] (See Chapter 3). On the assumption that the value of
X is the same in Schemes 2,10 and 2.13, the activation parameters

sociated with kl provide a guide to the value of AG? at 150 °C in

$

F
lgure 2.9. Hence evaluation of AGY and AG3

2 is possible. For both

Pyrene ang naphthalene complexes, the results imply a significant barrier

£
°T interaction of (vx-polyene)Cr(CO)3 (X) with incoming polyene which

i
s approximately equal to the energy required for further slippage to

y
('9 ‘POlyene)Cr(CO)3 (v).

I
Nformation relating to the hapticity or structure of intermediates (X)

a
fd (Y) cannot be obtained from kinetic data. However, theoretical

)
c
alculations can provide some indication. By deriving potential energy

Su
rfaCeS’ the slippage of an MLn group across the aromatic ring can be
c
PNsidered in terms of the topology of interacting orbitals, The method,

al
though requiring approximations has been applied to a number of systems,

a

i some cases can be shown to be consistent with experimental data,
Th

s fOllowing discussion is based on such theoretical studies carried out
at

the University of Houston, USA by Professor T.A.Albright and

O workep 3154

M

“hanismg for the exchange reaction may involve slippage of the Cr(CO)3
t 6 b

*Wards a carbon-carbon double bond 09 -‘7 -92 path A Figure 2.10)

0
' towards a carbon atom (")6— ’]3-—'71 path B figure 2.10)
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Path A -

path B
Fig. 2.10
C
Onsider for example slippage of the Cr(CO)3 moiety in

(naphthalene)Cr(CO)3. An overall interaction diagram for the ground
State complex is shown in Figure 2.11. The orbitals lal and le on
Cr(CO)3 are filled as it is a d6 complex. The orbitals are labelled
Mth or a subscripts according to whether the orbital is symmetric or
antiYSmmetric to the yz mirror plane. Both the lﬂa and 2"3 orbitals on
"aphthalene are stabilised by the Zea on the Cr(CO)3 giving a typical

3 Orbitg] pattern; (1) 1ﬂa + 2ea containing some ZHa bonding with
respect to Zea, (2) Zna + 2ea containing some lﬂa antibonding with
Tespect to Zea’ and (3) the highest molecular orbital (not shown) is
mainly Zea antibonding with respect to 1na and 2"8. The 3"3 level

% Naphthalene is stabilised by ZeS giving the molecular orbital 3"5 +
2e

s* and the ZHS and lﬂs levels on naphthalene are stabilised by

2
4] on Cr(co) .
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Orbital interaction diagram for n*-na

Fig. 2.1

(2ea)




S

lipping the Cr(CO)3 moiety from '76 coordination to "74 coordination

¢ .

dUses a filled orbital mainly localised on naphthalene shown in Figure

2, :
12 to rise to an energy higher than it is at ’76 (3|‘lS + ZeS. Figure

2.11)

» denotes carbon atom

in complexation

only the complexed

%D ring is shown for
’/// i
/\/,/,l, clarity

Fig. 2.12

TheSe i . 4
calculations do not indicate that the slipped'? structure shown

8 discrete energy minimum, and is therefore in disagreement with the

8ub
Stitution reaction kinetics, which in view of the limiting rate at high

(p
(OMe)3] indicates a shallow minimum on the energy profile diagram.

HoweVer, stabilisation of this 74 species may be achieved by bending the
uncomplexed portion of the ring towards the Cr(CO)3 moiety, thus
enhancing the 1interaction between in phase lobes on the chromium and the
Fing, (Fulvene)Cr(CO)3 complexes (Figure 2,13) provide examples of a

tortion of this type in the ground state molecule.
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/N

Fig. 2.13

A
lternatively increased solvent-complex interactions may produce such a

)
halloW intermediate. Hydrocarbon solvents are known to weakly interact

W
Lth Coordinatively wunsaturated complexes such as Cr(CO)5 in both low

te
MPerature solid matrices and in hydrocarbon solutions.

Approach of incoming polyene towards the simple slipped l6-electron
bx‘strUCture involves the transfer of electron density from the highest
%Ccupieq molecular orbital (HOMO) on the polyene to the lowest unoccupied
molecUlar orbital (LUMO) of the complex (Figure 2.14). Population of
this orbital generates an antibonding interaction between the metal and
the uncomplexed portion of the naphthalene ring, which may be relieved by
*Nding the uncomplexed portion away from the metal. Such a structure may
therefOre represent the energy minimum  for the 18-electron
(74‘P°1YEne)Cr(CO)3L intermediate, where L represents a 2-electron

donor ligand.
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Fig. 2.14

It May also be noted that the orientation of the LUMO in a simple
1€’"eleCtron '774-structure is not suitable in steric terms for interaction
“ith incoming ligand. The spatial properties may be improved by either
bending of the uncomplexed portion of the polyene away from the metal, or by
distOl'tion of the Cr(CO)3 group.

Caleulationg o (benzene)Cr(CO), indicat =

n (benzene)Cr 3 indicate an energy of 42 kJ mol = for
he Simple 196—974 slippage whereas an additional 63 kJ mol™! 1s
"equireq to bend the uncomplexed C-C unit. Distortion of the Cr(CO)3
8Foup to a more spatially suited structure such as in Figure 2.15 requires
* further 70 kJ mo17! making a total of 133 kJ mol~! additional to the

42 -
kJ mo 1 . required for the simple 96— '74 slippagesa.
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|

[

Figure. 2.15

The

substitutional energy barrier experimentally found for AG;
CorreSpo di M X

nding to the transformation (’9 —polyene)Cr(CO)3 —_—

(my. -\
Y pOIYene)Cr(CO)3(ZF Y _polyene') of Scheme 2.10 is therefore

Cong ;
Istent with the significant calculated energy barrier for this process

{
% (benZene)Cr(CO)B.

The
Competing pathway to that of polyene attack at the intermediate

( X
9 ~polYene)Cr(CO)3 is further slippage to ('py—polyene)Cr(CO)B.

are shown in Figure 2.16

Ory
ltals involving ?2 coordination

Fig. 2.16
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Both are filled orbitals and mainly localised on naphthalene. Overlap in

(A) is essentially zero with some overlap in (B). Establishing an overlap
In (a) or strengthening the overlap in (B) is achieved by either tilting

the naphthalene ligand such that the uncomplexed portion moves away from

the metal and the complexed C-Cunit moves towards the metal, or
eQUivalently rotating the Cr(CO)3 group. Both processes allow
interaCtion of in phase 1lobes on the chromium atom with those on the

naphthalene as shown in Figure 2.17. Such a structure may therefore

2 .
Tepresent the energy minimum for the 9] coordination.

Fig. 2.17

For (Pyrene)Cr(CO)B, 976- ’))3- 91 slippage (for which a similar
appro&Ch to that above may be presented) is predicted in view of the low
p()terxtial for ?3— Ol excursion, whilst ’76_ '74_ 92 slippage is

More likely for the Cr(CO)3 complexes for naphthalene and benzene. Thus,

W
hilst the experimentally determined value of AG; for (pyrene)Cr(CO)3

(110 kJ mol-1 at 150 °¢) is larger than the corresponding value for
(naphthalene)Cr(CO)B (97 kJ mol™L at 150 °C). the values for the
slipPage AGg are 29 kJ mol_1 and 47 kJ mol—l respectively,
Qonsistent with the above prediction.
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6
Indeed. calculations involving the slippage of the MnCp group @7 _9y)

In the complexes of pyrene, naphthalene and benzene show the order of
l-eacti"ity to be pyrene > naphthalene >> benzene, in agreement
¥ith the lability order towards exchange in this work.

The order of lability of the complexes studied towards exchange
(2'6‘dimethy1pyridine > pyrene > naphthalene > 2.5-dimethylthiophene >
cycloheptatriene) contrasts to that of the lability towards that of
substitution (naphthalene > cycloheptatriene > 2.5-dimethylthiophene >
Pyrene > 2.6-dimethylpyridine). The greatly differing relative labilities
i CYcloheptatriene and 2.6-dimethylpyridine are of particular interest and

\
111 be discussed in Chapter 3.
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Table 2.3

Rate data for the Exchange Reaction

(p°1Yene)Cr(CO)3 + polyene' —»(polyene')Cr(CO)3 + polyene

(in decalin)

S

ubstrate/M Entering ligand Added complex 105k0bs
(pyrene)Cr(CO)3 /M toluene /M /S—1
1 .

0 x 1072 7.6 38.8
1 -

0 x 1073 7.6 37.5
I .

0x 103 2.4 13.9
5. )

0 x 1074 2.4 37.7
1. -

0 x 10-3 0.76 6.45
5 y

0 x 107 0.76 5.81
2. .

0 x 1074 0.76 6.1
(2’6‘dmp)Cr(CO)3
(115 oc)
1. )

0 x 103 0.76 6.62
5. .

0 x 104 0.76 6.07
(

naph)cr(co)3
(150 og
2. -

0 x 1073 0.76 1.35
1 -

0 x 1077 0.76 1.48
3, "y

0 x 1974 0.76 1.60
M=m0| dn".3
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Table 2.3 continued

SUbStrate /M Entering Ligand /M  Added Complex /M 105kobS
(pyre“e)Cr(CO)3 t-butylbenzene (C6H6)Cr(CO)3 /S-1
(150 oc)
1.0 x 1073 0.52 6.36
1.0 x 10-3 0.52 1.0 x 1073 6.94
1.0 x 0-3 0.52 2.0 x 1073 6.78
1. - )

0 x 1073 0.52 5.0 x 1072 8.63
1 - y

0 x 103 0.52 1.0 x 1072 9.61

(t—butylbenzene)Cr(CO)3

1 g )

0 x 1973 0.52 5.0 x 1073 6.64
"« mo 1 dm_3
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Table 2.4

Rate Data for the Exchange Reaction
(polyene)Cr(CO)3 + toluene—’(toluene)Cr(CO)3 + polyene

(in cyclooctane)

