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Abstract

The reaction of M(CO)s(solvent) with CO has been investigated 1n a range
of alkane solvents, where M = Cr, Mo, or W The kinetic and activation parameters have

been determined for Reaction 1

M(CO)s(S) + CO —> M(CO)s Reaction 1

For chrommum hexacarbonyl the AH™ 1s constant (22 + 2 kJ mol™), the rate
of Reaction 1 increases with the lengthening as the alkane chain, thus 1s reflected in the
AS™ term, which becomes less negative as the alkane cham length increases For the

larger metals the vanation in the kinetic and activation parameters 1s less significant
The kinetic and activation parameters indicate that solvent displacement by CO involves
an interchange mechanism for the Cr(CQO)s system, while for the Mo(CQO)s and W(CO)s
systems the mechanism 1s more associative i character

The photochemustry of (n°-2,6-X,CsHsN)Cr(CO); was mvestigated both in
low-temperature matrices (X = H, (CH;);S1) and 1n room temperature solution ( X = H,
CH;, or (CHs);S1)  Room temperature photolysis (Aee > 410 nm) of (n°-pyndine)Cr(CO);
in CO saturated methanol yielded (n'-pyndine)Cr(CO)s which subsequently formed

Cr(CO)s 1n a secondary photochemical process The efficiency of this reaction 1s reduced

n cyclohexane, or when X = CHjrather than X =H Photolysis in low temperature
matnces resulted in an r|6 to nl haptotropic rearrangement of pyridine (Aeye = 460 nm, X =
H) Visible irradiation n a CO-doped methane matrix produced (n'-pyridine)Cr(CO)s

while in N, matnx fac-(n'-pyridine)(N,),Cr(CO); 1s formed Irradiation with Aee =



308 nm produced both the nng-slip product and also the CO-loss product
(M°-pyndine)Cr(CO), Time resolved infrared spectroscopy in cyclohexane revealed only
the CO-loss product (Acxc = 308 nm, X =H) The apparent difference in room-
temperature and low-temperature photochemustry is explained by the rapid regeneration of
the parent species from the n'-intermediate This explanation 1s supported by the laser
flash photolysis experiments (A = 355 nm) mn CO-saturated cyclohexane (S), where the
recovery of the (’-pyridine)Cr(CO); absorption follows a biphasic time profile, whereby
the faster process was assigned to the n' to n° rearrangement and the slower to the
reaction of (n°-pyndine)Cr(CO)x(S) with CO When the matrix photochenustry was
mvestigated in a CO-doped matnix, where X = (CH3);S1, no pentacarbonyl or
hexacarbonyl species were obtained Both the nng-slip and the CO-loss product were
formed following 1rradiation with A = 308 nm, and both were sensitive to photoreversal
with white light, which may explain the lack of photoproducts following long wavelength
photolysis

Crystals of (n°-2,6-X,CsH;N)Cr(CO); (X = H, CH, or (CH;)3S1) were
charactenised by X-Ray diffracion When X = H or CH; an echipsed conformation 1s
adopted, where the carbonyl ligands eclipse the carbon atoms When X = (CHs):S1 the
more common conformation where the carbonyl groups are 1n a staggered conformation

and eclipse the ning bond centres 1s adopted In all the compounds the chromum atom 1s

located directly below the arene ring, which 1s essentially planar
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INTRODUCTION




This introduction attempts to provide an overview of the relevant
chemustry and techniques which are explored in this thesis It 1s not an extensive review of

the relevant literature, thus 1s provided at the beginning of the each chapter

(1) A brief history of organometallic chemistry

The history of organometallic chemistry can be described as one of
unexpected discoveries The oldest compound 1n the history of organometallic chemustry
was prepared and charactensed by Zeise n 1827 ' The compound was called Zeise’s salt
and was formulated as PtCl(C;Hs) KCIH>O When 1t was first reported by Zeise his
assignment was attacked by contemporary chemusts and the compound was condemned as
a fantasy >

In 1848 Bunsen correctly identified, the mixture of Me;As-As Me; and
(Me;As),0, that had been prepared many years previously The following year Frankland
synthesised the first alkylzinc compound These compounds were used extensively as
alkylating agents, before being replaced by Grignard reagents (1900), which were easter to
prepare and to handle

The period between 1870 and 1950 was dommated by the investigation of
o-bonded organometallic derivatives of non-transition metals These mvestigations
concentrated on synthesis and the apphications of these compounds as reagents in organic

preparations Durning this period the chemustry of the metal carbonyls were also

investigated Nickel and 1ron carbonyls were first to be discovered by Mond in 1890,3



who readily identified the industnial importance of metal carbonyl compounds Further
investigations were carried out by Hieber after 1930

The turming point in organometallic chermustry, that led to the near
exponential growth i the last 46 years can be attributed to the discovery of ferrocene in
1951 by, Kealy and Pauson,4 Miller, Tebboth and Tremaine 5 Wilkmson and Fischer®
proposed and confirmed the now familiar structure of ferrocene, depicted in Figure 1
The discovery and recogmition of this new type of bond between the metal and organic

unsaturated molecules prompted the enormous interest in these compounds

Fe

Figure 1

(Sandwich structure of ferrocene)

With the discovery of ferrocene, the classical period of organometallic

chenmustry drew to a close, and the modern era began This was facilitated by the



introduction of physical methods of investigation which afforded detailed information
about the structure and bonding 1n organometallic compounds and made possible the
understanding of their behaviour The development of the organometalhc chemustry of the
non-transition elements contmued as well, but the modern period 1s dominated by the
interest m transition metal denvatives

Only two years after the discovery of ferrocene, a revolutionary new
process for converting ethylene into polyethylene by a catalyst composed of TiCl, and
AlEt; was mvented by Ziegler and his group at the Max-Planck Institute for Coal
Research’ This process was then passed on to Natta’s group n Italy where 1ts utility was
quickly expanded to polymerise a vanety of other monomers Thus is a good example of
how basic research on organometallic compounds, which were regarded as cunosities at
the time, suddenly produced a world-wide industrial process, thus justifying the interest

that these compounds provoked

(11) Definition of an organometallic compound

Organometallic compounds are organic compounds that contain at least
one direct metal - carbon bond Accordingly, organometallic compounds can be classified
as denvatives of mamn group elements (involving only s- and p-orbitals and electrons in
bonding) and transition metal denvatives (involving d- and possibly f~orbitals) The most
common type of bond for the main group elements 1s a 6-covalent bond, however the

alkal and alkaline earths form mainly 10nic compounds Electron deficient structures are



formed by elements like L1, Be, Mg, B and Al The transition metals generally form nt-

complexes involving dative bonds, but they can just as equally form normal o-metal-

carbon bonds

(1) Organometallic bonds encountered in this study

Bonds between transition metal atoms and unsaturated orgamic molecules
are formed by electron donation 1n two opposite directions, from the ligand to the metal
(direct donation) and from the metal to the higand (backbonding) In order to participate
in this type of bonding, the metal should have a partially filled d-shell and should have a
low oxidation state, preferably 0 + 1 The unsaturated organic molecule must possess

vacant orbtals of suitable symmetry to interact with the filled d-orbitals on the metal

(a) Carbon monoxide as a higand

Compounds contaiming the carbonyl igand (CO) are amongst the most
widely and intensively investigated species in organometallic photochemistry Figure 2
depicts the bonding interactions of CO with transition metals Empty anti-bonding orbitals
on the CO have suitable symmetry for bonding with transition metals The ligand has a
lone pair of electrons that are located on the carbon atom and can be donated to the metal,
forming a 5-bond interaction of the donor-acceptor nature The metal can then donate
electron density from the occupied d-orbital to the vacant anti-bonding orbtals thus

forming a m-bond Therefore the bond between the metal and higand 1s actually a double



bond, resulting from the superposttion of the ¢ interaction (ligand to metal) and the =n-
bond (metal to ligand) This back donation reduces the electron density at the metal
centre and strengthens the metal to carbon bond The strengthening of this bond affects
the carbon to oxygen bond, as the carbon monoxide has accepted electrons into 1ts anti-
bonding orbital Therefore this decrease 1n the bond order results in a decrease 1 bond
strength This decrease 1n the bond order 1s reflected 1n the decrease in the frequency of
the C-O absorption bands in the infrared spectrum Metal complexes exhibit shifts of
hundreds of wavenumbers to lower energy for their v(CO) bands compared to free CO,
consistent with the weakening of the CO bond, (Cr(CO)s =~2000 cm™’, CO = 2149 cm™)

The number of CO ligands that are bonded to a metal 1s generally dictated
by the 18 electron rule This rule requires that the metals achieve an “effective atomic
number” equal to that of the following noble gas Metals that possess an odd atomuc
order dimenze through metal to metal bond formation m order to satisfy thus rule, or
alternatively form compounds with other single electron donor ligands Relating this
theory to a simple metal carbonyl compound demonstrates the rule clearly Chromum =
[Ar] 45?3d*4p° (1 e six valence electrons), therefore six CO ligands all donating two
electrons are necessary to satisfy the rule

Cr = 6 electrons

6CO = 12 electrons

Cr(CO)s = 18 electrons



When one of these CO hgands 1s removed, employing UV photolysis for instance, the

resulting moiety is a 16 electron mntermed:ate, which 1s exceptionally reactive

CoM D +E>C=0 MG >C=0 —MEEDC=0

J)

ZACY

N M C=0
Figure 2
(Bonding interactions of CO with transition metals)
(b) Arene ligands

Arene higands are extensively employed 1n organometallic chemistry and
will form a significant part of this thesis, the normal type of bonding for this type of ligand
1s where the planar ligand lies above the metal, forming a perpendicular bond between the

metal and the arene ning Taking benzene as an example of an arene higand (benzene’s

~




orbitals are depicted in Figure 3), the following can describe the interaction between the
metal and the arene ning If the z direction 1s assigned to the axis from the metal to the
centre of the arene ligand, the d,* orbital should have the correct symmetry to interact with
the az, orbital However this interaction results in very little overlap as the d,” orbital
pomnts at the hole in the benzene nng  The next two degenerate orbitals €, and ey on

the higand donate electrons via a w interaction to the d,, and dy, and in this instance the

Figure 3
(Benzene m-molecular orbitals, the + and - signs designate the signs of the molecular

orbitals above the plane of the paper )



spatial overlap 1s large The e, orbital set on the ligand does not have the correct
symmetry to interact with any of the metal orbitals, except for a weak interaction with the

d,y and d2-,2 orbitals Figure 4 depicts an interaction diagram for the construction of the

orbitals of M(CO); and M(CgHs) from the metal orbitals that are presented in the centre of

the diagram 8
_/ C3 \
L —
a* hy €u
e hy\/-
)
xzyz = x3,yz
zi
e oy = xy Xy
Xy, 34
n(o) z _//==elg
. —_—
1
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©0 ¢ o ™ @ (O
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Figure 4

(An orbital interaction diagram for the formation of M(CO); and M(n’-benzene))

Thus, benzene and other ligands are good electron donors but poor
electron acceptors The electronic properties can be altered by varying the nature of the
arene substituents, or indeed as will be outlined 1n this thesis by varying the nature of the

arcne



(1v) Excited states encountered in this study

The photochemustry of organometallic compounds has been an area of
intense interest over the past few decades ® This 1s as a result of the discovery that the
wrradiation of organometallic compounds can lead to catalytically and synthetically useful
transformations

Organometallic complexes can have a vanety of low lying excited states,
meaning st/a{es that can be populated by optical wrradiation m the near-infrared, visible or
ultraviolet region (7 e 200-1100 nm) M(CO)s complexes (where M = Cr, Mo, or W)
have ligand field (LF) transitions at ~333 nm Thus transition corresponds to electronic
transitions between the “d-like” orbitals on the metal Such transitions are also known as
“d-d” transitions, or “metal centred” transitions However, as organometallic compounds
are hughly covalent they actually have considerable ligand character, which can result in

the relaxation of the selection rules for the transition, resulting in the high extinction
coefficients observed for these transitions The transition 1s from a filled to, orbital of ©
symmetry, that 1s T bonding with respect to the M-CO bond, to the empty e, orbital that 1s
of 6 symmetry and strongly ¢ anti-bonding with respect to the M-CO bond This
transition results 1n substantial labilisation of the M-CO bond, which 1s as a result of both
the depopulation of the  bonding levels and population of the ¢ anti-bonding orbtal, the
latter appearing to be the most consequential

The M(CO)s complexes also have metal to igand charge transfer (MLCT)

transitions, observed at ~286 nm Thus transition onginates in a metal-centred orbital and

10



termunates 1n a hgand localised orbital In its most extreme case it can be viewed as
oxidation of the metal and reduction of the igand Therefore an easily oxidised metal
centre and a ligand that has low lying acceptor orbitals should exhibit easily accessible
MLCT transitions Organometallic compounds generally satisfy these requirements, and
thus MLCT transitions are commonplace These transitions may make the M-L bond
more photochemucally inert, as a result of the population of a higand localised orbutal, that
does not substantially influence the metal to igand bond Such transitions may be valuable
as the introduction of a sumilar hgand with a lower lying acceptor orbital, to a complex,
will interfere with a LF transition, creating an ert complex with respect to
photosubstitution or vice-versa, thus enabling the photochemical behaviour to be “tuned”

for particular applcations

(v) USES OF ORGANOMETALLIC COMPOUNDS

Transition metal complexes have been extensively used in industnal and
laboratory processes to catalyse a vanety of chemical reactions A catalyst acts by
producing an alternative low energy pathway, which speeds up the reaction without losing
its chemucal 1dentity  Inhubitors, catalysts that reduce the rate of reaction are also of great
practical importance (e g mnhtbitors of oxidation, anti-corrosion or anti-knocking
additives) The catalyst must have carefully balanced bonding properties such that it has
the ability to discriminate between the desired higand and an alternative but nonreactive

hgand Homogenous transition metal catalysts, consisting of discrete molecules in

11



solution, have the advantage that a great number of spectroscopic methods may be used in
their investigation and thus detailed information about the nature of the catalytically active
transition metal complexes may be obtaned