T % polyene? [toluene]/mol ™ IOSkObS/S
130 naphthalene 6.6 1.05
5.3 0.87
3.8 0.72
2.4 0.55
0.76 0.38
k, - 2.88 x 107 57! (3.43 x 1077)°
ky = 1.13 x 10 w1t an® a~%(8.00 = 10-8)°
145 naphthalene 6.6 3.11
5:3 2.65
3.8 2.15
2.4 1.67
0.76 1.29
k, = 9.8 x 107 57! (6.73 x 1077)°
kB = 3.16 x 10-6 mol_1 dm3 3_1(1.57 4 10_7)c
160 naphthalene 6.6 11.33
5.3 9.6
3.8 7.85
2.4 6.35
0.76 4.26
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Table 2.4 continued

k, = 3.38 x 1072 -1 (2.57 x 107%)
kB =1.19 x 10‘5 mol'l dm3 s'l(5.98x 10'7)
T © a : - -1
¢ polyene [toluenelmol dm 3 105k /s
obs
1
75 naphthalene 6.6 30.7
5.3 25.2
3.8 22,3
2.4 17.5
0.76 13.5
kA = 1.10 x 10'4 s‘l (7.81 x 10'6)°
ky = 2.88 x 10~ mol™t dm> 71 (1.81x107%)°
1
= pyrene 6.6 2.52
5.3 1.91
3.8 1.6
2.4 1. 51
0.76 0.58
k, = 3.36 x 167° &L (5.453 % 107"
ky = 3.20 x 107 mo1™ i &% (1. 26x10" )"

- 139 -



Table 2.4 continued

T OC a -3 5 —1b
polyene [toluene]/mol dm 10 kobs/S
1
. pyrene 6.6 7.17
5.3 6.16
3.8 4.90
2.4 3.30
0.76 1.65
k, = 1.03 x 107 7L (1.20 x 107%)¢
ky = 9.55 x 107 mo1™! am3 71 (2.80x10"7)¢
14
¢ pyrene 6.6 17.4
5.3 15.0
3.8 11.4
2.4 7.91
0.76 4.20
k, = 2.52 x 107 s71 (2.02 x 107%)¢
ky = 2.29 x 10~ mo1™t dw® &% (4. 70x10~7)°
150
pyrene 6.6 35.6
5.3 29.3
3.8 21.9
2.4 16.7
0.76 9.04
- - C
k. = 5.51 x 10~ (4.23 x 1079)

ky = 4.50 x 102 so1™t aw® &7} (9.83x20™")°
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115

N°tes;

Table 2.4 continued

polyenea [toluene]/mol dm~

2,6-dimethylpyridine

=
I

1.68 x 10_5 mol

=~
Il

a) 1.0 x lO_3 mo 1 dm_3
b) Average of duplicate runs

¢) Error (2 standard deviations)
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6.6

5.3

3.8

2.4

0.76

5.18 x 107 s71 (2.11 x 1076)¢

dm> s (4.91x10"

107k /s

7)c

16.1

14.1

11.8

9.16

6.62



Table 2.5

Rate Data for the Exchange Reaction
(polyene)Cr(CO)3 + toluene—»(toluene)Cr(CO)3 + polyene

(in decalin at 150 °c)

Polyene? [toluene) fmsl din™ 105kobs/s
Naphthalene 7.6 6.88
6.6 5.87
5.6 4.85
3.8 3.97
2.4 3.15
0.76 1.48
0.19 0.88
0.10 0.78
0.03 0.66
0.00 0.52
k, = 1.11 x 16 ¢t f. x 10755°
ky = 7.2 x 107® mo1™ dn® o™ (3.29 x 10°1)°
2'S‘dimethylthiophene 7.6 22.6
6.6 20.2
5.6 18.4
3.8 13.7
9.4 9.10
0.76 4.63
0.00 0.912
k, = 2.00 x 1672 &t 547 x 10°9)°

_ 5 r -
ky = 2.63 x 107 no1-1 403 -1 (108 x 1070)C
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Table 2.5 continued

p°1Yenea [toluene]/mol dm_3 loskobs/S

Pyrene 7.6 37.5
6.6 32.0
5.6 28.1
3.8 20.0
2.4 13.9
0.76 6.45
0.38 3.85
0.19 3.00
0.10 2.85
0.05 2.36
0.00 1.14

k, = 2.86 x 107 x 107 &% 4.7 % 107%)°

kB = 4.50 x 10'5 X mol'l dm3 s‘l (9.36 x 10'7)c
NOtes:
:; 1.0 x 10-'3 mol dm_3

) Average of duplicate runs
Error (2 standard deviations) 3
A and k, evaluated over concentration range 0.76-7.6 mol dm .
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Table 2.6

Activation Parameters for the Exchange Reaction

(Polyene)Cr(CO)3 + toluene —3( t:oluene)Cr(CO)3 + polyene

Pol}'ene AHZ a’b ASZ a,b
"aphthalene 119.7(7.0)  -56.7(16.6)
P¥rene 100.8(8.0)  -92.8(20.0)

Notes .

a) Unitg; AH'/'kJ mol—l, AStl.]'K—l mol“1

Error (2 standard deviations)
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107(11.0) -96.2(26.0)

106.2(8.8) -78.6(22.0)
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3. POLYENE SUBSTITUTION IN (POLYENE)Cr(CO)3 COMPLEXES

3.1

Introduction

Mechanistically, polyene exchange of the various Cr(CO)3 complexes studied
In Chapter 2 may be interpreted in terms of slippage of the complexed
Polyene ('776- 74— 72 or ’?6 - ’93- '71). Data from these

€Xchange reactions provide information on the relative energies of the
?72 and 171 intermediates via the intercepts of the plots of k

obs

48ainst [polyene]. However, the kinetic data does not provide information
regal‘ding the 1initial slippage to intermediate (X) of Scheme 2.10 in these
complexes, and determination of activation parameters for this process is
only possible from reactions in which the formation of (X) 1is rate
determining. This chapter describes studies of the substitution reactions of
these complexes by Group V ligands. which do provide information relative to
the initial slippage. This information has already been discussed (for the

P¥rene and naphthalene complexes) in the evaluation of the reaction profile

for Polyene exchange in Chapter 2.

Reactions of (polyene)M(CO)3 complexes (M=Cr, Mo. W) with @-donor ligands
Such as phosphines, phosphites and nitriles have been studied
kinet ]."7 :

ically and show increased rates of reaction relative to the
exchange reaction. Although most have been interpreted as proceeding via an
I , ,
d Slippage mechanism without a discrete intermediate of type (X) (in view
°f  the linear plots of kObs against [ligand] obtained from limited ligand

Co ’
NCentration ranges). one reaction

(CYcloheptatriene)Cr(co)3 o 3P(0Me)3-—P‘[P(OMe)3]3Cr(CO)3 +

cycloheptatriene
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Provides some evidence that the L slippage mechanism proposed in this and

Other reactions may be incorrect3. The reaction gives rise to curved plots
of kobs against [phosphite] on extending the ligand concentration range
beyond the initial linear region, a feature the authors attribute to a
Solvent effect resulting from an increase in dielectric constant of the
Medium on increasing the phosphite concentration. However, one case of a
limiting rate involving diene displacement in the reaction of
(norbornadiene)w(CO)4 with PBu3 has been reporteds. Curvature of plots.

of kobs against [L] is a common feature of reactions of (chelate)M(CO)4
SYstems with phosphines and phosphites(chelate = bidentate Group V and Group
VI donor ligands, M = Cr,W). The mechanisms which take account of this
CUrvature involve initial dissociative ring-opening (see Chapter 1, Section

1'3-4). Kinetic information relating to this ring opening may be obtained

from limiting rate data.

For these reasons, a study of the substitution reactions of the complexes

USed in the exchange reaction was undertaken.

3.2 Experimental Details

3.2.1 Reagents and Materials

(Polyene)Cr(CO)3 complexes were prepared as outlined in Chapter 2
Preparation of [P(OMe) 315Cr(CO) 4

(Cycloheptatriene)Cr(CO)3 (0.3g, 1.3mmol) was added to a mixture of
P(OMe)3 (2.0g, 6.0mmol) in 8.0ml of hexane. The red solution was degassed

With nitrogen, sealed and left standing at room temperature overnight.
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The solvent was removed under vacuum, and the residual white solid

fecrystallised from hexane. Yield 0.4g (65%)

Analygig

Infrared(decalin) OCO c:m_1 1962 1888 1874
3lp nmr (CDC13) 184.4 ppm relative to 85% H,PO,
miCroanalysis found C = 28.36 H = 5.35

calec C = 28.35 H = 5.31

The substitution product from reaction with PBu3 was not prepared on a
Synthetic scale, but infrared data on kinetically monitored solutions at
t

o showed bands in the area consistent with those obtained from

COrresponding solutions of [P(OMe)3]3Cr(CO)3; (PBu3)3Cr(CO)3 - 1930,

1842 -1y
PB“3 was refluxed over CaH2 and subsequently distilled. P(OMe)3 was
Yefluxed and distilled from sodium under nitrogen. Butyronitrile was heated
With conc. HCl, dried over K2C03 and fractionally distilled. Decalin was
Purified as outlined in Chapter 2. All solvents and ligands were stored

Under nitrogen.

3‘2-2 Kinetic Measurements
An appropriate amount of complex, to give a 2 x 10_3 mol dm-3 solution

Was dissolved 1in a decalin/ligand mixture of the required composition. The
resulting solution was transferred 1into a 10mm uv/glass cell of the type
descr1bed in Chapter 2. The solution was degassed for 15 minutes with

Mtrogen (commercial grade, oxygen free).
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The cell was subsequently sealed with a teflon stopcock under a positive
Pressure of nitrogen (5 psi), and placed in a constant temperature jacket
(:0-2 °c) suitably positioned in the uv machine (Perkin Elmer 402). The

temperature of the circulating water was monitored by means of a thermometer
Placed in a transparent tube connecting the jacket with the water bath. The
temperature in this tube was previously calibrated against the temperature

Measured inside an open-topped cell placed in the jacket.

Visible spectra were recorded periodically with the reactions monitored by
disaPpearance of substrate. All kinetic studies were carried out under
PSeudo first order conditions with at least a ten-fold excess of ligand
Teactant (>2 «x 10_2 mol dm—3) and monitored over not less than three

half 1ives. Values of ko were obtained from linear plots of 1n(At-Aa )

bs

8gainst time, wusing (in almost all cases) a minimum of 10 absorbance/time

datq points. All plots gave correlation coefficients greater than 0.9995.

Kinetic runs were performed 1in duplicate and generally showed a

Teproducibility of better than X 5%.

3.3 Results and Discussion
The substitution reactions:

(1) (polyene)Cr(CO)3 + 3P(0Me)3-—)»fac/mer—[P(OMe)3]3Cr(CO)3 +

polyene

polyene = pyrene, naphthalene, 2,5-dimethylthiophene, thiophene,

2,6-dimethylnaphthalene.

(11) (chpt)Cr(CO)3 + 3L —»fac/mer-LBCr(CO)3 + chpt

chpt = 1,3,5-cycloheptatriene L = PBug, P(OMe)3
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Were all monitored in decalin at 510 nm except for (pyrene)Cr(CO)3 which

Was monitored at 560nm. Kinetic data are presented in Tables 3.2 and 3.3
with activation parameters derived from variable temperature studies
(evaluated from plots of 1ln(k/T) against 1/T) given in Table 3.6. A plot of

k

obs @gainst concentration of P(OMe)3 and a corresponding plot of

l/kObs against 1/[P(0Me)3] are shown in Figures 3.1 and 3.2 with a plot

of kObs against [PBu3] shown in Figure 3.3.

It has proved difficult to establish precise yields in these reactions by
calibration with pure fac isomers since amounts of the mer isomers are also
formed in all reactions, the amount depending upon the particular substrate
Used and the temperature required for the substitution. For substrates
Studied at less than 50 OC‘ (cycloheptatriene, naphthalene,
2'6‘dimethy1naphthalene, thiophene and 2,5-dimethylthiophene), the rate of
fac mer isomerisation is slow. and the small amounts of mer observed are
deriveq in the main directly from the substitution reaction; calibration
with pure fac 1isomer shows a yield of >90% fac isomer in all cases. It is
8Ssumed that the substitution is quantitative and that the remaining 10% can
be ascribed to mer isomer (See Chapter 4).

o
substrates requiring temperatures greater than 50 C

For
(dimethylthiophene and pyrene) fac3% mer isomerisation proceeds at a rate
¥hich is not insignificant relative to the rate of substitution. Thus, at
te , fac /mer mixtures which are at or close to thermodynamic equilibrium are
obtained, and calibration of yield using pure fac isomer is not possible.
TheSe reactions are, however, assumed to proceed quantitatively. No products

ot . 31
her than fac/mer isomers can be detected in either the infrared or P

R Spectra at tg .
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Plot of Kobs VS. [P(OMe);,] for the reaction

(naphthalene) Cr(CO); + 3P(OMe), —* [P(OMe);,]SCr(CO)3 + naphthalene

in decalin at 31°C

25.0
22.5 1
20.0
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12.5
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[P(OMe),] /;110| dm™?

Fig.3.1



Plot of o VS. for the reaction
s [P(OMe),]

(naphthalene) Cr(CO), + 3P(OMe); — [P(OMe);,];,Cr(CO)3 + naphthalene

in decalin at 31°C
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10° Kops /s~

Plot of k,,, VS- [PBus] for the reaction

(cycloheptatriene)Cr(CO);+ 3PBu; — [PBus]:,Cr(CO)3 + cycloheptatriene
in decalin at 31°C
40+

3-54
3:0-
2.5
2:0
1:5-
1:0

0-5 4

0 ! T T T T T T T T 1

0 02 04 06 08 10 1-2 1-4 16 18 20
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Fig-3.3



The fac — mer isomerisation can be monitored independently by uv/visible
SPectroscopy (See Chapter 4), and does not interfere with monitoring of the

Substitution reaction using the disappearance of substrate.

The Cr(CO)3 complexes of styrene, oc tamethylnaphthalene and
2~6-dimethy1pyridine were, under the conditions used (up to 90 °C). too
Inert towards phosphite substitution to be kinetically studied. Reaction of
(2,6—dimethy1pyridine)Cr(CO)3 with PBu3 does proceed at 70 °C at
Measurable rates (about 50 times slower than the rate of reaction of
(Chpt)Cr(CO)3 with PBu3), but kinetic monitoring at this temperature
Proved difficult due to a fac— mer isomerisation of the product
(PBU3)3Cr(CO)3. The isomerisation which proceeded at similar rates to

the substitution, involves uv/visible absorbance changes which overlap with

and mask the uv/visible absorbance changes associated with the disappearance

°f the yellow (2,6-dimethy1pyridine)Cr(CO)3 substrate.

The substitution reaction of (chpt)Cr(CO)3 with PBu; yields a solution
Whose infrared and 31P nmr spectra are consistent with
fac~(PBu3)3Cr(CO)3 as the only product of the reaction. Attempts to
Synthesize fac-(PBu3)3Cr(CO)3 for calibration purposes have, however,

MOt  been successful due to 1its ease of oxidation and its apparent

1nstability in the absence of free phosphine. In the absence of calibration,

Yields were assumed to be quantitative.

The reaction of (chpt)Cr(CO)3 with butyronitrile (See Section 3.3.3) was
“arried out in decalin, toluene and dichloromethane. Kinetic data and
deriVed activation parameters for the reaction in toluene are presented in

Tables 3.5 and 3.6 with a corresponding plot of ko s against concentration

b
of butyronitrile given in Figure 3.4.
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Plot of Kqpe V8. [butyronitrlle] for the reaction

(c butyronitrile
Ycloheptatriene)Cr(CO), + toluene ——— = (toluene)Cr(CO), + cycloheptatriene

(88.5°C)
14 -
12 4
10 -

8

10° Kops/S~!

6-

0 T T T T T T T T T 1

0 02 04 06 08 10 12 14 16 18 20

[butyronitrite ] /mol dm*3

Fig. 3.4



3.3.1 Phosphite Substitution Reactions

The proposed mechanism and derived rate law to account for the phosphite

Substitution reactions are outlined below

kl
6
('9 -polyene)Cr(CO)3 =y >('7X—iolyene)0r(co)3
k 4 (x)
k_2 k2 F P(OMe)3
k3+2P(0Me)3

Polyene + [P(OMe)3]3Cr(CO)3<-"———‘ (’7x-p01yene)Cr(CO)3P(0Me)3
Scheme 3.1

™o main differences may be seen in the plots of kobs against [L] for the
phc’@lphite substitution reaction, as compared to the polyene exchange

Teaction:

(a) the plots which are linear at low concentration of phosphite, pass
through the origin implying mechanistically only one available forward

Pathway for reaction of the intermediate (’7"-—polyene)Cr(C0)3

(b) deviation from linearity is observed at higher phosphite concentration.

The experimental rate law

-d[s] = klkz[S][P(OMe)3] (3.1)
dt kg + kz[P(OMe)3]
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thus seems consistent with that derived from the mechanism above in which

both conditions (k_ >> kZ[L] and kZ[L] >> k—l) can be attained over

1

the ligand concentration range studied. Hence the rate constant k., and the

1

€Xpression kz/k ] can be evaluated by fitting of the experimental data

to the equation

kobs = kB[L] (3.2) where kB = klkZ/k—l
1+ K,lL] =
A and kA kz/k_1
L = P(OMe)3

by means of a non-linear least squares program. Initial estimates of kA
and kB were obtained graphically and then refined by a Taylor
differential correction routine. Two additional values have also been
Calculated: (a) an overall standard deviation which reflects the fit of the
€Xperimental k ps Values to the equation [ (kobs cale - k exp) ]

and  (b) the standard deviation of the difference between duplicate runs
[ (kobs1 o kobsz)], shown in Table 3.4. If the proposed mechanism
Provides an accurate description of the reaction pathway. it should be
®Xpected that the precison of overall fit and the precision of the
Teproducibility should be similar. If the precision of the reproducibility
Is  much better than the overall fit, the implication is that an incorrect
Mechanism 1is being considered for the reaction. In this work it may be seen
that the precidon of the two quantities is comparable. For example in the
Teaction of (naphthalene)Cr(CO)3 with P(OMe)3 at 23.5 °C. the standard

deviation of experimental reproducibility is 1.38 x 10-58-1 and the

Standard deviation of the fit 1.37 x 10-5 54.

Alternatively values of kl' and kZ/k—l may be obtained from the
interCEpt and slope respectively of plots of Ilkobs against 1/[P(0Me)3].
Such linear plots all have correlation coefficients greater than 0.998.
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Before proceeding further it 1is of interest to discuss another mechanism
which is consistent with this experimental rate law under certain
conditions. This 1involves a rapid associative pre-equilibrium followed by

rate determining dissociative slippage.

K

6
('9 -polyene)Cr(CO)3 + L<___"—>(’7xpolyene)Cr(CO)3L

+ 2L
pPol S A— y_
yene + L3Cr(CO)3 (?7 polyene)Cr(CO)3L
fast
Scheme 3.2

The derived rate law is given by

K ps = klk[L] (3.3)

1 + K[L]

which is algebraically equivalent to equation 3.1. Thus under conditions
Where K[1,] >> 1, the reaction is independent of [L] and where K[L] << 1, the
Yeaction is first order in [L]. At the highest phosphite concentrations used
(ca, 10 mol dm-3) the limiting condition K[L] >> 1 is approximated thus

1mplying that K >> 0.1. There is no evidence, even at high concentrations of
phoSphite, for detectable concentrations of the

x
(?7 ~polyene)Cr(CO)3P(OMe)3 intermediate from in situ wuv/visible,

Infrareq or 31P nmr studies.
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The ranges of ligand concentrations used in these substitution reactions (up
to 7.0 mol dm_3) deserve some comment as they are higher than those
Normally reported in other organometallic substitution processes, and much
higher than normally wused in kinetic studies of aqueous coordination
Chemistry. Limitations on ligand concentration arise 1in aqueous systems due
to the sensitivity of reaction rates to changes in solvation of the
Substrate. On increasing the concentration of an ionic 1ligand, the
dielectric effects of the medium (solvent + ligand) change and hence so too
does the solvation of the substrate. In addition ion pairing becomes an
important feature on increasing either ionic substrate or ligand
Concentration. Thus, unless studies are done at low concentration, it
becomes difficult to separate the reactivity of the simple solvated cation
Or anion from that of its ion pair. Hence for these reasons ligand
Concentrations are usually kept well below 0.1 mol dm_3. Substitution
Teactions in hydrocarbon solvents have, however, been studied at much higher
ligand and substrate concentrations. For example, studies of the phosphite
Substitution reactions of ( 76-C6H3Me3)Mo(CO) 32 "
(?75-C9H7)Mn(00)39 and (?75-pyrrolyDMn(CO)310 have used

phOSphite concentrations of up to between 0.8 and 1.3 mol dm_3, with plots
of kobs against [phosphite] being linear over the whole concentration
Tange, Thus, we believe the curvature of similar plots in the phosphite
Substitution reactions studied in this work (which occurs at phosphite
Concentrations about 0.3 mol dm—3) to be a genuine feature of the
meChanism, and not, as postulated previously3, a result of a change in the
dielectric constant of the medium. Indeed, added confirmation can be seen in
the sybstitution reactions of (chpt)Cr(CO)3 with PBu, and butyronitrile
Which show strictly linear plots of kobs against [L] over the whole of the
Concentration range (up to 2 mol dm_3). Though dielectric constant values

re not available for P(OMe)3 and PBu,, the relative dipole moments

3’
(PBy 1.94; P(OMe)3, 1.81; butyronitrile, 3.34) may be taken as some

Measure of comparative dielectric constants.
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Thus, if this were indeed responsible for the observed curvature it should

be even more apparent in the phosphine and butyronitrile reactions.