A vacant coordination site 1s perhaps the single most important property of
ah homogeneous catalyst 10 Organometallic compounds generally have tugh quantum
yields for the ejection of a ligand (e g 0 67 for the photochemucal ejection of a CO ligand
from Cr(CO)s 1n cyclohexane] l), resulting in a coordinately unsaturated species,
possessmg the required vacant coordination site  Vacant coordination sites are not only
necessary to activate a substrate by bringing 1t into the coordination sphere, but
coordinatively unsaturated complexes are especially active m oxidative addition and
reductive elimination reactions The action of CO, phosphines and sulphur compounds as
“poisons” 1n catalytic systems can be attributed to the tenacity with which these ligands
bind to the vacant coordination sites on the metal Induction penods and the requirement
of thermal or photochemucal stimulation are usually indications that the active catalyst 1s
formed by the expulsion of a ligand

Hydrogenation of 1,3 dienes has been known for a number of years to be
catalysed by Cr(CO)s Thus reaction 1s photoassisted, and photoexpulsion of a CO ligand
is essential High yields and selectivities are obtained from this process 12 1t was also
found that the chromium hexacarbonyl catalysed watergas shift reaction, was accelerated

by UV irradiation 13 Organometalhc compounds can also act as thermal catalysts, e g °-

(arene)Cr(CO); thermally catalyses 1,3, dienes very selectively and i high ylelds,14

however thus catalyst requires both elevated temperatures and high H, pressure As most

12



of the catalysis mnvolving (n°-arene)Cr(CO); and Cr(CO)s mnvolves ligand loss, thus
forming a sixteen electron intermediate, the structure and reactivity of such intermediates

are of great interest

(1) The nature of the interaction between solvents and metal centres

In Chapter 1 the interaction between M(CO)s species (where M = Cr, Mo

or W) and the solvent environment will be discussed Saillard and Hoffmann"
investigated the activation of the C-H bond upon coordination of the methane and
hydrogen to a sixteen electron intermediate There are two possible orientations that the
C-H could assume with respect to the metal Firstly 1t could bond in a perpendicular
fashion where the C-H 1s collinear with the metal (1), and the second 1s where the C-H
approaches the metal in such a manner that the metal to carbon, and metal to hydrogen
distances are the same (2), as depicted in Figure 4 Mode 2 was found to be more
energetically favourable for a H-H 1nteraction with a metal centre The interaction with
methane was nvestigated, but the results could also be applied to long chain alkanes It
was found that mode 1 was the more favourable type of interaction for methane, as mode
2 resulted in an overlap between the filled metal d,, and the occupied C-H o orbital This
repulsive effect dominated, causing the d,, orbital to be raised 1n energy, thus dimimshing

the stabilisation that was observed for H-H interaction

13



H
M----C--H M----|
C
(1) 2
Figure 4

(Possible modes of bonding for M-C-H interaction)

Al

(vi1) Techmaques employed for studying organometallic transient species

In studying organometallic systems it 1s important to understand the
structures of the intermediates formed duning any reaction This information can lead to a
greater understanding of the reactivities of certain systems and generates a clearer picture
of pathways involved Conventional X-Ray diffraction techmques are not suitable for
charactensing transient species, therefore a vanety of techmques are employed to

elucidate the structures of these short hved intermediates

(a) Low temperature techniques

Matrix 1solation 1s a useful tool for determining the structures of
intermediates that would not be observed at room temperature The techmque 1s based on
the trapping of a parent species 1n a large excess of an inert solid (the matrix) and then

wrradiating 1t to generate unstable fragments These are then trapped i the cold matrix

14



and can then be studied at leisure The matnix 1s generally a solid gas or frozen
hydrocarbons (e g noble gases or CH, at 10-30 K) A more recent advance in ths area 1s
to use cast polymer films, this technique and 1solation 1n a frozen hydrocarbon have the
advantage of a greater temperature range There are a great number of spectroscopic
techniques that can then be employed to study the trapped intermediate, of these UV/vis
and IR are the most common Matnx 1solation with IR detection has been extremely
successful m studying mononuclear metal carbonyl compounds mainly because of the very
narrow IR absorptions with many structure-specific features that are charactenistic of these
compounds However this techmque does have himutations, 1t 1s not easy to use with
charged species, very httle kinetic information 1s available as a result of the restricted
temperature range and limited diffusion  Also the matrix cage may prevent some reaction
pathways by preventing the reactant species escaping, thus promotmg recombination
processes The intermediates are studied in a low temperature nigid environment Direct
comparnison with the solution phase therefore 1s not possible However the results can be
used to assist the interpretation of the solution behaviour

Low temperature solutions have also been employed to study metal
carbonyl fragments The studies in hquefied noble gases have a particular advantage over

other techmques because of the total lack of IR absorptions of these solvents, which when

combined with Fourier transform infrared (FTIR) allows the weak bands of the
coordinated ligands to be observed, as well as the more intense carbonyl bands The

species 1s also being studied 1n a hiquid environment, which makes 1t possible to obtan

15



kinetic data by varying the temperature Thus information can not be obtained from matrix

experuments

(b) Flash photolysis of metal carbonyls

(1) UV/wisible detection

Flash photolysss 1s a method for the mtiation and study of the primary
photochemical processes Light absorption occurs very rapidly (10™“s) but the decay
processes subsequent to this absorption cover a much wider range of times from
picoseconds to seconds Conventional flash photolysis was developed by Norrish and
Porter 1n the 1950°s for which they received the Nobel prize 1n 1967 te

When a sudden flash of ligh-intensity hight 1s absorbed by a reactant, a
relatively high concentration of excited molecules or photoproducts are formed and can be
observed by UV/vis absorption spectroscopy A complete absorption spectrum over the
complete wavelength range can be recorded at one time Alternatively, a single selected
wavelength can be monmitored over time and thus the kinetics information can be obtamed
Time resolution of flash photolysis expeniments 1s determined by the duration of the flash,
which 1s usually a few muicroseconds in the case of plasma flash lamps but can be as short
as picoseconds or even femtoseconds with pulsed lasers

Flash photolysis techmques involving UV/vis detection have several

advantages

o generally metal carbonyl intermediates are easy to detect 1n solution,

16



e quantum yields for their formation are hugh and their UV/wis absorptions are mntense,

¢ also the hugh sensitivity of this techmque allows the study of very small concentrations
of reactive intermediates,

¢ 1dentification of intermediates can be facilitated if their spectra are characteristic and
well resolved from the absorption of the parent,

e 1t 1s possible to undertake investigations mn the picosecond and even the femtosecond
time domain,

e 1t 1s also very useful that most solvents do not absorb 1n the visible to near UV region

However the techmque does have a number of disadvantages, namely
¢ the sample must be optically clear to the monmitoring light, therefore the presence of
scattering particles must be avoided,
¢ 1f the reactive intermediates possess low molecular extinction coefficients, they may not
be detected,
¢ analysis of complicated spectra may be difficult if the absorption bands overlap each
other,
¢ 1t 1s also impossible to obtain any structural information from this technique,
e reaction rates can be fast, therefore good time resolution 1s also essential
Thus techmque 1s effective 1n establishing the broad outlines of the
photochemustry of a particular system Nasielsk ef al 17 proneered flash photolysis
coupled with UV/vis detection on metal carbonyl systems with their work on the

photochemustry of Cr(CO)s A number of factors, such as moderate solubility 1n non-polar

17



solvents, large UV/vis extinction coefficients and high quantum ytelds for photocherucal
reactions (vide supra) contribute to the suitability of metal carbonyl complexes for flash

photolysis with UV/vis detection

(2) Time Resolved IR Spectroscopy

It has long been recognised that vibrational spectra offer more structural
information than the spectra in the UV-vis regions Unfortunately, largely because of
detector response problems, fast time resolved infrared (TRIR) 1s tn practise much more
difficult technologically than the corresponding UV/vis experiments 18 With the
development of solid-state detectors, and the fact that the v(CO) bands of metal carbonyls
are extremely intense, it has been possible to obtain TRIR data at room temperature for
the M(CO);s species 1n cyclohexane 19 A conventional flashlamp was used as the
photolysis source A globar, monochromator and fast IR detector were employed as a
detection system Later systems employed lasers as the photolysis source and an IR laser
as detector probe Detection 1n this technique 1s based on a “point by point” approach
For each UV flash, kinetic measurements are made at one IR wavelength The momtoring
wavelength 1s then changed and the photolysis source 1s triggered again Thus, using a
number of flashes, data can be accumulated for wavelengths across the spectral region of
interest These data can then be used to construct “point by point” spectra corresponding
to any particular time delay after the flash Therefore the essential requirements for such
measurements are a monochromatic IR beam, a pulsed UV light source and an IR

detector Most spectrometers that are arranged to momitor organometallic compounds
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only measure changes mn IR absorptions Therefore the parent bands, that are being
destroyed, appear as negative peaks, and the bands assigned to the photoproducts appear
as positive absorptions  Static IR bands, (e g solvent bands) do not appear m the spectra
because their IR absorptions do not vary

The photochemustry of [CpFe(CO),}, (Cp = n’-CsHs) provides an
illustration of the use of TRIR techmques Flash photolysts with UV/vis detection had

indicated that the compound dissociated via two pathways,20 depicted in Reactions

[CpFe(CO),]; — Cp2Fex(CO); (long lived) + CO Reaction 1

[CpFe(CO),). = 2CpFe(CO), (short lived) Reaction 2

1 and 2 However, matrix 1solation studies found Cp,Fe;(CO); to be the sole product 212

Employmng CO 1sotopes, Rest ez al 2! showed that this compound had the unusual

structure CpFe(1-CO);FeCp, with three bndging carbonyl groups arranged symmetrically
around the Fe-Fe bond This intermediate was unexpectedly stable Undoubtedly UV
photolysis also generated the species observed in Reaction 2, but 1n the enclosed matrix
“cage”, this species readily recombined so as not to appear 1n the IR spectra, thus
illustrating one hmutation of the matrix techmque Room temperature flash photolysis
coupled with IR detection clearly showed that both of the species were present following
UV photolysis 2 CpFe(CO), was the first coordinatively unsaturated species to be

identified by TRIR without previous matrix isolation data being available
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Thus TRIR allows structural information to be obtained without the loss of
kinetic data Even though 1t may not always provide a complete solution to every
problem, when 1t 1s combined with other techniques 1t becomes a very powerful tool for

elucidating the structures of organometallic intermediates

(c) Gas phase

Studies carned out 1n the gas phase have a number of advantages over the
solution phase work Frstly 1t 1s possible to study truly “naked” coordimnatively
unsaturated species, as there 1s no environment with which to mteract, unlike the
interactions present between the solvent and the “naked” species 1n solution phase work
In kinetic studies, reactions 1n solution will, in general, be displacement reactions rather
than addition reactions Thus, these reactions may not probe the rate of reaction of the
“naked” species Coordination of the solvent can also affect the structure of the species
being observed since the coordinated solvent molecule can distort the structure of the
“naked” coordinatively unsaturated species The insidious feature of this effect 1s that 1t 1s
not clear how large an effect solvent coordination will have on the structure and 1t 1s
difficult to be sure that any solvent 1s totally uncoordimating

Gas phase work may also result 1n a greater number of photolysis products
from the absorption of a single photon As observed in the photolysis of Cr(CO)s, where
Cr(CO)s and Cr(CO), were produced 24 Therefore more than one CO ligand may be

ejected with one photon However, almost universally in the solution phase only one

20



ligand 1s ejected Thus difference 1s attributed to the relaxation of the internal vibration-
rotation energy by collision with the solvent environment, dissipating the excess energy of
the photon, preventing the ejection of a second ligand 1n solution Such a relaxation 1s not
efficient m the gas phase, therefore the excess energy 1s available to eject a further hgand
The kinetic parameters in the gas phase are usually one or two orders of magmtude faster
than the corresponding diffusion controlled reactions in solution Consequently such

studies require fast detection systems

(d) Time resolved photoacoustic calorimetry (PAC)

Pulsed, time-resolved photoacoustic calorimetry 1s a techmque which has
been used to determine the reaction enthalpy for photonitiated reactions generating either
stable products or transient intermediates Because PAC measures thermal relaxation
processes, reaction pathways involving intermediates without easily-momtored
chromophores can be detected In PAC the amplitude of an acoustic wave after
photolysis 1s dependent on the amount of heat hiberated from chemical and physical
processes It was found that all “fast™ processes (<1 ns) gave the same signal on the
transducer, and all “slow” processes (>1 ms) were 1gnored 25 In between the fast and
slow domains, there exists an intermediate regime in which the transducer response tracks

the profile of heat deposition
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To state any reaction enthalpy with certainty, 1t 1s necessary to know

precisely the quantum yields for the formation of the product 26 The quantum yzeld s only
necessary to obtain thermodynamic information, the reaction kinetics, once mitiated, are

independent of the quantum yteld for photoimitiation
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1.1 LITERATURE SURVEY

The photochemustry of group six hexacarbonyls has been of great interest
over the past thirty years They are of considerable interest because of the role they play
as catalysts, as already discussed in the introduction They are 1deal systems to study both

n the UV and the IR, because of their charactenstic spectra

11 1 Early low temperature studies of the photochemistry of M(CO)¢s

Most of the mitial work 1n thus field was involved 1n identifying the species

that was formed upon photolysis of M(CO)s (where M = Cr, Mo or W) 12 fitial

suggestlons,l that a pentacarbonyl was the species formed, was confirmed by Stolz ez al 2
Photolysis of W(CO)s 1n a 1 4 methylcyclohexane 1sopentane glass at 77K, produced a
photoproduct Infrared peaks charactenstic of a square pyramud of five carbonyl groups
around a metal centre were observed, after melting the glass The possibility of a charged
species being produced was discounted because of its solubility m non-polar solvents

Also extenstve electron spin resonance studies were carried out, indicating no evidence for
the existence of unpaired electrons Stolz ef al 3 further investigated the metal
hexacarbonyls in glasses Because of improvements in technology, monitoring at 77 K
was possible and spectroscopy confirmed the C,, structure previously assigned However

when the temperature was raised for the molybdenum system, the band pattern of three v,
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bands changed to two bands of equal intensity, which they assigned to the metal
pentacarbonyl with D3, symmetry However Braterman et al 4 , disagreed with this
asstgnment and proposed that the spectral changes were as a result of polymer formation
Thus was later confirmed by Turner et al > who observed peaks that were assigned to this
polymeric species upon photolysis of the M(CO)s (M = Cr, Mo or W) 1n an argon matnx,
but much weaker than the domuant M(CO)s (C4) and M(CO), bands It was also
observed that the peaks were dilution dependent, thus suggesting that the peaks could
have been a result of the combination of the M(CO)s and the M(CO)s fragments

Previous matrix 1solation work® had shown a variation of the position of
the visible band of the Cr(CO)s species, depending on the nature of the matnix Turner ef

al > examined the difference 1n the spectroscopic behaviour of Cr(CO)s 1n a methane

matrix, compared with the previously reported argon matrix ® The UV/visible spectra of

Cr(CO)s 1n both matrices were practically identical, however there was a shift in the visible
band assigned to Cr(CO)s, produced upon photolysis of the parent compound To explain
these shufts 1t was suggested that there was an interaction between the C4 Cr(CO)s and

the environment that surrounded it, via the “hole” in the C4y structure

1 1 2 Room temperature studies of the photochemistry of M(CO)¢

Contemporary investigations in room temperature solutions were carried
out at this ime Kelly ez a/ 7 studied the photochemustry of Cr(CO)s 1n (extensively

purified) cyclohexane and observed a species immediately following the flash Thus
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species had a broad band situated at 503 nm + 5 nm and a Lifetime of greater than 200 ms
This species decayed away to form other species that were assigned as the mteraction of
the Cr(CO)s with impurnities The possibility that thus second band being assigned to a
dmnuclear spectes formed by the interaction of the pentacarboyl with the parent compound
was disregarded, because a change 1n the concentration of Cr(CO)s had no effect on the
concentration of this second species The impunties were found to affect the lifetime of
the pentacarbonyl with CO It was therefore suggested that a highly reactive species was
formed within 50 ns of the excitation of Cr(CO)s, which was assigned to the Cr(CO)s

species

Koermer von Gustorf et al % examuned the rates of reaction of the Cr(CO)s
motety with a vaniety of solvents Again 1t was noted that the preparation of the sample
solution was extremely important, as any trace amount of impurity was hable to be

complexed to the photoproduct Incorporating the results obtained by Turner et al ,5

which indicated there was an interaction between the Cr(CO)s moiety and a hydrocarbon
matrix, it was proposed that the Cr(CO)s species was not completely free, but was “readily
available”, as 1t could be expected to weakly interact with the cyclohexane solvent With
addition of other solvents to cyclohexane, such as acetone, acetonitrile or benzene, the
photogenerated Cr(CO)s reacted to form the Cr(CO);L species (L = solvent) Again a
dependence of the visible bands on L was observed, the relevant Cr(CO)sL band was seen

to grow 1n at the same rate as the Cr(CO)s decayed, confirming first order kinetics
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1 1 3 An n depth study of the photochemistry in the matrix

However useful in obtaining kinetic data, UV/vis momitored flash
photolysis 1s unable to provide structural data The 1deal tool for obtaiming structural
information mvolves infrared detection Turner ef al % carmied out anm depth study of the
group six metal hexacarbonyls in a vanety of matrices, employing both UVivisible and
infrared detection When Cr(CO)s was photolysed in a methane matnix, a new IR
spectrum was produced, that was indicative of a Cr(CO)s species with Cy, symmetry as
already indicated (vide ante) A visible band was also observed that grew in at the same
rate, clearly this band was also due to the Cq, Cr(CO)s With all the hexacarbonyls 1n a
variety of matrices 1t was possible to regenerate the parent by longer wavelength
photolysis into the visible band This visible band was found to be extremely sensitive to
the matnix, varying from 624 nm i Ne to 489 nm 1n methane, this extreme sensitivity to
the matnx environment was not observed with IR detection, where variations 1n the v,
bands were not as pronounced It was then necessary to determine if this variation was a
the result of stereospectific interaction between the Cr(CO)s and the matnx or alternatively
a general solvent effect To clanfy this mixed matnces were employed These
experiments were based on the principle that if the effect was a general solvent one, there
should be one visible peak with a Ay.x at a wavelength within the extremes of the
individual matrices However this was not observed, when the expenment was carried out
n a Ne/2%Xe matrix two peaks were observed, which corresponded closely to those

reported for the pure matnices Further evidence for a stereospecific interaction was
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obtaned by using the “tail photolysis” method Irradiation of Cr(CO)s in 1ts visible band
1n pure matrices was known to give Cr(CO)56(b), therefore removal of each component of

the mixed matrix spectrum in turn, by selective photolysis into one of the bands, should
have been possible A reversible photosubstitution reaction was observed, where
photolysis mnto one of the bands produced the other band as well as Cr(CO)s, and the
reverse reaction could also be seen, which 1s depicted in Figure 1 1 This mterconversion
could be repeated several times, until the intensities of both photoproducts had decreased

because of the production of Cr(CO)s

CrCO)Ne — =" .  Cr(CO)Xe
Mmax 628rm ~A32nm Ama 4870
~5618nm ~432nm
Cr(CO),
Figure 1.1

(Tail photolysis in a mixed matr1x9)

Infrared detection was also employed to observe the Cr(CO)s fragment 1n
the matnx Companson of spectral behaviour 1n a vanety of matnices demonstrated that
the positions of the v, bands were sensitive to the matrix environment, however both the
metal hexacarbonyls and the metal pentacarbonyls were similarly affected The constancy

of these separations indicated that most of the perturbing effect of the matrix was a
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general solvent one Calculations carned out demonstrated that the change mn intensity of
the high frequency A; band from Cr(CO)s-Ar to Cr{CO)s-Xe was caused by a decrease in
the axial-radial bond angle of about 4° Any change 1n this angle has a dramatic affect on
the energies of the molecular orbitals, particularly the one with a, symmetry (Figure 1 2)
As the angle 0 increases, the energy of the e orbital nses slightly, while the energy of the
a; orbital falls dramatically 10 Therefore a small increase of the axial-radial bond angle can
generate a significant drop in the e — a; transition energy Also possible ts an interaction
between the matrix and the a; orbital of the Cr(CO)s moiety It was concluded that the

sensitivity of the visible band position 1s a combination of these two effects

—~d22 @)
E -~ ~ o
d22 (al)
i—* Aezbey (o
dxy ;)

20 95 100 105

Figure 1.2
(Relationship between the axial-radial bond angle and the energies of the molecular

orbitals)

31



The ability to interconvert Cr(CO)s - Ne and Cr(CO)s - Xe 1n the matrix
mdicated that there was some mobihity of the Cr(CO)s fragment in the matnix  Conclusive
evidence for this came from matnx expenments, using plane polansed hght ' The
principle of this method 1s that if a molecule, held ngid by the matnix, 1s photolysed with
plane polanised hght only those molecules that are orientated m a specific manner will
absorb the light, resulting 1n dichroic photodepletion The products of this photochenustry
will have also a specific onentation, dichroic photoproduction However if dichroic
photodepletion 1s observed without dichroic photoproduction, this would indicate that
some intermediate species 1s mobile duning the photochemucal act, thus resulting m some
random ornentation of the product A mixture of Mo(CO)s-Ar and Mo(CO)s-N, was
generated by unpolarised photolysis, in a mixed Ar/N, matrix Thus led to the production
of two randomly ornientated species However, upon polarised photolysts into the
Mo(CO)s-N; band (367 nm), this band became spectfically onientated, which was expected
because of the theory of dichroic photodepletion The band assigned to Mo(CO)s-Ar was
seen to increase m intensity, but it remained randomly orientated, therefore not displaying
dichroic photoproduction, demonstrating that there inust have been some motion during
the reaction, 1n order to randomize the onentation of the photoproduct

Another phenomenon that 1s possible with plane polarised hight, 1s called
photoreonentation This occurs when the starting matenal rotates following absorption
but does not react This phenomenon was observed when Cr(CO)s was photolysed in a
pure matrix of N, Ar or methane It was found that linear dichroism developed upon

polarised photolysis, photolysis with polarised light produced an increase in the intensity
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of the molecules orientated 1n the opposite direction was observed This onentation was
reversible upon rotating the polarization of the irradiating beam by 90°, indicating that in

theory 1t could have been possible to interconvert the orientations This indicated that the
molecules were being onentated to positions of lower probability of absorbing the incident
radiation, resulting in a bleaching of the particular orientation

Previous studies had been carnied out employing the Cr(CQO)s-CS species
which murrored the reactions of Cr(CO)s 12 The elegance of this system was the fact that

the CS group could act as a “labelled” CO group, making it possible to follow otherwise
unobservable processes Burdett ef al 1 carned out further experiments imvolving the

Cr(CO)s-CS species, to determune if the reorentation observed was a smiple rotation or a
specific intramolecular rearrangement The visible absorption band of the Cr(CO),CS-Ar
species depended on the relative position of the CS group and Ar This species was
generated by UV photolysis and showed wavelength dependent 1somenisation The
1somenisation was explained by a reonientation of the Cr(CO),CS species via a trigonal
bipyramudal intermediate, in a manner analogous to the reonientation of the Cr(CO)s
spectes Incorporating all the above information the authors then proposed a complete
account of the photochemcal behaviour of the M(CO)s molecule 1n the matrix, their
conclusions are depicted in Figure 1 3

From Figure 1 3 when the parent hexacarbonyl 1s 1solated 1in a mixed matrix
of X and Y, UV wrradiation results 1n the loss of one CO, to form a C4 Cr(CO)s (spy)

molecule Ths mttially generated excited state 1s not stable in this geometry and therefore
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distorts to a trigonal bipyramud (tbp) intermediate The tbp can then relax to three

different ground state spy species, with equal probability Each of these three ground state

CcO

CO

Figure 1.3

(Photochenical behaviour of M(CO)s in a mixed matrix X,Y)

spy molecules has a vacant site 1n a different orientation There 1s an equal chance of the
pentacarbonyl fragment mteracting with X, Y or recombining with the ejected CO Thus

mechamsm for CO loss from a hexacarbonyl, explains how the CO molecule manages to

escape the vacant site Hay13 confirmed that the visible absorption in these complexes
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could be assigned to the e — a; transition and found that the ground state M(CO)s (spy)
species was at lower energy than the tbp species

Therefore by employing matrices and a vanety of different physical,
photochemical and chemical methods, 1t was possible to elucidate the photochemical
behaviour of M(CO)s, including a characterisation of the intermediates, which could not

have been possible 1n solution at that time

1 1 4 Solution phase photochemistry in weakly coordinating solvents

Kelly et al M used perfluorocarbon solvents, to investigate the
photochemustry of chromum hexacarbonyl They observed that the Ag.x of the visible
absorption of the Cr(CO)s 1n this solvent was ~620 nm This 1s very close to the Apg of
Cr(CO)s-Ne 1n a Ne matrix (624 nm) Therefore it was concluded that the perfluoro
solvent interacted only very weakly, if at all, with the pentacarbonyl fragment Thus
intermediate reacted with N, CO and cyclohexane at about the diffusion controlled limit
for thus solvent ( 6 6 x10° dm® mol™ s™) ® The diffusion controlled limut 1s where there 1s
no barner to activation for the reaction The only parameter that 1s controlling the rate, is
the diffusion of the two molecules so that they are close enough to interact This study
confirmed that the Cr(CO)s species was formed within 50 ns of the excitation of the

hexacarbonyl and demonstrated that the species was formed in cyclohexane, within the 5

ns excitation pulse
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Further work with W(CO)s or Mo(CO)s was conducted n perfluoro

solvents !> The production of a Cr(CO)s-Cr(CO)s species was also reported and the
reaction of this species with CO was investigated It was found that this compound
decayed with a biphasic profile The first fast decay was assigned to the recombination of
the species with CO and the longer decay time was assigned to the reaction with
mpunties This species however was formed by the reaction of the Cr(CO)s fragment
with the parent Cr(CO)s complex and was only observed with a relatively high
concentration of Cr(CO)s, therefore 1t was thought that 1t should not play an important

role 1n reactions 1n dilute solutions

1 1 5 The photochemustry of M(CQO)s in liquefied noble gases

In a low temperature solvent it 1s likely that moderately stable species waill
be stabilised sufficiently to permut study with conventional techmques Perhaps the most
revealing spectroscopic techmque for transient organometallic species has been infrared
The most appropnate solvents would therefore be inert and transparent to IR radiation, of
which liquid noble gases are a perfect example This method thus permuts the study of
novel photogenerated species, and as the species are being studied 1n a hquid environment
it 18 possible to momtor kinetics, and by measuning kinetic change with temperature, to
extract thermodynamic information