The energy profile diagrams relating to substitution and exchange reactions

are shown below, Fig. 3.5

As noted in Chapter 2 for the exchange reaction

$ ) ¥ ¥
AGA = AGl + AG3 - AG_1

and £ H E _ L
AGB = AGl + AG2 AG_l

On the assumption that k, > kz[toluene] and kg, then
T _ ¥ *
AGA = AGl + AG3
and  _ ¥ %
act = AG] + 4G

For the substitution reaction with P(OMe)3 however, Ath and AG,’2 are

Comparable as the difference AG’2 - AGfl can be evaluated from the
€Xpression
1 " ¢
AGB = AGl + b 2 A(’—l

Where AG:I (associated with kl) and AG*B (associated with kB) are
known. Values of this difference together with AG’l andAG‘B are shown

below, Table 3.1
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Substitution Reaction

A
Enel‘gy !
~ |
\  acg
\
\
\
\
product
Reaction Coordinate
Exchange Reaction
A
Energy
AGy
\ !
product

Reaction Coordinate

Fig. 35



Cr(co) 3 complex AG: AG; AG; - AG"l
Naphthalene 90.0 91.5 1.5
cycloheptatriene 93.5  96.0 2.5
2,5—dimethy1thiophene 96..5 97.0 0.5
Pyrene 95.5 98.0 2.5

AGY¥ /kJ mol"l (evaluated at 40 °C)
Table 3.1

As implied by the shallow minimum on the energy profile diagram, Aﬁz and

$ ¥
AQi are assumed to be small compared to AGqy ; justified by theoretical
Calculatiomswhich indicate geometrical distortions could give rise to such a

sh al 1ow minimumll. Experimentally, no spectroscopic evidence is apparent

for the intermediate which might be expected for a deep energy minimum.

The lability ordering for phosphite substitution which predominantly
feflects the ordering of AGE in view of the above, is naphthalene >
2’G-dimethylnaphthalene = thiophene > cycloheptatriene >

2)5—dimethylthiophene > pyrene > 2,6-dimethylpyridine. Several points may be

Noted:

a) consistent with kinetic studies of substituted (”'76-arene)Mo(CO)3
COmplexes is the reduced lability of the methyl substituted derivatives of
Naphthalene and thiophene compared to the unsubstituted complexes, and is
Seen  to be enthalpy controlled. Although no thermodynamic data is available
for these polyene complexes of Cr(CO)3, methyl substituted arene complexes
of Mo(CO)3 show arene lability increases [(toluene)Me(CO)3 >
(P‘Xylene)Mo(CO)3 > (mesitylene)Mo(CO)3Jon decreasing ground state bond

fnthalpy sonEetburions [mesitylene - Mo(279 kJ mol-l) > toluene - Mo

(273)7.
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Recent work13 however, has shown the isomer distribution in the Cr(CO)3
Complexes of 1l-methylnaphthalene and 2-methylnaphthalene to be markedly
different, the Cr(CO)3 bonded predominantly ( 75%) to the methylated ring
in 2-methylnaphthalene. but to the non-methylated ring ( 75%) in
1‘methylnaphthalene. This 1latter situation would appear to be inconsistent
With ground state bond enthalpy contributions in the light of existing

thermodynamic data of related complexes.

(b) Although within the substitution lability series,
(2‘6—dimethy1pyridine)Cr(CO)3 is relatively inert, it is more labile than
(benzene)Cr(CO)3. Slippage of the Cr(CO)3 moiety towards nitrogen may
involve greater stabilisation of the electron deficient metal centre
resulting from the greater electron density in the ring M-system around the
eleCtronegative nitrogen atom. Hence although no theoretical evidence is
available, an Z?Q—-173 slippage towards nitrogen in
(2,6-dimethy1pyridine)Cr(CO)3 seems likely. Indeed an '75—'73 slippage
towards nitrogen in (Z)S-pyrrollyl)Mn(C0)3 has been implicated in
Carbonyl substitution reactionslo‘la. A similar slippage towards sulphur
is likely in the thiophene complexes, though in addition the sulphur atom

donates two electrons to the ring +Lsystem further stabilising the

>
€lectron deficient metal centre, a factor which possibly accounts for the

Increased reactivity of these complexes compared to the pyridine complex.

(¢) Ground state structures have been used to interpret the increased
lability of (naphthalene)Cr(CO)3 compared to (benzene)Cr(CO)3 towards
substitutionls. In the naphthalene complex, the metal atom is displaced by
a. 0.03 A from the centroid of the complexed ring. Increased reactivity is
ttributed to the maximisation of aromaticity of the uncomplexed ring
Tesulting from a shift of the Cr(CO)3 moiety away from this ring16.
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The metal atom in (benzene)Cr(CO)3 however, is centrally positioned with
respect to the ring. The much increased lability of (naphthalene)Cr(CO)3
Compared to (benzene)Cr(CO)3 towards substitution 1is analogous to the
tremendous rate enhancement of indenyl complexes relative to

CyClopentadienyl complexes towards substitutiong.

The ground state structures of the methyl substituted (pyrrolyl)Mn(CO)3
Complex (A) in Figure 3.6 shows a '"slip-distortion'" of the Mn(CO)3 moiety
away from the ring centroid, towards nitrogen, this being attributed to a
Steric effectla. The ground state structure of
(2,6—dimethy1pyridine)Cr(CO)3 shows the Cr(CO)3 moiety to be centrally

Positioned with respect to the ring, as is the Mn(CO)3 moiety in complex B
CH, CH;

—Mn(CO), —Mn(co),
CH, CH,

(A) (B)

Fig 3.6

In  these cases, the methyl groups may exert an opposite effect to that of
the nitrogen and '"push back" the M(CO)3 moiety into a position which

Otherwise would also show some "slip-distortion" towards the heteroatom.
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Finally, the complex (chpt)Cr(CO),, of which thermodynamic data has been

3!
reported (bond enthalpies have been evaluated at 150 kJ mol_1 L and 180

kJ mOl-l 18

), shows surprising lability towards substitution. An
076 4 4

-'07 slippage in this complex may involve an '7 -coordinated
Mon-conjugated diene intermediate, an arrangement preferred by Cr(CO)3L
felative to an 774-coordinated conjugated diene system. Hence as only a
Conjugated arrangement is possible for aromatic polyene complexes, the

lability of the cycloheptatriene complex may be due to a lower energy

4
77 -intermediate.

(d) Activation parameters suggest the relative 1low 1lability of
(Pyrene)Cr(C0)3 is entropy controlled ( AS; = _-142.2 J K—l mol_l)
and possibly reflects the greater amount of steric strain associated with

distortions of the type discussed in Chapter 2 in the much larger pyrene

Molecyle.

Whilst the reactivity of (polyene)Cr(CO)3 complexes towards phosphite

Substitution can be predominantly based on the order of AG} values, the

®Xchange reaction requires further consideration as  indicated by the
lability series towards substitution (naphthalene > cycloheptatriene >
2’s‘dimethylthiophene > pyrene > 2,6-dimethylpyridine) and exchange
(2»6~dimethy1pyridiene > pyrene > naphthalene > 2,5-dimethylthiophene >
CYCloheptatriene). Notable changes are the positions occupied by

2v6-d1methy1pyridine and cycloheptatriene.

The energy barriers AG; for both substitution and exchange reflect the
affinity of the intermediate (17x—polyene)Cr(CO)3 for P(OMe)3 and

1ncOming polyene. Hence whilst AG; is insignificant compared to AG{
In the substitution reaction with the relatively basic P(OMe)B, ‘AG;

for the exchange (and ¢AG;) is significant and makes a substantial

fontribution to the overall energy barriers AG*A and AG‘B.
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In view of the above, the much greater reactivity of
(2,6—dimethylpyridine)Cr(CO)3 compared to (chpt)Cr(CO)3 towards exchange

Is due to 1lower values of AG; and AG;. A consideration of the
intermediate ('{7y—polyene)Cr(CO)3 can provide some indication for these
lower values. (2,6—dimethy1pyridine)Cr(CO)3 in contrast to the other
Complexes studied may involve a @-bonded type intermediate formed between
the 1lone pair on nitrogen and an empty acceptor orbital on the metal, an
arrangement sterically and electronically more favourable than an
'7]¥coordinated intermediate. The same O-bonded arrangement possibly

€Xists to a lesser extent for (2,5-dimethylthiophene)Cr(CO).,, which is

3
Substitutionally 10 times less reactive than (naphthalene)Cr(CO)B, but
which shows similar reactivity towards exchange. (Chpt)Cr(CO)3 however is
less reactive towards exchange than would be anticipated from its
Substitutional reactivity. The high values associated with AG; and AG;
are difficult to assess, as are the corresponding values associated with the
Other complexes apart from (pyrene)Cr(CO)3 and (naphthalene)Cr(CO)3 for

Which theoretical information 1is available relating to possible slippage

Pathways.

3.3.2 substitution of (Cycloheptatriene)Cr(CO)3 by PBu,
In contrast to the curved plots of kobs against [P(OMe)3] found in the
Teaction of (chpt)Cr(CO)3 with P(OMe)3, a plot of k_  against
[PBU3] for the reaction of (chpt)Cr(CO)3 with PBu, is linear over the

whole concentration range studied (up to 1.6 mol dm-3). A mechanism such
48  that postulated for the phosphite reaction (Scheme 3.1) involving a
discrete (’:7x-chpt)Cr(CO)3 intermediate and consistent with the linear

Yate plot, would necessarily require k , > k, [PBu3] at all

COncentrations of PBu,.