A sernies of studies were undertaken investigating the photochemustry of

M(CO)s 1n hquefied noble gases A long lived species was observed upon UV photolysis
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of Cr(CO)s 1n hquefied xenon or krypton 1n the presence of di-nitrogen, that was identified
as Cr(CO)sN; ' The 1dentsfication of Cr(CO)s-Xe, formed following photolysis of
Cr(CO)s tn Xe, or Kr doped with Xe, indicated the extreme reactivity of the Cr(CO)s
fragment 17 Noble gases have no absorptions mn the IR, therefore allowing the observation
of IR bands associated with n2-H,, n’-HD, or 1>-D,, which would normally be very
difficult to observe It was possible to characterise M(CO)s(H;) (M = Cr, Mo and W) and
c1s-Cr(CO)4(Hz), Also c1s-Cr(CO)y(N;), was exclusively formed upon exchange of cis-
Cr(CO)4(Hy), with N, 18 Therefore hquefied noble gases provided a general route to

charactense whole groups of unstable organometallic compounds and investigate their

thermal stability

1 1 6 Investigation of the dynamics of solvation employing picosecond and

femtosecond flash photolysis

The, by now, well established interaction between the photolytically
produced Cr(CO)s and solvent environment, which previously was considered 1nert,
prompted a number of workers to investigate picosecond and femtosecond time-resolved
spectroscopy of Cr(CO)s, to investigate the imtial solvent co-ordination with the ground
state C4y Cr(CO)s fragment Simon et al 19 investigated Cr(CO)s in cyclohexane
contaimng THF, employing picosecond absorption spectroscopy Both Cr(CO)s-
cyclohexane and Cr(CO)s-THF were formed following the excitation of Cr(CO)s Ina

relatively hugh concentration of THF (5SM) nearly all of the Cr(CO)s-cyclohexane
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converted to the THF coordinated spectes within 25 ps  Again using mixed solvent

systems, Simon ef al 20 examuned the dynamucs of the formation of Cr(CO)-S, (S =

cyclohexane or methanol) and found that the cyclohexane analogue was formed within the
time resolution of the equipment ( 0 8 ps), however the nise time of the Cr(CO)s-methanol
spectes was 2 5 ps  Thus longer nise time was thought to reflect a greater barner to solvent
reorganisation leading to the co-ordination of the solvent molecule to the vacant site of the

reactive Cr(CO)s intermediate

The dynamucs of solvation were then examined m pentanol 21 It was
anticipated that 1t should be possible to observe the reorganisation of the solvent
interaction from the less thermodynamucally stable, M-alkyl group, to the more favourable
M-OH group A difference m the visible absorption band was observed The Cr(CO)s-
alkyl species had an absorption at Ay = 520 nm, while the Cr(CO)s-hydroxy! species
absorbed at 460 nm These results are as expected, in that the alkyl interaction 1s weaker
than the M-OH interaction Immediately upon photolysis, both species were formed, but
the alkane complexes were seen to rearrange, with time, to the more thermodynamecally
stable hydroxyl complexes This interchange could be followed by transient absorption
spectroscopy, the band at 520 nm decayed away concurrently with the increased
absorption of the 460 nm band There are three plausible mechamsms for this
rearrangement  Firstly the mechanism could have been dissociative Secondly, 1t could
nvolve an associative substitution, or finally a umimolecular process, where reonentation
of the solvent coordinated to the pentacarbonyl fragment takes place In order to clanfy

the exact mechamsm for this rearrangement, photolysis of Cr(CO)s was carried out m 1-
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propanol and 2-propanol 22 Ona macroscopic level the two solvents have simular
properties, therefore the rate for the rearrangement m both solvents should be
approximately the same However the imtially formed alkane complex disappeared faster
in 2-proponol solvent than the 1-proponol The rate of the rearrangement was 3 orders of
magnitude faster than that expected for a dissociative mechamsm Thus led to the
concluston that the mechamism was ummolecular for the 2-proponol solvent The
solvation in ethanol was also assigned a ummolecular mechanism, as 1t portrayed similar

kinetic behaviour

Simon et al ° had already shown that the formation of Cr(CO)s(MeOH)

occurred within the first 2 5 ps, Joly and Nelson?> employed femtosecond absorption
spectroscopy to study this system and found that the “bare” Cr(CO)s complex was formed
within 500 fs They also‘noted that there was a 1 6 ps rise time for the formation of
Cr(CO)s-methanol Simular results were obtained for both the tungsten and molybdenum

analogues Simon et al 2

carned out a series of experiments mnvolving the solvation of
Cr(CO)s with a senes of hnear alcohols, and found that the initial co-ordination of the

solvent molecule to the Cr(CO)s fragment occurs 1n a random fashion

Using 266 nm excitation of Cr(CO)s in cyclohexane, Wang ez al 2 claimed
to have observed “naked” Cr(CO)s using picosecond IR transient absorption
spectroscopy They also postulated that the excited Cr(CO)s fragment decayed to both
C4 and Ds; and that the D3y, species decayed 2 3 times faster than the Cy, species They
also examned the dynamics of the solvation of Cr(CO)s in THF?® and confirmed that the

mit1al co-ordination of the solvent to the Cr(CO)s occurred randomly, but then the
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Cr(CO)s(THF) species, bound to C-H group on the THF, rearranges to the Cr(CO)s(O-
CsH;) species Like the cyclohexane work they identified two states that led to products,
again they found that the D3, species reacted faster than the Cy, species (D3 species reacts
7 times faster than the Cy4, species for co-ordimnation at the O site)

Simon and Xie?’ presented data that contradicted the above results The
photochemustry of Cr(CO)s in THF was investigated, but picosecond absorption
spectroscopy was used Under these conditions Cr(CO)s underwent photodissociation
and solvation within the time resolution of the experiment and the dynamucs of the solvent
rearrangement were similar to that reported for the solvation of Cr(CO)s with the linear
alcohols The time scale for solvent migration was found to be at least an order of
magnitude faster 1n these expenments than those reported from the transient IR study
The fact that a 266 nm pump beam was employed in the IR expeniments was a possible
reason for the observation of both the C4 and the D3, states The high energy of the 266
nm laser beam could have resulted in the formation of different inttial species,

consequently, the dynamics studied may not have been those of the Cr(CO)s species Lee

and Harris?® carned out picosecond pump-probe (295 nm) measurements m the visible

region with 1 ps time resolution, m order to investigate the solvation dynamics A nise
time for the Cr(CO)s(cyclohexane) species was measured (17 ps) that was between that of
Wang et al 25 (100 ps) and Simon ef al 20 (< 1ps) The red tail of the absorption
spectrum of the Cr(CO)s solvated species was monitored (622 nm in cyclohexane) This
region in the spectrum corresponds to the vibrationally hot species, and 1t was found that

this species decayed away with a lifetime of 21 ps, which 1s very close to the rise time
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observed at 500 nm Therefore the rise time for the Cr(CO)s(cyclohexane) species was

postulated to be as a result of vibrational relaxation

Joly and Nelson”® conducted a femtosecond transient absorption study mto
the photodissociation of M(CO)s (M = Cr, Mo, or W) 1n a variety of linear alcohols, in
order to determine the role of the solvent on the imitial CO dissociation event The CO
dissociation appeared to be independent of the solvent, implying that the dissociating
fragment felt no sigmficant influence from the solvent neighbours The dissociation time
did not vary with the substitution of tungsten for chromium, indicating that the triplet state
plays no role in the reaction For all three metal hexacarbonyls, photoejection of the imitial
CO was found to occur within 500 fs, complexation of the solvent to the Cr(CO)s
fragment was complete within the next several picoseconds The results also suggested
that the solvent had no influence over which of the six CO’s dissociated, but the 1nitial
solvent configuration did determune which part of the solvent coordinated with the

Cr(CO)s species

1 1 7 The photochemistry of M(CQO)¢ in the gas phase

Coordinately unsaturated metal carbonyls have also been studied in the gas
phase This method of investigation has a number of advantages over the solution phase
A comprehensive review of the subject has been published 3% However constdering the
importance of solution phase chemustry, 1t may be argued that solution studies are more

important, not withstanding the added complications of the solution phase Firstly, as
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already shown, these coordinately unsaturated species form mnteractions with the solvent
environment within the picosecond time scale, therefore any kinetic measurements will
actually be displacement reactions rather than addition reactions Therefore in solution
these reactions may not probe the interaction of the “naked” species with the incoming
ligand Secondly, coordination of the solvent may influence the structure of the species
being studied, thus making 1t difficult to unambiguously assign the structure of the
“naked” fragment The gas phase 1s not affected by solvent co-ordination therefore it is a
valuable tool to further investigate the photochemstry of these species

The gas phase differs from the solution phase in that multiple coordinately
unsaturated species are formed following the absorption of one single UV photon, these
species are only formed in condensed phases upon photolysis of intially produced
coordinately unsaturated species Ths fragmentation of the parent species results from
the sequential loss of CO coupled to a hugh degree of internal energy retention m the
remaining metal carbonyl fragment In the gas phase a high degree of internal energy
retention results in the eventual ejection of successive CO ligands in order to dissipate the
excess energy This was demonstrated by Yardly ez a/ 31 who studied the F e(CO)s system
and employed large excesses of PF; as a trapping agent to coordinate to the “naked”
species, formed following excitation of the parent Fe(CO)s species It was also
demonstrated that upon increasing the photolysis wavelength, a igher number of the CO
ligands were ejected from the Fe(CO)s molecule Multiple CO loss processes were also
observed upon photolysis of Cr(CO)s 32 Only 107 kJ mol ' of energy 1s required to break

one Cr-CO bond, photon excitation energy of 481 kJ mol™* was employed n the gas phase
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experiments, therefore sufficient energy was available to potentially break four bonds
Thus did not occur 1n condensed media, as rapid dissipation of excess energy to the
surrounding environment was possible Thus explains the difference between the gas phase
and condensed phase results

A pulsed laser pyrolysis techmque was employed by Smuth ez al 310 study
the gas phase thermal decomposition of Fe(CO)s and M(CO)s (M = Cr, Mo, or W)
These results provided first bond dissociation energies for Fe(CO)s = 171 8 kJ mol”’,
Cr(CO)s = 155 kJ mol !, Mo(CO)s = 167 6 kJ mol”, and W(CO)s = 192 7 kJ mol !
Cr(CO)s decomposed via a different mechanism from the other hexacarbonyls, as the rate
determimng step was not the first bond scission, but a subsequent bond scission, which
had a 167 6 kJ mol ' activation energy

Weitz et al ** employed time-resolved infrared spectroscopy (TRIR) to
study the gas phase photofragmentation of Cr(CO)s These results confirmed that the
“naked” Cr(CO)s fragment had a square pyramudal structure, only Cr(CO)s and Cr(CO),
were observed upon photolysis at 351 nm (343 6 kJ mol '), as there was only enough
energy to eject two CO higands Breckenndge and Stewart™> again employed transient
absorption spectroscopy to study the photofragmentation of Cr(CO)s 1n the gas phase
The hexacarbonyl was photolysed at 355 nm, again this was just sufficient energy to
remove two CO hgands The uncomplexed Cr(CO)s was observed with a An. at 620 nm

Thus 1s consistent with the values obtained from the solution work 1n perfluoro solvents'’

Orf In rare gas matrices °

43



Weitz et al *° vaned the excitation wavelength (193 nm, 248 nm, 351 nm)
and momtored the different fragments produced by TRIR The results indicated that the

gas-phase structures of the Cr(CO), (x =5, 4, 3, and 2) species were sumilar to those
observed 1n condensed phase media 6®)9 Vanable wavelength excitation of W(CO)s,
demonstrated that more energy was required to remove two CO ligands, than for Cr(CO)s
analogue37 Using an Eximer laser 351 nm (XeF) and 308 nm (XeCl) excitation produced

W(CO)s However when more energy was employed 248 nm (KrF) W(CO), was the main

product The W(CO)s fragment was assigned a C,, symmetry, again consistent with the

9
matnx work
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(Interaction diagram for the perpendicular approach of a C-H bond to M(CO)s)




Brown et al 38 studied the mteraction of alkanes with W(CQO)s 1n the gas
phase, employing TRIR as the detection system The results demonstrated that the
binding energy increased as the length of the alkane chain increased, no binding energy for
the interaction of methane with the W(CO)s fragment was observed It was concluded
that the binding energy was less than 21 kJ mol”! Photoelectron spectroscopy
demonstrated that the C-H ¢ molecular orbital (MO) 1n alkanes rose in energy, with
increasing alkane size The largest change in alkane MO could be observed between CH,
and C;H; and this correlated with the largest change in alkane binding energy (from <21
kJ mol” to 31 k¥ mol ') Therefore as the C-H c MO increased to match the energy of the
a; orbrtal of the metal (Figure 1 4) the binding energy was found to increase accordingly,

as was expected for a c — metal bonding mechanism

1 1 8 Time resolved photoacoustic calorimetry experiments

Time resolved photoacoustic calonmetry (PAC) has been employed to
measure the strength of bonds to coordinately unsaturated species This method uses the
amphtude of an acoustic wave produced following photolysis Yang et al 39 measured the
strength of the Cr(CO)s-L bonds in heptane, where L 1s a vaniety of hgands mncluding CO
Comparnng these results to the Cr-CO bond dissociation energy 1n the gas phase, it was
concluded that co-ordination of heptane leads to a 42 kJ mol™ stabilisation of the Cr(CO)s
fragment To examine steric effects, the workers carmed out a study where the incoming

ligands contained a number of methyl groups, for instance pyridine, 2-picoline, 2,6-
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lutidine ** Tt was found that the enthalpy for the dissociation of heptane from
Cr(CO)s(heptane) was exothermuc for all the ligands, but decreased in magmtude by about
9 7 kJ mol”* upon successive methylation of the hgand This was not surprising due to the

increasing steric hindrance about the nitrogen with the extra methyl groups The metal-
heptane bond strength 1s approximately 42 kJ mol *, and as the AH for the two higands
are 21 or 31 kJ mol” the transition state must be associative for the incoming ligand Also
as the AS™ values for both systems are close to zero, 1t was suggested that the there 1s a

high degree of heptane-metal bond lengthening concurrent with the association of the
incoming higand, indicative of an interchange mechanism

Burkey et al’ *1 used PAC to determune the enthalpies for CO dissociation
from Cr(CO)s 1n pentane, heptane, 1sooctane or cyclohexane and values of 116 8, 112 6,
108 4 and 100 1 kJ mol ! respectively, were obtained These values obtamned depended on
the quantum yreld (®) for CO dissociation from Cr(CQ)s, 1t was assumed that ® was
independent of the solvent, Wieland and van Eldik*? showed that this was not the case
The solvated intermediate was trapped with a vanety of igands and 1t was found that the
® for the ligand substitution, did not depend on the entering hgand or its concentration, 1t
only depended on the solvent employed, indicating a dependency of the @ on the solvent

Burkey et al 1 calculated the M(CO)s(heptane) bond strengths (M = Cr,
Mo or W) by subtracting the M-CO bond energles33 from the enthalpies of CO

dissociation in heptane (vide supra) The values obtained for AH,,, were

Cr(CO)s(heptane) = 37 1 kJ mol™, Mo(CO)s(heptane) = 36 3 kJ mol " and
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W(CO)s(heptane) = 55 9 kJ mol ', these bond energies were used to explamn the
differences 1n the gas phase and the solution phase activation enthalpies for Mo(CO)s and

W(CO)s (33 5 kJ mol ' and 25 kJ mol™ respectively) 34

Burkey and Nayak43 investigated the low quantum yeld for CO loss from
Cr(CO)s observed m fluorocarbon solvents, employing PAC They concluded that a more
efficient cage recombination of CO was occurred in one solvent and this was pnimarily
responsible for the low ® obtained @ 1s independent of excitation wavelength, thus
indicating that the low ® was not as a result of more efficient vibrational relaxation It
could therefore be concluded that the relative strong coordination of cyclohexane to the
M(CO)s fragment inhibited the recombination of the CO m the solvent cage and led to 1ts

expulsion

1 1 9 Mechanistic information obtained from solution phase experiments

Infrared and ultraviolet detection have also been used to determine the
reaction kinetics of the intermediate that was produced by laser pulse photolysis of
M(CO)s Graham and Ange11c144 employed IR detection to measure the substitution
reactions of M(CO)s, they proposed that the imitial ejection of the CO hgand occurred via
a dissociative mechanism, positive values for entropy of activation supported this
proposition Addition of the ligand was then proposed to occur via an associative process
again supported by entropy values, 1n this case negative The enthalpy of activation of CO

dissociation was found to be nearly the same for Cr(CQO)s and W(CO)s, however the value
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was lower for the Mo(CO) analogue It was also noted that as the Mo and W metals
were larger than the Cr, they had a greater tendency to undergo associative substitution
reactions, on steric grounds

Earhier work had shown that Cr(CO)s was Lable to coordinate to an
impurity at room temperature even in ngorously punified cyclohexane 845 Church etal 46
charactensed the trace product formed following photolysis of Cr(CO)s m cyclohexane, as
the Cr(CO)s(H,0) species and mvestigated the kinetic effect of water 1n these systems
Activation parameters for the decay of this species allowed an estimate of 75 + 15 kJ mol™
for the dissociation of the H,O ligand It was also found that Cr(CO)s(C¢H,,) reacted 13
times faster with water than with CO, demonstrating the importance of impurities in the
overall mnvestigation of the photochemustry of Cr(CO)¢ Lees and Adamson®’ obtained a
kinetic estimate of tungsten to methylcyclohexane bond energy to be <13 3 kJ mol ',
employing a UV detection system

A mechamstic study of the substitution reactions of M(CO)s(THF) by a
vanety of hgands was carned out using conventional and high pressure stopped flow

analysis ¥ AsM changed from Cr to Mo to W, the AV™ values exhibited a trend towards

negative values and this was interpreted as a gradual change over from a dissociative
pathway to a more associative mechanism The activation parameters for the displacement

of cyclohexane or n-heptane from W(CO)s by 1-hexene were estimated to be within

experimental error of each other (AH” = 34 2 and 35 kJ mol™ respectively) 4 The

observed entropies of activation were suggestive of some residual C-H-W bonding 1n the
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transition states leading to the W-alkane bond breaking, W(CO)s(n-heptane) AS* =75 J

K ! mol ' and W(CO)s(cyclohexane) = AS™ =-155J K mol' Mechamsms for the
displacement of fluorobenzene, chlorobenzene and n-heptane from Cr(CO)s by 1-hexene
and piperidine were mvestigated *® The enthalpies of activation for these reactions were
compared with the bond energies obtained by the PAC studies, and 1t was found that the
PAC results were some 21-29 kJ mol™ greater The more dissociative mechanisms
appeared to correlate better with the PAC results, however for benzene, where an agostic
interaction was inferred prior to bond dissociation, a difference of 23 4 kJ mol™” was
observed between the two methods The PAC results depended on the quantum yeld for

41,51

CO dissociation and as already shown, the quantum yield vanied with alkane solvent,

therefore therr values were viewed with caution

1 1 10 Photochemistry of M(CO)4 in the presence of bidentate ligands

Photolysis of group 6 metal hexacarbonyls in the presence of a vanety of
potentially bidentate higands, has also been investigated 3262 1t was found that the ligand
initially photosubstituted one CO higand, ultimately leading to the bidentate chelate
complex The hgands employed were a variety of substituted dumine type ligands (1,4
diazabutadienes, 2,2°-bipynidines and 1,10 phenanthrolines) Oishi e al 52 observed that
the bidentate M(CO)4(1,10-phenanthroline) was formed faster when M = W and Mo than

for Cr, this was attributed to the M to CO bond length, in chromum, being shorter than

49



that of the other two metals, thus the electronic interaction between the adjacent nitrogen
and the metal must be stronger for W and Mo Further work investigated the activation
parameters for this process and found that the both the entropies and volumes of
activation for Mo and W were negative, supporting an mterchange mechamsm for the
ejection of the second CO %3 For chrommm however the entropy of activation was
negative and the volume of activation was positive, this could mdicate a lengthening of the
CO bond rather than the Cr-N bond shortemng as the rngid chelating ning adjusts into the
transition state  An unexpected precursor to the formation of the tetracarbonyl has also
been observed, when the hgand, 4,4-Dimethyl-2,2’-bipyndine was employed with the aim
of generating a monodentate Cr(CO)sL It was found that the ligand bound to two
Cr(CO)s umits, rather than one >4

The pressure dependence of the quantum yield for photosubstitution of CO
in M(CO), (1,10- phenanthrohne), where M = Cr, Mo and W has been mvestigated at
different excrtation wavelengths It was found that upon photolysis in the UV region, a
posttive value for the volumes of activation was observed, thus indicating that hgand field
photolysts resulted n dissociative substitution mechanism  If low lying MLCT states are
populated at longer wavelengths, so that the energy of the gap to the lowest LF state
increases and thermal back population becomes less important, the residual quantum yield
could then be interpreted in terms of the MLCT states Therefore photolysis into the

metal to hgand charge transfer state (MLCT) (546 nm) resulted in negative values for Mo

and W, which was taken as strong evidence for an associative mechanism The Cr values
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for volume of activation were shightly positive and this was interpreted as a dissociative

process from the MLCT state for the smaller Cr analogue 55,36
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1.2 RESULTS AND DISCUSSION

As already discussed coordinatively unsaturated metal complexes are
sufficiently reactive to form complexes with alkane solvents A stereospecific interaction
exists between the metal centre and the alkane solvents ® This mteraction may play a role
mn C-H wnsertion, B-elimnation, ligand exchange and hence catalytic reactions, therefore a
thorough investigation into the solvent to metal interaction 1s essential

In order to investigate the reactivity of the metal to solvent bond, the
desolvation process of the M(CO)s(Solvent) species (Reaction 1 1) was investigated,
where M = Cr, Mo, and W The incoming ligand was CO and the solvents were a vanety

of straight chamn and cyclic alkanes

S
M(CO)s - M(CO)s(S) + CO Reaction 1 1

1 2 1 Possible mechanisms for solvent dissociation

There are three possible mechamsms for the dissociation of the solvent
molecule from M(CO)s(Sol) These are represented in Figure 1 5 The first involves a

dissociation of the solvent, with subsequent coordination of the CO to reform the M(CO)s
molecule The AH” for this posstbility should equal to the bond dissociation energy for

the respective system, as dissociation of the ligand must occur prior to reaction with CO

The second occurs when the CO enters the reaction sphere before the solvent 1s

52



dissociated and forms a 20 electron transition state, before ejection of the solvent The
final possibility 1s the interchange mechanism in which the CO 1s being coordinated as the
solvent 1s dissociating 1n a concerted process

The activation enthalpy required for a dissociative reaction should be close
to the M-solvent bond strength, because the bond 1s largely broken m going to the

.
transition state The bond strengths have been obtained for the coordmation of heptane

co co Co
co>L/ co C0>1\|4< co co /CO
N I I
co clo s co o s cO o s
s Lo Jco
B CO B} B Co 7] co o
co Co COo CO
>L/ €0 >\Li . >||(<—':——— co
co I co I o (ole] ' \‘S
B co . | <o 0 co
Lo Ls L
co co Co
C0>L/ co C0>L/ co CO>L/ co
CO I\CO O |\CO CcoO |\C0
co co co
(1) Dissoctation (2) Association (3) Interchange
Figure 1.5

(Possible mechanisms for solvent displacement by CO)

with M(CO)s they were reported to be 42, 38 or 55 kJ mol for Cr, Mo or W

respectively 41 Figure 1 6 depicts the enthalpies of activation that would be necessary for
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a dissociate type of mechanuism for Cr(CO)s(S) and the enthalpies of activation obtamed 1n
this study

A dissociative process would result a near zero or positive entropy of
activation, as expected as the transition state 1s less ordered An associative mechanism
would have a negative value of ~ -100 J K™ mol ' or less, resulting from the more ordered

transition state As a result it can be seen that an interchange mechanism would have a

AS” value 1n between the above possibilities

Enthalpy
Dissocrative
42%kJmol4-
21K /mol ¢
Interchange

Cx(CO)5(S) _;go_} Cr(CO¥

Figure 1 6

(Scheme depicting the differences in AH™ for solvent dissociation)

1 2 2 SPECTROSCOPIC INFORMATION

The M(CO)s complexes exhibit a number of intense (¢ > 10%) transitions m

the UV-wvisible region of the spectrum Figure 1 7 shows the ground state absorption
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spectra for M(CO)s (M = Cr, Mo or W) n cyclohexane The lowest energy absorption 1s
found at ~333 nm (30,000 cm™) for all three metals and 1s assigned as the 'A;;—'Ty,
hgand field (LF) transition This band 1s a shoulder on the more intense M—n* CO
charge transfer transition, found at ~286 nm (~35,000 cm™) A second LF band
'A1g—'Ta, 1s observed at 266 nm (37,500 cm™) and the most mtense transition at 233 nm
(43,000 cm™) 15 assigned as the second component of the M—n* CO CT transition An
extra band 1s observed for Mo and W, at an energy lower than the 'A;,—>'T;, hgand field
(LF) transition, which has a lugher € for W than Mo This band was assigned to the
lowest LF spin forbidden singlet — tiplet transition, 'A;;—»’T;; Thus transition was
allowed because of spin-orbrt couphing, which 1s applicable in the case of tungsten
However the band 1s also observed for the Mo(CO)s and this metal 1s not large enough for
spin orbit coupling to have an affect, this transition would therefore not be allowed, thus
casting some doubt over this assignment The intensities of the LF bands are uncommonly
large because of the high degree of covalence m these molecules, which means that the
molecular orbitals have substantial contribution from both the metal and hgand atomic
orbitals, thus tending to remove restrictions associated with the intensity of LF transitions
The relevant spectroscopic data, obtained in cyclohexane, for the three

compounds employed 1n this study, are presented in Table 1 1, the expernimental details are

presented in Appendix TA
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Figure 1.7
(UV-visible spectra of (@) Cr(CO)s (b) Mo(CO)s (c) W(CO)s in cyclohexane)
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Compound Lo (cm™) Amax (nm) € @ 354 nm
Cr(CO) 1985 280 20 x 10?
Mo(CO)s 1985 298 26 x 10°
W(CO)s 1981 298 8 4 x 10

Table 1.1

(Spectroscopic data for M(CQO)gsin cyclohexane)

1 2 3 Measurement of rate constants

The M(CO)s(solvent) species was formed by excitation, of the respective
hexacarbonyl, at 355 nm The A for the M(CO)s(solvent) species were found to be,
Cr(CO)s(S) = ~500 nm, Mo(CO)s(S) = ~420 nm and W(CO)s(S) =~450 nm Figure 1 8
displays a typical two dimensional spectrum for the Cr{(CO)s(Cyclohexane) spectes It can
be seen that following excitation at 355 nm, the transient spectes 1s formed within 10 ps
(from the hiterature 1t 1s clear that the transient species has been formed well before

10 2025

), and 1t has nearly decayed back to baseline after 150 us As the solvated
complex decays back to the baseline, as can be seen i Figure 1 9, it indicates that there 1s
an efficient back reaction with CO to reform the parent M(CO)s species Any impurities
(X) mn the solvent would result in the productton of a side product M(CO)s(X), hindering
efficient back reaction with CO, thus resulting in the trace not returning completely to the

baseline The A for the species was observed at ~500 nm, as this value does not vary

greatly between the solvents the kinetics were measured at this wavelength for all the

solvents
L
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Figure 1.8
(UVis spectrum of Cr(CO)s(Solvent) in Cyclohexane at different time intervals
Jollowing excitation with Aey.= 355 nm )

It has already been proven that the formation of the M(CO)s(S) species 1s a
single photon process 3! Thus was done by varying the power of the laser and measuring
the absorbance of the product It was found that the absorbance of the product increased

as the voltage of the laser was increased The relationship between the two was linear,

thus indicating a single photon process

The observed rate constant (k) for the reaction of M(CO)s(Sol) with CO
was measured at 298 K Pseudo first order conditions were maintained for the three
systems, as the concentration of CO was always much larger than the concentration of the
M(CO)s(S) species  The ko Was then obtamned from the plots of In(A.-Aq)/(A~A) vs

time, an example of the decay observed 1s shown in Figure 1 9 The second order rate
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constant (k;) was then obtamned by dividing kg, by the concentration of CO* in the

respective solvent

20 mV/D1v In(AL-AV(A-AY)
-1 40
\
-~
..
— - g ' _3 82 \\'\\
¢ 0
20 us/Div 6E+02

time (microseconds)