3
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As  this condition 1is not always satisfied in the phosphite reaction ie at
high concentrations of P(OMe)3, the reverse condition applies
kz[P(OMe)3] >> k-l’ it 1is reasonable to assume the more basic and
Teactive PBu3

k-l) at lower concentrations of PBu3. Curved plots of ko

would reach the same limiting condition (k2[PBu3] >>

b against

[PBU3] would therefore be expected with the onset of curvature below

3

0.3 mol dm~ , the concentration at which curvature is apparent in the

Phosphite reaction. Hence in view of the above an Id ring slippage

Mechanism Scheme 3.3 is likely.

k2 + PBu3
(mb_ il x_
'7 chpt)Cr(CO)3 . 07 chpt)Cr(CO)3PBu3
k_z (z)
k3 + PBu3
fast '
ch :
Pt + (PBu3)3Cr(CO)3 -« ('7 Chpt)Cr(C0)3(PBu3)2
+ PBu3
Scheme 3.3

Application of the steady state approximation to intermediate (Z), for which

there is no spectroscopic evidence yields the rate equation

-d[s] = k2k3[(’96-chpt)Cr(co)3][PBu3]2

]

dt k 5 + k3[PBu

-2 3

Which if k3(PBu3] >> k__2 reduces to
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-dls] = kz[(@6-tht)Cr(co)3][PBu3]

dt

Hence the reaction is first order with respect to PBu3 over the whole of
the concentration range of PBu3. Such different mechanisms have been
Previously observed for the reaction of
2»2,7.7-tetramethy1-3,6-dithiaoctanetetracarbonyltungsten(O) with PBu3 and
P(0Py-j) 20
r-1)3 . Although the rates only differ by a factor of 2 (compared

to  about a factor of 7 in this work), the phosphine reaction is postulated
to proceed via a concerted I, ring-opening pathway, and the phosphite

d

Teaction via an initial dissociative ring-opening pathway.

1 mol-l) for the

The entropy value associated with k, (-97.9 J K~
Teaction of (chpt)Cr(CO)3 with PBu, is significantly more negative
than the entropy associated with the rate constant for dissociative
1

- -1
ring-slippage k (-32.6 . J K mol ") obtained from the reaction of

1
(chpt)Cr(CO)3 with P(OMe)3,and adds support to the associative nature of

the PBu3 transition state. The negative entropy obtained for dissociative
Ting-slippage may result from loss of electron delocalisation in the ring
'and/or from geometric distortions. Comparison of these entropy values show

the cycloheptatriene complex to be least negative, which may reflect its

lack of aromatic resonance stabilisation.
3.3.3 substitution of (Cycloheptatriene)Cr(CO)3 by Butyrontitrile

Reaction of (chpt)Cr(CO)3 with butyronitrile (PrCN) was kinetically

Studied in three different solvents; decalin, dichloromethane and toluene.

)
ACetonitrile, which was the initial choice of ligand in view of a previous

Study, was not suitable due to its immiscibility in decalin.
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The reaction in decalin proceeds to equilibrium as indicated by the high
uv/visible absorption of the solution (at tg ) at the monitoring wavelength.

Confirmation of this equilibrium

K
(chpt)er(co) , + 3ProN g% (PrCN)4Cr(C0) 4 + chpt
K = 727 x 107 mol™ dn © at 110 %

(calculated from uv/visible spectroscopy)

Yas by infrared spectroscopy which revealed absorption bands consistent with
that of (chpt)Cr(CO)3. The position of the equilibrium lies appreciably to
the 1left hand side. Infrared spectra (Figures 3.7 and 3.8) at equilibrium
show 4 displacement to the right hand side on increasing the concentration
°f PrcN from 0.2 to 0.5 mol dm-3. The corresponding reaction of
(naphthalene)Cr(C0)3 with PrCN proceeds to near completion as demonstrated
by the equilibrium spectrum Figure 3.9. Composition of the
€quilibrium mixtures from the reactions of (naphthalene)Cr(CO)3 and
(Chpt)Cr(CO)3 with PrCN reflect the differing thermodynamic stabilities of
the two complexes. It has been shown that (chpt)Cr(CO)3 is more stable

than (toluene)Cr(CO)3 by approximately 20.5 kJ mol-l, such that an

®quilibrium exists in the reaction

K

(chpt)Cr(CO)3 + toluene 4——-—-’(toluene)Cr(CO)3 + chpt

3

K=2.9x 10 at 150 °
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Infrared Spectrum at t=c0 of the reaction

(chpt)cr(co), + aPrCN.:(PrCN),Cr(CO), +

In decalin at 110°C, [PrcN]

chpt

= 0.2 mol dm*-?

VeoCm-!

1978

1916 (chpt)Cr(co),
1894

1938 (PrCN); Cr(CO);

ﬁ | ﬁ
2000 1950 1900

cm-!

Fig. 3.7



Infrared Spectrum at t=00 of the reaction
(chpt)Cr(CO); + 3PrCN =—= (PrCN),Cr(CO), + chpt

in decalin at 110°C, [PrCN] = 0.5 mol dm™

(chpt)Cr(CO),
1895

r T ]
2000 1950 1900

cm™!

Fig. 3.8



Infrared Spectrum at t=oo of the reaction
(naphthalene)Cr(CO), + 3PrCN ——— (PfCN)JCr(CO)a + naph'halene

in decalin at 110°C

Veo CM™!

1975
1910 (naphthalene)Cr(CO);
1897

1938

1855 (PrCN); Cr(CO);

r T T 1
2000 1950 1900 1850

cm-!

Fig. 3.9



Under the same conditions however, reaction of (naphthalene)Cr(CO)3 with

toluene proceeds to completion.

To enable significant variations in ligand, different solvents were used to
eliminate an equilibrium and therefore allow greater absorbance changes
between initial and final solutions. In the light.of the above equilibrium
in decalin, the previously reported reaction of (chpt)Cr(CO)3 with
acetonitrile in dichloroethane, which proceeds to completion, appeared
Surprising. However, reaction of (chpt)Cr(CO)3 with PrCN in
dichloromethane also proceeds to completion at rates similar to those in
deCalin. Examination of the colourless product solution at reaction
Completion (as indicated by zero absorption at the monitoring wavelength),
showed only Cr(CO)6 implying an 1initial substitution to give
(PrCN)3Cr(CO)3 followed by chlorination/decomposition releasing CO,
Which in the closed cell results in the formation of Cr(CO)6. A similar
Teaction involving substitution of toluene in (toluene)Mo(CO)3 by

P(OME)3 and carried out in dichloroethane resulted in some formation of

MO(CO)62'

On changing the solvent from dichloromethane to toluene, quantitative yields
of (toluene)Cr(CO)3 were obtained at similar rates to those in decalin

(abOut 3 times higher). Given that slight increases in rates are usually
Observed in reactions of this type on increasing polarity, the reactions
OCcurring in the three solvents appear to reflect a mechanism involving rate
determining substitution by PrCN followed by a) rapid decomposition in
dichloromethane and b) rapid displacement by toluene in toluene. Hence the
toluene displacement reaction is a measure of the rate of substitution by
Pren and may therefore be mechanistically compared, as far as the rate
determining step 1is 1involved, to the phosphite and phosphine substitution

Yeactions.
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Linear plots of kohs against [PrCN] for the reaction of (chpt)Cr(CO)3

With PrCN are found and are consistent with the results from the previous
Feactions. Application of the same rate determining mechanism to this
Teaction as proposed for the phosphite reaction leading to formation

of (qyx—polyene)Cr(C0)3L (Scheme 3.1) requires k , >> kZ[PrCN] over

1

the whole ligand concentration range. This is reasonable due to the much

lower basicity of PrCN compared to P(OMe)3. The rate equation applicable

is

%l\[?] = klkz[(’96-chpt)Cr(co)3][PrCN]
dt k )+ k?_[PrCN]

Which on the assumption k >> kZ[PrCN] reduces to

1
6
dfs] = klkz[('y -chpt)Cr(co)3]£PrCN]
\v
dt k 1
ang B _
kobs = kB[PrCN] where k, = kk,
£

Reactivity differences between PrCN and P(OMe)3 are enthalpy controlled as

Seen  frop comparison of the corresponding activation parameters associated

With kB for both reactions.

The order of reactivity of (chpt)Cr(CO)3 with the ligands used above and

Yluene s PBu, > P(OMe)3 >> PrCN >> toluene. Whilst a change in

3
Mechanism is observed on passing from PBu3 to P(OMe)3, the reactions of

the latter three 1ligands in the series all proceed via an initial

disSOciative ring-opening mechanism.
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Table 3.2

Rate Data for the Substitution Reaction

(polyene)Cr(CO)3 + 3P(0Me)3 "[P(OMe)3]3Cr(C0)3 + polyene

Polyene 1 e [L)/mol din™ 105k0bs/s'1 )

Naphthalene 23.5 0.06 5.56
0.12 11.00

0.18 14.50

0.50 35.80

1.00 51.10

2.00 65.60

3.00 75.00

4.00 80.90

5.00 88.80

6.00 91.90

7.00 101.00

31,2 0.06 10.15
0.12 19.30

0.15 25.20

0.40 56.30

1.00 104.00

2.00 148.00

3.00 165.00

4.00 185.00

5.00 195.00

6.00 204.00

7.00 216.00
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Table 3.2 continued

Polyene 1/ % [L]/mol dm™ 10k, /s
Naphthalene 37.1 0.03 7.47
0.06 14.10
0.09 21.70
0.12 28.50
0.15 35.80
0.66 132.00
1.00 169.00
2.00 231.00
3.00 263.00
4.00 289.00
5.00 320.00
6.00 346 .00
7.00 370.00
chpt 31.2 0.10 2.56
0.20 5.03
0.30 7.50
0.40 9.50
1.00 18.80
2.00 28.10
3.00 33.90
4.00 37.30
5.00 39.40
6.00 41.90
7.00 45.00
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pOlyene

chpt

Chpt

2,5-dimethyl -

thioPhene

T/

37.1

48.4

37.1

C

Table 3.2 continued

[L]/mol dm_3

0.15
0.30
0.60
0.90
2.00
3.00
4.00
5.00
6.00

7.00

0.06
0.12
0.18
0.24
0.30
0.60
0.90
1.80
3.00
4.00
5.00
6.00

7.00

0.06

0.09
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107k

7.12
12.50
26.50
32.60
53.30
60.90
70.00
76.20
81.40

83.30

7.34
14.70
21.50
28.80
35.20
63.80
89.20

136.00
169.00
186.00
208.00
226.00

248.00

1.80

2.71



Table 3.2 continued

Polyene T/ °C Pulfoel g 107k , /s
2,5-dimethyl- 3.1 12 3.39
thiophene 0.15 4.23
0.60 14.30