Mo(C0)6 1n Cyclohexane under latm CO @355mm

fo= 195 2204 mV File A cyc2S trs
Average of 3 shots correlation=- 9988656
Wavelength= 420 nn decay us= 23 9218

kobs= 41802 87 /s

Figure 1.9
(Decay of Mo(CO)s(Cyclohexane) moritored at 420 nm)

1 2 4 Activation parameters

The activation parameters the kg, were obtained by measuring over a
temperate range of 279-310 K and Eyning and Arrhenus plots were then constructed
This assumed a zero ntercept in the plot of ko vs [CO] From these plots it was possible
to obtain the activation parameters for the reaction of M(CO)s(S) with CO, all the
expenmental data are in Appendix IB  Figure 1 10 shows an Arrhenwus and Eyning plot

for W(CO)s 1n Cyclohexane
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Figure 1.10
(Arrhemus and Eyring plots for Reaction 1 1 (M = W), in Cyclohexane)
The second order rate constants and the activation parameters obtamned in

these studies are presented in Table 1 2
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Solvent kS bea* A drg® °AG™
fcyco | 23 x 10° 25 22 -46 35
, BMecyclo | 35 x 10° 26 24 -40 35
Cr(CO)s(S) | Heptane | 93 x 10° 23 21 -42 33
Decane | 12 x 10’ 26 23 -30 33
Dodecane | 24 x 10’ 26 24 -24 31
Solvent k, Ea* AH® AS* AG”
fcyclo | 47x10° 22 21 -48 35
BMecyclo | 58 x 10° 23 21 -45 34
Mo(CO)s(S) § Heptane | 78 x 10° 24 21 41 34
Decane | 88 x 10° 23 21 42 33
Dodecane | 49 x 10’ 20 19 -35 29
Solvent ka Ea™ AH* AS™ AG*
foyclo | 72x10° 20 18 13 40
8Mecyclo | 21 x 10° 22 20 -58 37
W(CO)s(S) | Heptane | 18 x 10° 23 20 -58 37
Decane | 11 x 10° 23 21 -59 38
Dodecane | 17 x 10° 22 20 -60 38

@298 2K, (dm® mol"s™), ® £2 kI mol™, © +2 kJ mol™, 9 +4 Y K™ mol™, ¢ +2 kJ mol !,
nyclo = Cyclohexane, BMecyclo = Methylcyclohexane

Table 1 2
(Second Order Rate constants and activation parameters for M(CO)s(S))
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1 2 6 Discussion

There are a number of trends that can be observed from the data presented
in Table 1 2 Investigating the Cr(CO)s results first it can be seen that there 1s an obvious

increase 1n the k; value 1n gomng from cyclohexane to dodecane This increase m the rate
of reaction 1s not reflected 1n the AH” values, which are found to be the same, within
expenimental error (22 + 2 kJ mol™") As the reactions of the “naked” Cr(CO)s with
alkanes are close to the diffusion controlled it (6 6 x 10° dm® mol™ s, for cyclohexane
with Cr(CO)_«-,)S, the AH™ term for the reaction of Cr(CO)s(sol) with CO should

approximate the bond energy of the metal to solvent bond The binding energy for
Cyclohexane, 52 kJ mol™, obtamned from photoacoustic calorimetry (PAC) measurements,

1s nearly twice the value obtamed n this study However similar studies carnied out on the
W(CO)s system, employing PAC, yielded higher values for the binding energies, than AH™

values obtained from kinetic studies 48 A dissociative mechanism for the Reaction 1 2

would require a AH” value approximating the interaction energy obtained n the PAC

Cr(CO)s(S) + CO — Cr(CO) + S Reaction 1 2

measurements As the AH” values obtained 1 this study are half the interaction energy 1t

would appear that a dissociative mechanism 1s precluded The AH” values required for a
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dissociative mechanism compared to values obtained 1n this study as depicted in Figure

16

As there 1s no correlation between the AH™ values and the rate of Reaction

1 2, the vanation in the rates must be reflected n the AS™ term  The AS™ term becomes
less negative as the solvent changes from cyclohexane to dodecane, varying from -46 J K'
mol™” to -24 J K™ mol™ respectively The AS™ values would be expected to be closer to

zero, if not positive, for a dissociative mechamsm and an associative mechamsm should

result m more negative values than those obtamed, 7 e there would be a significant
decrease m the entropy of the reaction at the transition state Therefore the AS™ values

appear to indicate that the mechamsm for the displacement of the solvent from Cr(CQO)s
occurs via an interchange process An mterchange mechanism has also been postulated

for the displacement of cyclohexane and methylcyclohexane from W(CO)s by 4-
Acetylpyrldme65 and the displacement of solvent (S) from (n°- arene)Cr(CO)x(S) by
co® Yangetal 0 concluded that there was considerable lengtheming of the Cr to
heptane bond concurrent with the association of either pyridine and 2-picoline as the
incoming hgand It was reported that the AH™ value was ~21 kJ mol™ for the replacement

of heptane by pynidine, which 1s lower than the reported Cr-heptane mteraction energy,
therefore indicating that this reaction also was not a dissociative mecharmism, but in fact an
interchange mechanism Pynidme as a nucleophile 1s very similar to CO, except that 1t

possesses reduced n* accepting ability
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The AS™ values reflect the differences 1n the k; values, the reason for this

could be as a result of the motional freedom attained by the solvents upon desolvation
When an alkane solvent forms an agostic bond with the Cr(CO)s moiety 1ts motional
freedom 1s restricted, this 1s more evident for the longer chain alkanes Therefore the rate
of displacement would be faster for the longer chain alkanes as the removal of the
restriction leads to a more favourable onentation for the solvent

Investigating the effect of increasing the atomic mass of the metal, it can be
seen from Table 1 2 that the change of solvent does not have as significant an effect as for
the chromium system The rates for solvent displacement from W(CO)s for the straight
chain alkanes show very little vanation and ths 1s reflected m the AS™ values The AS™
values are smaller than those reported for the chromium system, thus 1s a reflection of the
size of the metal, as the larger metal leads to less sternic hindrance Seven coordinate
chemustry 1s extensive for Mo and W, however 1t 1s not for the Cr system The fact that
there 1s not the same stenc hindrance around the tungsten 1s also reflected 1n the slower
rates of reaction, as the motional freedom of the solvent s not as restricted as for the
chromium system The rate of displacement of cyclohexane from the W(CO)s moiety does
appear to be slower than the other solvents, this difference 1n rate 1s reflected i the AS™
value which 1s slightly more negative, thus indicating that cyclohexane is not as restricted
upon coordination to tungsten

The AS™ values agam support an interchange mechamism for Mo(CO)s, as
the metal 1s larger than chromum, the stenic hindrance 1s not as pronounced, therefore it
can be seen that there 1s no variation between heptane and decane, within experimental
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error Dodecane does have a faster rate of reaction, thus 1s reflected i the shightly more
negative value for the AS™, indicating the restriction placed on the solvent upon

coordination and the subsequent freedom of rotation achieved upon desolvation

1 2 7 Conclusions

In this study, any vanation for the rate reaction from the M(CO)s(S)
species 1s only reflected in the values for the entropy of activation The values for the
enthalpy of activation remain constant Ths 1s also reflected in the similanity i the

position of the M(CO)s(S) peaks in the UV/wisible spectra for the various solvents The
relationship between the AS™ values and the k; values can be explained in terms of the

liberation of motional freedom attained upon desolvation, which influences the kinetics of
the reaction

The activation parameters obtained for the Reaction 1 3, (where M = Cr,
Mo or W) can be interpreted as evidence for a gradual changeover from an interchange
mechamsm to a more associative type mechanism along the senies Cr, Mo to W Thus

trend along the senies, towards a more associative mechanism has been observed

M(CO)s(S) + CO = M(CO)s + S Reaction 1 3
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47,67

previously The fact that the vaniation in rates 1s not as apparent for the Mo and W

systems could be as a result of the larger size of these metals compared to the chromum
system The solvents will therefore not be as restricted upon coordination to the larger
metals Therefore alkane chain length does not play as significant a role n the kinetics of
the larger metals, as the impetus to attain motional freedom upon desolvation 1s not as

pronounced
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2.1 LITERATURE SURVEY

2 1 1 Photochemustry of (n°-arene)M(CO); complexes

Early reports on the chemustry of (n°-arene)M(CO); complexes claimed

that both arene exchangel (Reaction 2 1) and CO loss (Reaction 2 2) were general

photoreactions
hv
(’-arene)M(CO);  —>  (n’-arene*)M(CO); + arene Reaction 2 1
arene®
hv
(n*-arene)M(CO); —>  (n’-arene)M(CO),L + CO Reaction 2 2

L

When M = Cr the quantum yield (D) for Reaction 2 2 1s hugh and many
(n°-arene)Cr(CO),L complexes can be synthesised by photochemical methods Reaction
2 2 was also observed for the Mo analogue3 however the W species was found to be
photomnert This was a cunosity given the similanties in the photochenustry of the
M(CO)s system (M = Cr, Mo, or W) Wnghton ef al 4 reported that the @ for the
formation of (n°-arene)Cr(CO),(pyndine) was 0 72, (where arene = benzene or

mesitylene) following photolysis of (n°-arene)Cr(CO); in the presence of pyndine This
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was later confirmed by Gilbert et a/ > and the efficiency of the arene exchange was given
as approximately a sixth of this value Reaction 2 1 was found to be suppressed by the
addition of CO and thus reaction was only a munor component m the overall
photochemustry These results were consistent with dissociative loss of CO as the primary
excited state decay process of (n°-arene)Cr(CO); A relatively high ® was reported for the
displacement of CO from (n°®-mesitylene)Cr(CO); by N-dodecylmaleimide m benzene of
0 9,6 no benzene - mesitylene exchange was observed m these experiments

Contmuous photolysts of (n°-arene)Cr(CO); complexes produces both the
arene ning and Cr(CO)s " Bamford etal 8 observed that upon addition of CCl, the rate of
arene generation increased, while 1n the absence of CCl,, CO suppresses the reaction as a
result of recombination with the (n°-arene)Cr(CO), species

Oxidative addition of a trisubstituted silane to (n°-arene)Cr(CO), had been
estabhshed to result from irradiation of the tnicarbonyl species 1n solution, producing the
coordinatively unsaturated (n°-arene)Cr(CO), species As a result of the high efficiency of
the CO loss from these compounds, even at low temperatures,9 these compounds were
studied 1n order to elucidate the quantitative data regarding oxidative addition, as the CO
dissociation could be mduced faster than the thermal oxidative reaction '° Trisubstituted
silanes underwent oxidative addition to a number of photochemucally generated (n°-
arene)Cr(CO), species The reactions of silanes with transition metal carbonyl complexes
are of interest because hydrosilation 1s a reaction of considerable importance Beyond
this, however, the reactions of silanes serve as readily studied analogues of C-H bond

activation
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CO loss from (n°-arene)M(CO); has also been observed 1n the gas phase,
the ejection of one CO was the predomunant process upon 355 nm excitation, while the
production of (n°-arene)M(CO) and (n°’-arene)M(CO), 1n a ration of 5 2 was observed
upon 266 nm excitation ' The extreme reactivities of these coordinatively unsaturated
species was again demonstrated by the observation of addition of N, and H; to (n°-
CsHs)Cr(CO); 1n the gas phase 12 Kubas etal 13 had observed and 1solated products with
an M-n2 H, non classical type of interaction Zheng et al 12 concluded that the
dihydrogen complexes formed 1n the gas phase were “non-classical” molecular hydrogen
complexes, as the CO frequencies did not shift to the higher wavenumbers as would be

expected for bonding 1n a classical dihydride, because of the oxidation of the metal centre
)

2 1 2 Thermal chemistry of (r°-arene)M{CO); complexes

Although CO loss from the excited state of (n°-arene)M(CO); appears to
be the most efficient process, arene exchange reactions domnate the ground state (1 e
thermal) reactions Arene exchange between free arene and an (n°-arene)M(CO);
complex generally requires elevated temperatures if the solvent 1s either an aromatic
hydrocarbon or a non-coordinatmg solvent Arene exchange can occur by a number of
mechanisms  Firstly, 1t can proceed by an intramolecular dissociative process, which
mvolves either complete arene dissociation or possibly a multistepped higand dissociation
[for (n*-arene)ML; species] prior to the new higand coordinating  Secondly,
intramolecular arene associative processes are possible, which results from a

rearrangement prior to the association of the new arene Finally an intermolecular process
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1s possible, where the high energy species are stabilised by interaction with the parent

complex, etther via a M-L-M (if L 1s an effective bridging molecule) or a M-arene-M type

bond '

Cco
co fole} l Co
<— co + cx/— co slow Cr r(':— cO
co Neo co/ \co co

co co
fast \
——> + co —/ Cr <+ Cr/-—‘ co
co \CO

14 14
C
CO CIO
Cr—Co + show /Cr\
14

CcO

fast \

; 4+ CO—Cx

/
CO

Scheme 2.1

(Proposed mechanism for arene displacement indicating

simultaneous exchange of two complex molecules’ J)

Strohmeter et al > reported that a major component of arene exchange

reactions in heptane ( or heptane/THF mixtures) follows second order kinetics, the rate
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constant was independent of arene concentrations Thus led to the mechanism presented n
Scheme 2 1

However this mechanuism was not compatible with the observation of

Jackson et al '

that cis- or trans- complexes of 1- or 2-methylindane failed to 1somernize
on heating 1n the absence of the free arene Catalysis of arene exchange by donor solvents
was demonstrated by Mahaffy and Pauson'’ thus indicatmg that the solvents imtiated
partial arene displacement from the metal (Scheme 2 2) Moreover, Zimmerman ef a/ 8

also reported the presence of a, presumably solvent stabilised, Cr(CO); fragment

Therefore stressing the more specific role that donors played m promoting the arene

displacement reaction than previously assumed 13

Q@ e
AN

/TN /1N /1

€O Co co

Cco

Scheme 2 2

(Solvent imtiated arene displacement 17)
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A thorough investigation was conducted by Traylor, Stewart and
Goldberg19 into the mechamisms for arene exchange n these systems It was reported that

19(a}{c)

the CO ligand can act as a nucleophulic catalyst, resulting 10 CO redistnibution

between the two complexes As the CO higand was known to be capable of acting as a
bnidging higand the possibility of a bndged complex was also considered The & system of
the arene ring was then extended and the neighbouring group participation was
investigated, these results confirmed the possibility that the coordimnation of the arene ring
could be “unzipped” from n°to n*to ®  Although no direct evidence for such a process

was obtained

2 1 3 Haptotropic rearrangements

The term haptotropic rearrangements refers to cases where an ML, unit
changes 1ts connectivity (hapto number) with some ligand possessing multicoordinate site
possibilities In the majonty of cases the ligand 1s a polyene, as a result the coordination
720

site changes from one coordination site to another n a bicyclic polyene Albnight et a

conducted theoretical investigation of the mimmum energy pathways for shufting an ML,

group from one ning to another 1n a bicychic polyene Howell ef al 21 calculated the
dynamucs of ning shppage, employing extended Huckel molecular orbital calculations to
investigate the energetics of the proposed haptotropic rearrangements A potential energy
surface was created for the slippage of an MnCp group in benzene-MnCp Thus provides
a good model for the Cr(CO); group 1n the analogous group 6 system Figure 2 1 depicts

the potential energy surface for the slipping of the MnCp group 1n benzene-MnCp
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Figure 2.1
(The distance scale on the lower left is plotted in 0 2 A intervals, the energy contours are
i keals mol’  The ground state is given by the large solid circle, a mimimum by an open
circle, and a transition state by a cross The energies of these ponts

relative to the ground state are explicitly given a )

It was found that the potential surface around the n° ground state 1s nearly
circular and quite steep until the MnCp group reaches the periphery of the benzene ring
There was no evidence for the intervention of a discrete 1* intermediate The potential
was found to nise as the coordination moved towards an n' intermediate until 1t reached a
transition state, then continuing along the reaction path leading to an intermediate that
could have been labelled as the ' species, however there was still substantial bonding
from the neighbouring carbons The orbital interactions for (n° benzene)Cr(CO); have
been discussed in the itroduction It can be seen that there 1s not a great deal of
interaction lost between the d,” and the a,, orbital upon shpping towards the n*

configuration, thus the energy of this orbital remains nearly constant The interaction
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between the e, and the dy, 1s affected slightly more than the e, to the d,, interaction
Given thus rise n energy there s still a significant stabilisation of the benzene ring orbitals
upon coordination to the Cr(CO); unit, this stabilisation persists in the n' configuration
The filled orbitals on the metal, which could be viewed as three lone pairs that are directed
between the CO hgands, are destabihised along the reaction path as a result of repulsion
between them and the benzene ¢ orbitals This destabilisation results m mmxing of the
filled molecular orbital and the empty receptor orbitals on the metal, which causes the
orbital to become stabilised and could explain the shallow mimmum depicted 1n the
potential energy surface presented m Figure 2 1

The haptotropic rearrangement was also exammned for (n°-2,6-
dimethylpyridine)Cr(CO)s, 1t was found that arene exchange reactions were faster for this
compound, compared even to the naphthalene analogue The binding energy was found to
be the very close for the two compounds, and this was estimated to be 183 kJ mol™ for the
(n® pyndine)Cr(CO); compound By companison the addition of two methyl groups, at
the 2 and 6 positions on the pynidine ring, raised the energy by 8-13 kJ mol”  Shippage of
the ning to the C; 1n the 2,6-dimethylpynidine was said to be more favourable than the
analogous slippage in the benzene, as there 1s intermixing of the 7 and the 1’ orbitals in the
pyndine this leads to more electron density on the C; and the Cs, making this reaction path
more favourable Replacement of the CH group in the benzene by the more
electronegative N atom leads to sphtting of the degenerate ey, and ey, orbitals, with the
€1 orbital being lowered 1n energy Therefore 1ts stabilisation by the d,, orbital on the

metal 1s decreased, as a result of which the n°- ' reaction path 1s more favoured
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2 1 4 Molecular orbitals for n° pyridine vs ' pyridine

The interaction of the benzene ning with a Cr(CO); umit has been discussed
in the introduction and 1s depicted in Figure 4 In this study the arene employed was
pyndine and, as indicated, the substitution of a carbon 1n the benzene ning for a mtrogen
does affect the energy levels of the molecular orbitals Figure 2 2 depicts the changes in
the molecular orbitals from benzene to pynidine The intermpaung of the  and the x°
orbitals 1n the pyndine redistributes the electron density From the perturbations in the
molecular orbitals on the pyridine ring 1t can be seen that the interaction with the e,y and
the dy, should not be greatly different from the benzene analogue However the lowering
of the energy of the €4, leads to the destabilisation of its interaction with the d,, orbital on
the metal 2 Therefore pyndine should be a poorer n-donor hgand and a better m-acceptor
to a metal centre than benzene

When the mitrogen binds to the metal in an ' mode, the T — T* transitions
of the pyndine ning are not affected because the bonding 1s directly through the
lone pair The transition from the n — n* level on the ring 1s significantly altered and the

nnt* state becomes obscured by often energetically similar energy levels
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Figure 2.2

(Molecular perturbations of the HOMO and LUMO levels in benzene and pyridine)

The differences between ¢ and 1 bonding have also been observed n
chemisorbed pyridine on N1(001) 23 The n bonded species was observed at low coverages
and when the temperature was raised to room temperature It was found that the 1 — ©*
transitions were not observed for the w bonded species in the electron energy loss study
A strong metal to hgand charge transfer was observed for the o bonded species, which 1s

consistent with a low lying n* acceptor orbital on the pyndine
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2 1 5 Pyridine as a n° hgand

There have been very few reported n pynidine metal complexes in the
literature until recently 24 The earhiest type of complex was synthesised by Timms P L 2
using the cocondensation reaction of “hot” chromum atoms with pyridine and
trifluorophosphime (PFs), to form (n°-pyndine)Cr(PF;); The yield was very low and the
marn products of the reaction was the o bonded complex (o-pyndine)Cr(PF3)s A number
7 complexes were reported employing substituted pyndine nings, where the nitrogen was
sterically protected by methyl groups26 and were produced by direct complexation of
chromium hexacarbonyl in dioxan Employing the same strategy of sterically blocking the
nitrogen, bis(n’-2,6-dimethylpyndine)chrommm was also synthesised 27 In order to
prevent bonding via the mtrogen Fischer et al 28 used N-methyldihydropyndine ligands,
resulting 1n the formation of (1-methyl-1,2,-dihydropyndine)Cr(CO);, which 1s complexed

via an n’-alkenyl and an n’- 4 electron vinylamine system

Formation of an n° pynidine complex Mo(PMePh,)s(n® pynidine) from a ¢
bonded pyndine in Mo(N2),(NCsHs)(PMePh;,); was reported 29 Pyndine has also been
reported to act as an n° igand when bonded to ruthemum 3 The polymeric complex
[Cp*RuCl], (where Cp* = 1’-CsMes), was employed as a precursor for the production of
[Cp*Ru(n® pyndine)]C1 **® The compound Ru(Cp)(CH;CN),(2,methylpyndine) was

reported””" to thermally rearrange to Ru(Cp)(2,methylpyridine)*

When Elschenbroich et al 3! reported the synthests of bis(n’-pyndine)Cr n

1988, nterest was renewed for the synthesis of other n°-pyndine complexes The
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observed from the W species was therefore considered to be LF 1 character and the
emussion lifettmes were 1n the range expected for heavy-metal complexes exhibiting
erssion which has spin forbidden character

Luminescence assigned as onginating 1n a low lying MLCT excited state

has been reported from complexes of the general formulae M(CO)sL and M(CO),L,,

where M = W, Mo, and L = an electron donor ligand, in low temperature glasses35 or

matrices >° The failure of group 6 metal carbonyl complexes to luminesce mn solution was
attributed to the relatively high photoreactivities and efficient nonradiative decay of the
excited states of these complexes However, Lees’’ reported electronic absorption,
emussion and excitation spectra obtained from a series of Mo(CQ)sL species (where L was
a senies of 4-substituted pyridine higands) in room temperature solution In the electronic
spectra of each of the complexes the position and the intensity of a shoulder (430 - 450
nm), observed on the more intense LF transition, was found to be dependent on the nature
of the solvent This band was assigned to an MLCT transition, and the strongly electron
withdrawing substituents yielded substantially lower energy MLCT absorptions Broad,
unstructured emission with quantum yrelds mn the order of 10™*-10 > was reported from
these complexes, following excitation at 436 nm, 1n room temperature benzene This
emisston was assigned to be from the low lying MLCT excited state Importantly, for

Mo(CO)s(pynidine) in which the lowest lying excited state 1s LF 1n character,36 no

emussion at room temperature was observed Therefore mnvestigating a wide vaniety of

M(CO)sL complexes enables the formulation of a theoretical model which embodies the
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excited state charactenstics of these species and provides the possibility of excited state
tuning

Room temperature emussion was also observed from M(CO),L, complexes
(L = pynidine or a substituted pyndine) 38 Again the emission was found to onginate from
the low energy MLCT excited state For complexes of the general formula M(CO),L (M
= Cr, Mo or W and L = dumine higand) the vanation in energy of the MLCT state is one
of the largest known among morganic or organometallic species %% WhenL s 2,2-
bipyndine or 1,10-phenanthroline the low lying MLCT states are well separated from the
higher energy LF states that they offer an opportunity to study the photophysical and

photochemical properties of the MLCT excited state exclusively
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2.2 RESULTS AND DISCUSSION

Early photochemucal studies on the (n°-arene)Cr(CO)s system found that
the quantum yeld for the CO loss reaction (Reaction 2 3) was 0 72° and the quantum

yield for the arene exchange reaction (Reaction 2 4) was approximately one sixth of this

value
hv
(nP-arene)Cr(CO);s  —>  (n’-arene)Cr(CO).L + CO Reaction 2 3
L
hv
(W’-arene)Cr(CO)s  —>»  (n’-arene*)Cr(CO); + arene Reaction 2 4

Consequently Reaction 2 3 was studied 1n some detail, and the possibility
that the arene exchange reaction was photoassisted, was largely overlooked Some
indirect evidence of a second photoproduct, possibly one involving a ring-ship process,
was obtained 1n earlier UV/vis monitored flash photolysis experments of (n°-
benzene)Cr(CO); %0 Additional transient signals were observed following flash
photolysis, which could not be assigned to the known photoproduct (n°-
benzene)Cr(CO).(solvent), or any species formed by a subsequent reaction of this

intermediate It was reasoned that if there was a functionality on the arene rning that could
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“trap” the ring shppage, prior to the loss of the arene, 1t would give conclusive evidence
for the existence of this pathway and a handle with which to study thus reaction path The
obwvious choice was therefore the pyridine ning, as the metal to hgand bond 1s very similar
to the (n’-benzene)Cr(CO); system, however pyndine also possesses the lone pair on the
mitrogen, which 1s widely known to bond to the transition metals in an n' fashion It was
the ease with which the mitrogen bonded to the metals in the 1y’ fashion that precluded
earlier studies of this system, as no synthetic method had been developed to prevent this
mode of mteraction Consequently the photochemustry of (n°-pyndine)Cr(CO); and 1ts
2,6-disubstituted derivatives was investigated, by matrix 1solation and time resolved
spectroscopic techmques, 1n the hope of detecting haptotropic changes at the heteroarene

higand

2 2 1 Spectroscopic information

In this nvestigation (n°-pyndine)Cr(CO); (1) was studied n most detail
Companison was made with systems contatning bulky groups at the 2 and 6 positions on
the pyndine nng, for example (1°-2,6-dimethylpyndine)Cr(CO)s [(n°-2,6-
lutidine)Cr(CO)s] (2) and (n°-2,6-bis(tnmethylsilyl)pyndine)Cr(CO); (3)

Table 2 1 summarises the spectroscopic information obtaimned for the three
compounds and compares them to the literature values Three absorptions of almost equal
intensities are observed in the IR spectrum of compound 1, which has C, symmetry The
UV spectrum contamns a valley at 280 nm through which 1t 1s possible to observe transient

species in the UV flash photolysis experiments While 1t 1s thought that the band with the
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Amax TEpresents the chromium to pyridine charge transfer transition, by comparison with

the UV/vis spectra of the other (n°-arene)Cr(CO); compounds Complexes of the general

formula (n°-arene)Cr(CO); exhibit a number of LF and MLCT transitions, which are

Compound 1 (1%-pyridine)Cr(CO);

Veo (cm™) 'HNMR (ppm)° Amax (M)® | €% at A
A’(+1cm’) | Ref 33° | A(400MHz) | Ref 33 A (£ 2nm) A®
1997 1985 6 57 (m,2H) | 6 56 (m,2H)
1938 9 1920 | 564 (m1H) | 565 (m,1H) 316 8 81 x 10°
1926 8 525 (m,2H) | 526 (m,2H)
Compound 2 (7°-2,6-dimethylpyridine)Cr(CO);
Veo (cm™) 'HNMR (ppm) Amax (AM)” | €” at Amax
A+ 1em') | Ref 26(a)’ | A°(400MHz) | Ref 26(a)® | A (+2nm) A®
1987 1986 565(t,1H) | 475(t1H)
1926 1925 512(d2H) | 415 (d,2H) 318 6 02 x 10°
1916 8 1913 241 (s,6H) | 200 (s,6H)

Compound 3 (7°-2,6-bis(trimethylsilyl) pyridine) Cr(CO);

Veo (cm™)? '"H NMR (p p m )° Amax (nm)* € at Aax
A(xlem?) | Ref 33° | A(400MHz) | Ref 33 A (£ 2nm) A®
1984 1980 548 (d,2H) | 548 (d,2H)
1919 1905 528 (t,1H) | 529(t,1H) 324 785 x 10°
1924* 032 (s,18H) | 033 (5,18H)
Table 2 1