1.00 19.50

2.00 26.10

3.00 29.60

4.00 31.30

5.00 32.20

6.00 33.50

7.00 34.70

47.0 0.06 4.45

0.08 5.73

0.09 6.80

0.12 8.87

0.15 10.50

0.60 31.20

1.00 41.90

2.00 59.60

3.00 66.60

4.00 70.50

5.00 72.70

6.00 75.20

7.00 78.50
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Table 3.2 continued

Polyene 1/ °% PLfnel. ™ 107k, /s7!
2,5-dimethyl- 56.6 0.03 5.01
thiophene 0.06 10.00
0.09 14.30
0.12 18.90
0.15 23.30
0.60 70.20
1.00 93.70
2.00 129.00
3.00 144.00
4.00 162.00
5.00 164 .00
6.00 173.00
7.00 178.00
Pyrene 56.6 0.10 3.03
0.30 7.97
0.50 12.60
1.00 20.50
2.00 31.10
3.00 44..80
4.00 49.00
5.00 55.10
6.00 64.40
7.00 72.50
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Table 3.2 continued

Pyrene i1 Bt ¢ (Ll /mel. dn™ 105kobs/s‘1
Pyrene 68.7 0.06 5.24
0.09 7.50

0.12 10.00

0.15 13.10

0.50 37.80

1.00 54.00

2.00 91.30

3.00 117.00

4.00 137.00

5.00 155.00

6.00 167.00

7.00 192.00

78.0 0.03 5.38
0.06 11.08

0.09 15.70

0.12 22.00

0.15 26 .40

0.50 62.00

1.00 109.00

2.00 181.00

3.00 223.00

4.00 245.00

5.00 289.00

6.00 300.00

7.00 340.00
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Polyene t/ %%
thiophene 37.1
47.0
56.6
2,6~dimethyl- 37.1
Naphthalene

Table 3.2 continued

[L]/mol dm-3

0.05
0.07
0.09
0.12

0.15

0.03
0.06
0.09
0.12

0.15

0.03
0.06
0.09
0.12

0.15

0.03
0.06
0.09

0.12

0.15
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5.33
7.88
9.77
12.30

15.30

8.46
16.20
23.20
29.80

36.80

18.00
35.70
51.30
61.80

79.00

3.12
6.73
9.50
11.70

15.80



Table 3.2 continued

Polyene T/ °C [ ifmsl dm 107k , /o7t
2,6-dimethyl 47.0 0.03 6.86
napht halene 0.06 14.50
0.09 20.50

0.12 27.00

0.15 33.40

56.6 0.03 13.00

0.06 27.20

0.09 39.20

0.12 50.50

0.15 65.80

Notes a) Average of duplicate runs
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Derived Rate Constants for the Substitution Reaction

Table 3.3

(polyene)Cr(CO)3 + 3P(0Me)3————)>[p(01v[e)3]3 Cr(CO)3 + polyene

polyene

Naphthalene

Chpt

2a5'—dmt

Pyrene

thiophene

T/ °C

23.5
31.2

37.1

31.2
37.1

48 .4

37.1
47.0

56.6

56.6
68.7

78.0

37.1
47.0

56.6

g -1
10 kl/s

1.17(0.14)
2.63(0.17)

4.61(0.54)

0.62(0.04)
1.10(0.10)

3.77(0.34)

0.43(0.03)
0.95(0.08)

2.16(0.10)
2.22(0.42)

4.07(0.72)

7.41(0.78)
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3
10 kB/
-1

mol dm s

0.94(0.008)
1.78(0.14)

2.53(0.13)

0.27(0.005)
0.50(0.008)

1.25(0.006)

0.31(0.002)
0.78(0.007)

1.71(0.005)

0.89(0.009)
1.84(0.014)

3.1300.45)

0.97(0.03)
2.35(0.04)

5.00(0.14)



Table 3.3 continued

Polyene T/ °c 1031(1/3—1 103k /
’ 342
mof1dm s
2,6-dmn 37.1 - 1.02(0.03)
47.0 = 2.18(0.04)
56.6 = 4.32(0.08)

Notes a) Error (2 standard deviations)
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Table 3.4

Errors Associated with Reproducibility and Theoretical Fit

for the Reaction as Represented in Table 3.1

polyene t/ % [ ]kobscalc.-kobsexpl] [ lkobs1-kobs2l]
x10% s x167s"
naphthalene 23.5 1,38 1.38
31.2 1.30 ] 1.40
37.1 0.63 1.59
chpt 31.2 2.65 3.75
37.1 0.58 0.86
38.4 2.05 0.98
2,5-dmt 37.1 2.27 2.10
47.0 2.13 3.45
56.6 5.10 4.10
Pyrene 56.6 3.89 1.46
68.7 2.03 0.83
78.0 9.25 2.08
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Table 3.5

Rate Data for the Substitution Reaction

(chpt)Cr(CO)3 + 3L ———>L3Cr(CO)3 + chpt

L T/ °C [L]/mol dm™> 105kobs/s‘1

PBu, 31.0 0.04 isi20
0.08 13.40

0.10 17.50

0.20 37.00

0.40 76.20

0.60 144.00

0.80 148.00

1.05 183.00

1.35 235.00

1.60 283.00

40.6 0.04 12.00
0.08 28.70

0.10 37.00

0.20 78.70

0.30 121.00

0.40 160.00

50.4 0.04 19.60
0.08 50.80

0.10 66.00

0.20 158.00

0.30 243.00
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L Tt/ °c

PrcN 88.5
100
110

Table 3.5 continued

[L]/mol dm_3

0.20
0.50
0.75
1.00

2.00

0.20
0.50
0.75

1.00

0.20
0.50
0.75

1.00

DeriVed Rate Constants for the above Reactions

& T/ °C
PR

uy 31.0
40.6
50.4

Prcy 88.5
100.0

110.0

103k2/mofldm3s_

1.95(.02)
4.12(.03)

8.72(.07)

Notes: a) Average of duplicate runs b) Error (2
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0.92
3.17
5.10
6.85

13.80

2.70
7.15
11.90

16.30

4.90
16.00
24.20

32.50

1 b

7.17(0.08)
17.16(0.50)
34.70(0.66)

standard deviations)

-1
lOSkB/mol dm3 s

b



Table 3.6
Activation Parameters for the Subsititution Reaction

(P01yene)Cr(CO)3 +3P(0Me)3—-—-——>[P(OMe)3]3Cr(CO)3 + polyene

Polyene AHI a,b AS; ap AH; ab as;, ab
Naphthalene 74.9(5.4) -48.6(19.0) 53.5(7.4) -122(24.0)
chpt 83.4(7.8) -32.6(25.0) 69.1(8.4) - 86.2(26.6)
2,5-dmt 67.5(5.6) -92.4(17.6) 71.4(2.0) - 82.0(8.8)
Pyrene 51.0(9.4) -142(27.4) 53.6(2.6) -141.5(7.6)
thiophene - - 69.0(1.8) - 80.5(5.2)
2,6-dmn - - 60.3(3.6) -108.1(11.0)
Activation Parameters for the Substitution Reaction
(c:hpl:)Cr(CO)3 + 3L —“—>L3Cr(CO)3 + chpt
L AHY ap s} ap sy 3P as? P
Pron 81.5(7.6) ~100.4(20.8) - -
PBu, - - 60.6(2.4) - 97.9(7.6)

- 3 - =
Notes: a) 2 standard deviations b) Units:AH‘/ J mol l, AS / J K 1 mol 1
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4. TISOMERISATION REACTIONS OF L3M(CO)3 COMPLEXES
4.1 Introduction

A large number of organometallic systems have been studied in which
Stereochemical non-rigidity is observed under conditions where intermolecular
ligand exchange does not occur. It is reasonable to claim that the study of
Fearrangements of this type has become one of the most exciting areas in
Feaction mechanisms, particularly since the advent of nmr, which has
Provided an ideal tool for study.

Early indications of stereochemical non-rigidity were provided by the 19F
hmr  gpectrum of PF5 and the 17O nmr spectrum of Fe(CO)Sh{Instead of

two peaks corresponding to the two chemically inequivalent nuclei (axial and
€quatorial) which 1is expected for the known trigonal bipyramidal geometry,
only one was observed. Other examples of five-coordinate compounds behaving
In  this way indicated that the equivalence could not be due to rapid ligand
dissociation and recombination. It was proposed therefore, that

a"ialiequatorial ligand exchange could take place without breaking the

Metal 1ligand bond, the process being termed Berry pseudo-rotation.

\ A B
: B A
\-‘ —» E i

T
A

Scheme 4.1
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Seven coordinate complexes also display intramolecular isomerisations and
usually adopt one of three different geometries: monocapped octahedron,
Pentagonal bipyramid or monocapped trigonal prism. As with the five
coordinate compounds, energy barriers between isomers are small. In direct
tontrast to these five and seven coordinate systems whose stereochemistries
are relatively non-rigid, the six-coordinate octahedron is relatively rigid.
However there is an increasing awareness that neutral low valent
$ix-coordinate molecules can undergo fairly low energy intramolecular ligand
fearrangements, the pathway proceeding through either a trigonal
Prismatic1b_60r bicapped tetrahedral7 intermediate or transition state.
Several qualititative observations on these processes have been reported in
the 11terature8-15. but only more recently have quantitative studies been

reported16—21

involving cis/trans isomerisations of LZM(CO)4 complexes
(M=Cr,Mo,w; L = phosphine, phosphite) and analogous mer/fac isomerisations

of some trisubstituted complexes.

It has been noted that some of the substitution reactions discussed in
Chapter 3 are complicated by concomitant fac/mer isomerisation of the

L3Cr(CO)3 complex so formed. This chapter 1is concerned with two

Problems:
(1) an investigation of the formation of the mer isomer directly from the
phOSphite substitution reaction of the type

(1301yene)M(CO)3 + 3L —-}fac/mer-L3M(CO)3 + polyene

and (ii) a detailed study of the fac/mer isomerisation
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0C— p< > oc co

Co co

: P

fac isomer mer isomer

M=Cr ,Mo,W
Scheme 4.2
4.2 Experimental
4.2.1 Reagents and Materials

(P01yene)Cr(CO)3 complexes were prepared as outlined in Chapter 2.
(CYC1oheptatriene)Mo(CO)3 was prepared from Mo(CO)6 according to the
Method outlined in Chapter 2 for the corresponding Cr(CO)3 complex.
(CYCIOheptatriene)W(CO)3 was prepared by reacting (MeCN)3W(CO)322

With excess cycloheptatriene in refluxing 100/120 petroleum ether23.
Fac‘[P(OMe)3]3M(CO)3 complexes (M=Mo,W) were prepared by reacting
(CYCIOheptatriene)M(CO)3 with excess P(OMe)3 in hexane at room
temperature for about 1 hour (see Chapter 3 for preparation of

fac‘[P(OMe)3]3Cr(CO)3).

- 194 -



Preparation of mer- [P(OMe)3]3M(CO)3 (M=Cr ,W)

The corresponding fac isomers were dissolved in 60/80 petroleum ether and
heated for several hours under nitrogen. Solvent evaporation and subsequent
thin layer chromatography using a 25% ethyl acetate in 60/80 petroleum ether
mixture as eluent vyielded mer—[P(OMe)3]3Cr(CO)3 as the first band,

whilst elution of the crude material from the tungsten reaction yielded
mer-[P(OMe)3]3W(CO)3 as the second band. Solvent evaporation and

Crystallisation from 40/60 petroleum ether afforded the pure mer isomers.
The corresponding molybdenum complex proved difficult to crystallise. All

analytical data for these and the other complexes are shown in Table 4.1.

Decalin and toluene solvents were purified as outlined 1in Chapter 2.
Tributyl phosphine and trimethyl phosphite were purified as outlined in

Chapter 3. Cyclohexane was refluxed and distilled from sodium.

4.2.2 Kinetic Measurements

Kinetic monitoring of the fac/mer isomerisation by uv/visible spectroscopy
Was carried out in the adapted cells wused in the kinetic experiments
Outlined in Chapters 2 and 3. Solutions (typically 5 x 10_4 mol dm_3 in
decalin) were degassed by passing through a stream of dry oxygen free argon,
With the cells subsequently sealed under a positive pressure of argon
(5 psi). Isomerisations of the chromium complex involved temperatures below
%0 °C and were carried out using the experimental techniques of direct
Monitoring described for the substitution reactions in Chapter 3. The less
labile molybdenum and tungsten complexes were monitored by the method

described in Chapter 2 for the exchange reactions using the high temperature

°i1 bath.
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Complex

(chpt)Cr(co)3

fac—[P(OMe)3]3Cr(CO)3

mer-[P(OMe)3]3Cr(CO)3

fac—[P(OMe)3]3Mo(CO)3

fac-[p(oMe) W(co) ,

3]3

mer-[P(0Me) 51,W(CO) 4

Table 4.1

N CO/Cm-l (decalin)

1982
1920

1896

1962
1888

1874

1975
1890

1875

1974
1898

1884

1970
1893

1878
1986

1902

1878
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Microanalysis

found

C=52.60

H= 3.47

C=28.36

H= 5.35

C=27.73

H= 5.55

C=26.40

H= 5.16

C=22.43

H= 4.27

C=22.81

H= 4.34

calc

52.63

3.51

28.35

5.30

28.35

5.30

2611

4.89

22.53

4.22

22.33

4.22



Rate constants were calculated from the change in absorbance at 310 nm (Mo
and W complexes) and 320 nm (Cr complex).

31

P nmr experiments were conducted on a Jeol Fx-100 spectrophotometer.
(Chpt)M(CO)3 complexes (1.0 x 10t mel dm_3) were dissolved in
Cyclohexane or toluene and introduced into an nmr tube, subsequently
sealed with a plastic cap. At the temperatures used, the time required for
signal accumulation was not significant. Relative rates (kl/kz) of

fac/mer isomer formation were calculated from the change in the integrated

Peaks of fac isomer, mer isomer and uncomplexed free P(OMe)3.

Rate constants for the isomerisation reactions (fac @®rmer) in decalin were
Calculated from the changes in fac/mer ratio. Free P(OMe)3 (2.0 mol

dm'3) was added in some experiments.

4.3 Results and Discussion

4.3.1 Mer L3M(CO)3 Formation

The substitution reaction studied by 31P nmr

(polyene)Cr(CO)3 + 3P(0Me)3———)>fac/mer[P(OMe)3]3Cr(CO)3 + polyene

Polyene = chpt, naphthalene, 2,5-dimethylthiophene

shows qualitatively that the formation of mer isomer occurs at rates much

8reater than the rate of fac—jyemer isomerisation. This is of some interest

In terms of the mechanism of the substitution reaction. Analysis of the

31

P nmr spectrum can be used to determine the fac/mer ratio of isomers
Produced directly from the reaction.
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Consider the kinetic scheme below

fac - [P(OMe)3]3Cr(CO)3 (B)

A
|

k1+3L

(chpt)Cr(co)3 k k

\

mer - [P(OMe)3]3Cr(CO)3 (c)

Scheme 4.3

where kl and k2 are the rate constants for the formation of fac and mer

lomers respectively and ki and k_1 the rate constants for isomer

Inter-conversion. From this it can be shown that

[8] - Bel = (ky -k . [4]

[aJe~(kyt_y Ot (k o+, kg ko) Fagle™ 0y e g o

| + klki-ka—i

(e +k_ ) (e +k_ -k =k,)
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The derivation of the above equation is as follows

(Al + [B] + [c] = (a.] [Al[B] and [C] evaluated from

integrated 31P nmr peaks

fEf} = -k [Aa] - k,[A] (4.1)
dt
d[B] = Kk, (Al - k_[c] -k [B]
dt

= (kg - k_0AT - (kg + k_JIB] + k_,[A_] (4.2)

dfc] = kZ[A] + k.[B] - k .[c]
1 -1

dt

if [A] = [AO] at time t = o then from (4.1)

In[aA] = - (k1 + kz)t
(A ]
(0]
[A] - [Ao]e"(kl + kz)t

Substituting for [A] in equation (4.2)

d0B) + (k, + k )0B] = [a 10k, + k )1kt Lo [a ]
—_ i -i o 1 -i -i~“o
dt

multiplying by the integrating factor e(ki M k-i)t

e(ki+k— )t

d[B] + (k, + x ,)[B] i’ =
i i

—
dt (kl-k ,)e(ki"k-i'kl'kz)t (a 1+
-1 (o)

k [a Jelkitk gt
-1 (0]



® & d([B]e(ki+k—i)t) = [Ao](kl-k_i)e(ki“‘k-i‘kl'kz)t

]e(ki+k—i)t
(0]

dt + k .[A
-1

on integrating

[B]e(ki+k_i)t _ [AOJ(kl _ k_i)e(ki+k_i—k1—k2)t
(k vk _ -k -k,)
+ k_i[Ao]e(ki'H(-i)t + const.
(ki+k—i)
if [B] =0 at t = 0, then
0= [Ao](kl-k_i) + k-i[Ao] + const
(ki+k_i—kl-k2) ki+k-i
. [Blelkyrk It [A 1(k -k )elkitk_j-kj-ky)t
o 1 -1
(k{k_i—kl-kz)
¢ k [a Jelkytk_ it
-i o
(ki+k-i)
- a1 -k ) - k_la]
(k1+k_i—k1-k2) (ki+k-i
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dividing by e~ Ki*K.¢'t

-(k +k2)t

[B] = [A J(k,-k ,)e ‘"1 + [A Tk -
[e) 1 -1 o” -1i
(k+k_, -k -k,) (e +k )

-(k,+k )t
[AO](klki—kzk_i)e 1771
(ke +k_ ) (k +k_ -k k)
as t—poa  [B]—p[A Tk _,
(ki+k—i)
L IB1-Be 1 = ook A Je”tMatRt
(k,+k_, -k;-k,)
-(k,+k )t
(A 1Ck  k_ ~kyk e  "i" -1

(k. +k )(k,+k ,-k,-k,)
i -1 i -1 71 "2

-(k.+k )t
i -

dividing by [Ao]e i’" yields the equation

[B] - [Bgl = (ky=k_,) .[a] +
. 1 —(k.+k )t (kK )t
[Ao]e i -1 (ki+k_i—k1—k2)[Ao]e it -1
klki - k2k—i

(k,+k_ ) (k +k_ -k, -k,)

hence a plot of [B] - [Bg | against [Al
- (kg +k_ )t

[Ao]e—(ki+k-i)t [Ao]e

8ives a straight line from which the ratio kl/kZ may be evaluated from
the slope or intercept. Such a plot 1is shown in Figure 4.1 for the

Substitution reaction of (chpt)Cr(CO)3 with P(OMe)3 in toluene.
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e inst A for th i
agains or e reaction
Ao -(ki * k")' . Aoe_(ko' + k-d)'

Plot of

(chpt)Cr(CO), + 3P(OMe), fac/mer-[P(OMe),], Cr(CO), + chpt

0.6 -

0.3 4

8
Ace-(k, + k.;)t

0.2 -

0.1 -

-0.2 T T T T T T T 1 T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

A
A.e-(k‘ + k-. ).

Fig. 41



A similar plot 1is obtained for this reaction in cyclohexane. Mer isomer
formation varies according to solvent, metal and bound polyene. For
(chpt)Cr(CO)3 with P(OMe)3 in cyclohexane approximately 15% is formed
directly compared to 9% in toluene. Qualitative observations indicate lower
levels of the mer isomer obtained from the reactions of
(naphthalene)Cr(CO)3 and (2,S—dimethylthiophene)Cr(CO)3 with P(OMe)3,

5% in both cases. Changing the metal to molybdenum or tungsten also

results in a reduced yield of mer isomer.

On the basis of the findings in Chapter 3 which indicate a substitution
mechanism involving rate determining addition of phosphite (at low
concentrations of phosphite), several possibilities exist which may account
for the independent formation of both mer and fac isomers. Two of these
possibilities 1involve isomerisation of the six-coordinate intermediates (A)

and (B) of Scheme 4.4.

Ry

(’76-polyene)Cr(CO)3"—>‘( f’7x—polyene)Cr(C0)3

K A

-1

k, + P(OMe)3

-2 2

\

(7"-polyene)<:r<co>3 P(OMe), (A)

fast + P(OMe)3

fast #

faC/mer-[P(OMe)3]3Cr(CO)3<—- (’Qy—polyene)Cr(CO)3[P(0Me)3]2 (B)
+ P(OMe)3

+ polyene
Scheme 4.4



Representing (A) as an ’aﬁ-coordinated intermediate (Scheme 4.5.1)
intramolecular isomerisation involving a trigonal twist would shift

P(OMe)3 into a position trans to one of the coordinated double bonds

(Scheme 4.5.2)
\l/

P Co

Co co

I— CO ——» _| P

N\

CO coO

Scheme 4.5

Subsequent reaction with two molecules of P(OMe)3 yields the mer isomer.
Experimentally determined activation parameters for a trigonal twist in
(penta-Z,A-diene)Cr(CO)BP(OMe)3 shows an energy barrier of 62.8 kJ
mOl-1 24; associated rate constants being of the same order as the
substitution reaction in this work. Assuming a similar energy barrier
involved for the transformation in Scheme 4.5, it is unlikely that the
above mechanism can account for mer isomer formation. Indeed, activation
energies more consistent with its formation are likely to be of the order
5-10 kJ mol"1 and insignificant compared to the energy barrier for the
initial ring opening.

A similar argument can be applied to the isomerisation of intermediate (B),
the disubstituted phosphite complex. Isomerisation of the cis isomer yields
the trans isomer (with respect to phosphite)
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Cco co
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cis t/rans
Scheme 4.6

Reaction of the cis and trans isomers with one further molecule of P(OMe)3
Yields the fac and mer isomers respectively. Similar energy barriers exist

for the related isomerisation

cis-[P(OMe),],Cr(CO), <> trans-[P(0Me) y],Cr(cO),
to the energy barrier involved in the (penta-2,4-—diene)Cr(CO)3/P(OMe)3
Systemlg. Hence from the above, mer isomer is unlikely to be formed from a
Preceeding six-coordinate 1isomerisation. However, other more plausible
pPossibilities 1involve lower energy five-coordinate isomerisations. With
reference to Scheme 4.4 such intermediates may exist prior to (Figure 4.2.1)

or subsequent to (Figure 4.2.2) the formation of intermediate (B)
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I

oC co OC — P

oc = oc:* co

Fig. 4.2

It has been shown that five-coordinate intermediates of this type isomerise
at rates of the same order as the rates of ligand association to form
six-coordinate complexesl7. The ratio fac/mer therefore reflects the ratio

of 1ligand association to isomerisation, and in this case indicates a ratio

of the order 10:1.

Of the possibilities discussed above, from a kinetic basis the
five-coordinate isomerisation appears the most attractive. However, it must
be noted that arguments against a six-coordinate isomerisation are based on
data from assumedly similar systems. Additionally, six-coordinate
isomerisations have been recently proved in complexes which had previously

been interpreted to isomerise via a five-coordinate intermediatezo.
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4.3.2 Fac/mer Isomerisation in [P(OMe)3]3M(CO)3 Complexes
Rate data and activation parameters for the isomerisation

k.
1
fac-[P(OMe) 415M(CO) 3 G2 mer-[P(OMe) ;1,M(CO)
k.
-1i

M= Cr,Mo,W

are given in Table 4.2 and 4.3. A uv/visible spectrum of the isomerisation
of the molybdenum complex is shown in Figure 4.3. Similar spectra are
obtained for the isomerisations of the Cr and W complexes. The clear
isosbestic point confirms the occurrence of only the isomerisations
reaction. Figure 4.4 shows the 31P nmr spectrum of fac and mer
[P(OMe)3]3Cr(CO)3. Whilst the fac isomer gives rise to only one peak

(as all the P(OMe)3 groups are chemically equivalent), the mer isomer
constitutes an AB2 system consisting of two mutually trans P(OMe)3
g8roups and a third P(OMe)3 group cis to both of these. Rate constants for
isomerisations monitored by both uv/visible spectroscopy (in decalin) and
31P

nmr spectroscopy (in toluene) are in good agreement considering the

different concentrations and solvents used.

The isomerisation process, as represented below,

Ki
fac-1M(co) ; G2 mer-LzM(CO)4
k-j
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Isomerisation of faC‘[P(OMe)s]JMo(Co)s (130°C)
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the following equation can be derived25

_(ki + k—i)t = 1n Ze - Zt + 1n Zo + 1

Zy + 1 Ze - 2o
where Zg= [mer]/[fac]l = Kgq and is equivalent to the intensities
of the fac and mer 31P resonances. Therefore a plot of

In(Zg = Z)/(Zy + 1) against time yields a slope of value-(ki + k-i)'

From the equilibrium value Keq (ki/k-i) individual values of ki and

k_i may be determined. The plot for the 1isomerisation of
fac—[P(OMe)3]3Cr(CO)3 is shown in Figure 4.5. From uv/visible
spectroscopy plots of 1n(At - Ae) against time yield slopes equal to

-(k + k ,) 1individual values k1 and k_

{ { may be obtained from the

i
equilibrium constant (which is temperature independent) determined from nmr

spectroscopy.

In all cases, negligible effect on the rate of isomerisation on adding free
ligand suggests that the isomerisations proceed by an 1intramolecular
rearrangement mechanism. The octahedral complexes studied here are
postulated to rearrange intramolecularly through either trigonal prismatic
or bicapped-tetrahedral intermediates. Recent work however, has been able to
distinguish between these mechanisms by 2-D nmr studies on
[P(OMe)3]3Cr(CO)ZCX (X=S.Se,Te) and concludes with convincing evidence
21

the trigonal prismatic intermediate to be involved ~. This intermediate is

obtained by rotating one trigonal face of the octahedron.
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Plot of In [Ze - Zt] against time for the isomerisation of
Z, + 1

’

[P(OMe),],Cr(CO), in toluene at 65°C
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From the above diagram the fac—¥mer transformation involves eclipsed
P(OMe)3 groups in the trigonal prismatic intermediate, a situation which
probably accounts for the increased rates of isomerisation observed in the
disubstituted complexes [P(OMe)3]2M(CO)4 (M=Cr ,Mo,W), where this
phosphite eclipsed intermediate may be avoided by opposite rotation. It is
interesting to note at this point rates of isomerisation of
[1"’(OMe)3]xM(CO)6_X complexes along the series x = 1 to 4, where rate
increases from x = 1 to x = 2 and x = 3 to x = 4 are observed. The
discontinuum between x = 2 and x = 3 separates complexes having eclipsed
phosphite intermediates from those having non-eclipsed phosphite

intermediates.
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Fig. 4.6

Equilibrium position depends primarily on steric factors, the larger ligand
(as measured by cone angle26) preferring the mer configuration as
demonstrated by the higher mer/fac ratio of [PBu3]3Cr(CO)3 compared to
[P(OMe)3]3Cr(CO)3. However, a smaller electronic effect which favours

cis rather than trans CO configurations may also be 1involved, but

overshadowed. Though both P(OMe)3 and PBu, are both good electron

3
donors, the latter 1is a considerably better one, but is a poorer electron
acceptor. A fac configuration for the phosphine complex would hence seem
electronically a more stable arrangement than the corresponding
fac-phosphite configuration. In terms of metal, the mer/fac ratio for a
given 1ligand 1is Cr >> Mo® W and correlates with the increase in covalent
radii between first and second/third row transition metals [Mo(1.62 A) >
Cr(1.48 A)].

The rates of the fac—pmer transformation of [P(OMe) l"‘l(CO)3

3]3
(M=Cr ,Mo,W) follow the order Cr >> W > Mo. The higher rate of the chromium
complex compared to the molybdenum complex is enthalpy controlled, whereas

compared to the tungsten complex the higher rate is entropy controlled.
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A similar entropy factor has been observed in 13CO scrambling in the
complexes cis—[PEt3)Cr(C0)4(13CO) and cis—(PEt3)W(CO)4(13CO)18

Two distinct pathways are presumed operative; for the tungsten complex, a
pathway 1involving a highly sterically strained intermediate with little
lengthening of the W-P bond, while for chromium, an intermediate involving
considerable lengthening of the Cr-P bond is postulated. Hence the latter
situation involves a more significant enthalpy term, but a less negative
entropy term. The data presented here for L3M(CO)3 complexes show that

the molybdenum complex 1is more similar in terms of AS"I to the chromium
complex. The larger Aﬂt value of molybdenum compared to chromium probably
reflects the greater Mo-P bond enthalpy. Indeed, it has been shown that some
six = coordinate molybdenum systems for example [P(OPh)3]2Mo(CO)419

tend to wundergo 1isomerisations via an 1initial 1ligand dissociation, in
contrast to the corresponding chromium and tungsten systems. Apart from the
finer points of the mechanism, the results however do substantiate the
increasing awareness that neutral six-coordinate molecules can undergo ligand

rearrangements in their intact state.
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i) obtained from uv/visible spectroscopy in decalin

Cr

Mo

Rate Constants and Equilibrium Constants for the Isomerisations

fac-[P(OMe)3]3M(co)3—‘—‘>‘mer-[P(OMe)3]3M(co)3

temp/ °c

52.5
64.0
75.0

87.2

100
110
120

130

80
90
100

110

eq

7.2

k

k

Table 4.2

i

-1

105(k.+k
i

G & LT
34.80(

93.20¢(

-1

0.56)
7.0)

8.2)

226.00(15.0)

3.33(
7.02(
18.50¢(

36.80(

4.79(
10.90¢(
18.50¢(

34.10¢(

215 -

0.32)
0.60)
1.20)

2.60)

Vs~

5 -1
10 ki/S

8.08
30.60
81.80

198.00

2.50
5,26
13.90

27.60

3.87
8.80
14.90

27.50

5 -1
10 Ki/s

1.13
4.20
11.40

27.00

0.83
1.76
4.62

9.20



Table 4.2 continued

ii) obtained from 31P nmr spectroscopy in toluene

o 5 -1 5 -
M Temp/ C Keq 10 ki/s 10 k_i/s
Cr 65 7.2 41.7 5.79
[+P(0Me)3] U " 38.4 5.35
W 100 4.2 19.5 4.75
[+P(OM8)3] - i 18.5 4.51

Notes: a) Error (2 standard deviations)
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fac—[P(OMe)3]3M(CO)3<____., mer-

Cr

fac

mer

Mo

fac

mer

fac

mer

Notes:

mer

fac

mer

fac

mer

fac

Table 4.3

Activation Parameters for the Isomerisations

Sy

kg

AH*/kJ mol'1

87.2 (10.4)

87.0 ¢ 9.2)

99.0 (10.0)

99.0 ( 9.4)

69.1 ( 7.0)

69.3 ( 8.4)

[P(OMe)3]3M(CO)3

a) Error (2 standard deviations)
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AS*/J K-l mol

-55.2 (30.4)

-72.4 (27.0)

-70.0 (25.2)

-79.1 (25.0)

-134.5 (21.4)

-146.1 (22.8)
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