(* in cyclohexane, b e 3, © n chloroform, %in n-hexane, © in CsDg, *shoulder,

®+1% L mol’ cm' A = data obtained n this study

Data n full presented mn Appendix 24 )
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(Ground state absorption spectrum and IR spectrum of compound 1 in cyclohexane)
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present in the ground state absorption spectrum of compound 1 Figure 2 3 contains both
a ground state absorption spectrum and an IR spectrum of compound 1 1n cyclohexane
The 'H NMR data indicates the presence of two sets of equivalent hydrogens and one
uuque hydrogen, the peaks are all shifted upfield with respect to free pynidine The “C
NMR spectrum was also obtained (Appendix 2A), 1t indicated the presence of four unique
carbon atoms in the molecule

The lack of symmetry makes spectral interpretation easy, as the number of
Ve absorption bands exhibited by a particular photofragment will equal the number of
carbonyl ligands 1n the fragment A decrease i the v,, frequency of the CO bands 1s
observed upon methylation of the pyndine nng (compound 2) Thus 1s as a result of
increased electron density at the metal, resulting in donation to the antibonding orbitals of
the CO ligand, thus decreasing the C-O bond order A further decrease 1s observed for

compound 3, indicating the increased electron donating ability of the trimethylsilyl

substituents

The UV absorption spectra of the three compounds are similar to other
(n°-arene)Cr(CO); complexes Thus 1s illustrated in Figure 2 4, where ground state
absorption spectra are presented of (n°-benzene)Cr(CO); and (n°-2,6-
dimethylpyridine)Cr(CO); (~1 4 x 10*M) are presented The spectra are very similar, the
shoulder on the 318 nm absorption 1s at a shightly lower energy for the (n°-2,6-

dimethylpyndine)Cr(CO); compound
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Figure 2.4
(Ground state absorption spectra for (1°-benzene)Cr(CO);
and 2 (~1 4 x 10°M) n cyclohexane)

2 2 2 Steady state photolysis of (n’-pyridine)Cr(CO);

The photochemustry of (n°-pyndine)Cr(CO); was mvestigated in either CO
saturated CsDs, CD;CN, CD;0D, or DMSO-ds and was followed by 'H NMR
spectroscopy (A« > 410 nm) Al the samples were degassed by three “freeze pump
thaw” cycles (see expenimental section) before addition of CO, at 1 atm pressure The
samples were protected from the light dunng this procedure

The nitial spectra of the aromatic region for (n°-pyrndine)Cr(CO); in CgDs

and CD;CN are presented 1n Figure 2 5 and Figure 2 6 respectively Only the parent
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(Steady state photolysis of (1) in CsDs, Aexe > 410 nm)
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bands are present before photolysis in these solvents A reduction in intensity of these
bands are observed upon excitation at A > 410 nm (275 watt, xenon arc lamp), with
concomutant formation of bands assigned to (n'—pynidine)Cr(CO)s and free pyndine
These assignments were confirmed by companison with authentic samples of the relevant
compounds either prepared independently, or obtamed from supphers Table 2 2 contans
all the band posttions of (n°-pyridme)Cr(CO)s, (n'~pyridine)Cr(CO)s, and pyridine i the
deuterated solvents employed 1n this study It 1s important to note that the band positions
for pyndine and (n'-pyridine)Cr(CO)s m CD;CN are very similar This explains why

there appears to be only one product in Figure 2 6

Solvent (n®-pyndine)Cr(CO); || (n'-pyndine)Cr(CO)s pyndine
(ppm) (ppm) (ppm)
CeDe 574,432, 3 91 783,642,595 8 56,7 15, 6 82
CD;CN 670,588,548 862,781,732 860,768,731
CD;0OD 667,591,550 866,784,732 856,781,740
DMSO-ds 693,613,574 866,791,743 858,772,733
Table 2.2

( 'H NMR band positions m various solvents at 400 MHz )

IR analysis of the final solution confirmed the presence of the pentacarbonyl species, as a
band at ~2070 cm™ was observed Unfortunately, the other two bands for this species (at
lower wavenumbers), were obscured by the parent absorption The charactenstic band of

chromium hexacarbonyl was also observed at 1984 cm™, infernng that the ring-slip

process had occurred Therefore photolysis of (n*-pyrdine)Cr(CO)s, at A > 410 nm for
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~50 minutes 1n CsDg or CD3;CN results 1n the depletion of the parent with the production
of the (n'-pyndine)Cr(CO)s, which 1n turn 1s photolysed to produce free pyridine and

Cr(CO)s The overall reaction sequence is outlined in Scheme 2 3

hv hv
(M®-pyndine)Cr(CO); —> (n'-pyndine)Cr(CO)s —> Cr(CO)s + pyndine  Scheme 2 3
2CO CO

In these experiments the imtial spectra in CD;0D or DMSO-ds before
photolysis, shows that the parent complex s not the only species present Thus
demonstrates the efficiency of these solvents in “trapping” the intermediates Every care
was taken to prevent any stray hight photolysis prior to the imtial spectrum However,
because of the lengthy degassing procedures employed 1t 1s impossible to ensure that the
solution was kept in the dark at all tunes Ths 1s a possible explanation why the
photoproducts are observed prior to photolysis, as can be seen in Figure 2 7 for photolysis
in CD;0D (however a thermal process cannot be excluded) In this solvent, both free
pyridine and (n'-pyndine)Cr(CO)s possess a peak at ~7 84 ppm (vide supra), however
there 1s sufficient resolution between the other two peaks to observe the subsequent
photolysts of the (n'-pyrdine)Cr(CO)s complex to form the free pyridine  Followng 15
munutes of photolysis, at Aex. > 410 nm, m CD3;0D, a higher percentage of the parent
species 1s depleted, than was observed following ~50 munutes photolysis n either CsDg or
CDs;CN Further photolysis of the CD;0D solution resulted in noisy spectra as a result of

the production of a precipitate
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(Steady state photolysis of (1) in CD;0D, A > 410 nm)
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Figure 2 8 depicts the spectra for the photolysis of (n°-pyndine)Cr(CO); in
DMSO-ds The mntial spectrum contains practically the same amount of photoproduct as
parent, demonstrating the capability of the DMSO-d; to act as a donating solvent, thus
efficiently “trapping” the ring shp process This efficiency may also be reflected in the
absence of the pentacarbonyl species m the spectrum As with photolysis m CD;0D,
nearly all of the parent 1s depleted after 15 minutes

The relative quantum efficiency for the disappearance of the parent
depends on the solvent employed and on the substituents on the pyridine ring in the 2,6-
positions, as measured by UV/vis spectroscopy Absorbances were measured at the Amax
for the parent species, in CO-saturated solvent The samples were then photolysed at Aex

> 410 nm, and the decrease 1n absorbance was measured over the same time period

Compound Solvent | OD difference after Relative quantum
10 s photolysis” | efficiency (CH;OH C¢Hiz)
(m°-pyndine)Cr(CO); CH,;0H 00376 23 1 !
CsHi2 0 01664
(n*-2,6-lutidine)Cr(CO); | CH;OH 003072 33 1
CeH)2 0 00932
Table 2.3

(Relative quantum efficiencies for the photochemical depletion of compounds 1 and 2

* average of first two absorbance differences)

Table 2 3 gives the relative quantum efficiencies in the two solvents It can

be clearly seen that the process 1s more efficient in the methanol solvent, confirming what
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has been observed in the NMR experiments The effect of the substituents at the 2 and 6
posttions on the pyridine ring could also be obtained from these expeniments Depletion of
the parent in cyclohexane 1s approximately twice as efficient for (n°-pyndine)Cr(CO);
when compared with (1°-2,6-lutidine)Cr(CO); Figure 2 9 shows the photochemical

depletion of (n°-2,6-lutidine)Cr(CO); 1n cyclohexane, compared to methanol

| J (n°-2,6-lutidine)Cr(CO)s 1 CeHiz (Aexe> 410 nm)
Total photolysis time = 780 seconds
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(Photochenucal depletion of 2 (A > 410 nm) in CsH;> or CH;0H)
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In methanol the total photolysis time 1s only 330 seconds, however in cyclohexane the
compound was photolysed for a total of 780 seconds The efficiency of photodepletion of

the (n°-2,6-bis(trimethylsilyl)pyridine)Cr(CO); compound 1n cyclohexane 1s essentially

Zero

2 2 3 Matrix Isolation Experiments

(a) The photochemstry of (n°-pyridine)Cr(CO);

The photochemustry of (n°-pyridine)Cr(CO); was mnvestigated 1n a number
of different matnices The photochemustry was investigated 1n a methane matrix at 12 K at
two different excitation wavelengths At longer excitation wavelength (460 nm) depletion
of the parent bands (1999, 1939, and 1924 cm") was observed with concomitant
formation of three bands (1957, 1841, and 1833 cm ") Thus 1s depicted as a difference
spectrum (Figure 2 10(a)), where the depletion of the parent bands are shown as negative
peaks and the product bands as positive peaks As discussed previously, the number of
CO bands for this system 1s related to the number carbonyl groups present in the
photofragment provided additional symmetry 1s not introduced Therefore as there are
three bands present 1n the product upon excitation at 460 nm, CO-loss has not occurred
from this species This photofragment was assigned to a heteroarene ring shp product
(n*-pyndine)Cr(CO); (x < 6) Confirmation that CO-loss 1s msignificant under these

conditions 1s obtained by the failure to observe free CO 1n the matrix
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At shorter wavelength excitation (308 nm), two bands are observed (the
low-energy band 1s subject to matrix splitting) in addition to the bands of the ring ship
product The two bands (1945 and 1888 cm™) can be observed n Figure 2 10(b) and are
assigned as the CO loss product, (n°-pyrndine)Cr(CO), for a number of reasons Firstly

-1

free CO 1s observed i matrix, at 2137 cm™  Secondly, the high energy band 1s shifted by
56 cm™ relative to the equivalent parent absorption This wavenumber shift 1s identical to
that observed for the (n°-benzene)Cr(CO)s system (1983 to 1927 cm™) 41 Averaging the
two low energy absorptions of the parent (1931 cm™) a shift of 44 cm™ 1s observed which
compares to the shift of 38 cm ' observed 1n the (n®-benzene)Cr(CO); system, (1915 to
1877 cm H)

These results had shown that a ring shp process did occur following long
wavelength irradiation, but the extent of the haptotropic rearrangement could not be
determmed Therefore experiments were conducted in N, or CO-doped matrices 1n order
to obtain more information about the ring shp process

Irradiation 1n a N, matnx (A = 460 nm) produced three bands (1967,
1987, and 1884 cm™) confirming the conservation of the Cr(CO); motety (Figure 2 11(a))
Two bands of similar intensity were also observed in the vy x region (2221 and 2188cm™),
indicative of two cis-coordinated N, higands The wavenumber difference between the
vy antisymmetric and symmetric vibrational modes (33 cm ') 1s simular to the differences

observed for (n°-CsHs)Nb(CO)x(N2), in hquid xenon (39 cm '),
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and (n’-CsHs)V(CO),(N,), in a N, matrix (32 cm™) 2 Therefore 460 nm wrradiation of
(m*-pyndine)Cr(CO)s 1n N, matrix produces fac-('-pyndine)(N2).Cr(CO)s

Irradiation of a N, matrix containg (n°-pyndine)Cr(CO); with Aee = 308
nm, resulted in additional bands at 1957 cm ' and 1910 cm™ (Figure 2 11(b)) Thus two
band pattern 1s assigned as the CO loss product, as the absorption of free CO 1s observed
following photolysis (Appendix 2B(1)) Therefore both the ning ship product and the CO
loss product are formed simultaneously 1n the N, matnix In this case however, the vi.x
bands observed following 308 nm 1rradiation are of different relative intensities (cf 1nsets
n Figure 2 11)  An explanation for this 1s that the (n’-pyridine)Cr(CO),(N>) species,
possesses a Vy.y band that overlaps with the low-energy vy n band of the fac-(n'-
pyndine)(N;),Cr(CO); species

Photolysis of (n°-pyndine)Cr(CO); n a CHy CO (10 1) matrix with 8 Aexe
of 460 nm resulted n a three band pattern (marked *, 2070, 1937, and 1916 cm ')
charactenistic of the (n'-pyndine)Cr(CO)s species with local Cs4, symmetry (Figure 2 12)
Also present 1s a band at 1983 ecm™ which 1s assigned to Cr(CO)s, which 1s probably
formed by subsequent photolysis of the pentacarbonyl photoproduct If the matnix 1s
further photolysed with Aee= 250 nm, bands at 2030, 1909, and 1870 c¢m ' are formed
which have been assigned to a tetracarbonyl species that 1s produced by CO-loss from (-
pyndine)Cr(CO)s Also formed with A= 250 nm s a peak at 1956 cm ' (Figure 2 12),
which has tentatively been assigned as one of the bands for the Cr(CO)s(CH,) species
(2088, 1961, and 1932 cm ') *> The band at 1961 cm ' was found to be relatively more

intense than the other two bands, which may explain why they were not observed This
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pentacarbonyl species could be produced by erther irradiation of Cr(CO)s or (-
pyndine)Cr(CO)s

Subsequent long wavelength photolysis (A = 530 nm) of the tetracarbonyl
species regenerated the (n'-pyndine)Cr(CO)s complex (Appendix 2B(1)) When an
excitation wavelength of 370 nm was employed, Cr(CO)s was formed and possibly the
Cr(CO)s(CH.) species (Appendix 2B(u1)) The results obtamned when the (n°-
pyndine)Cr(CO); compound underwent long wavelength photolysis 1n a methane matrix
indicated that a nng ship process occurred The extent of this haptotropic rearrangement
was not determined until photolysts of the compound was carnied out 1n a CO doped and a
N, matrix  The results obtamed from irradiation of (1°-pynidine)Cr(CO); n both a N; and
a CO doped matrix are consistent with an n° to an ' haptotropic rearrangement following

long wavelength photolysis

(b) The photochemustry of (n°-2,6-bis(trimethylsilyl)pyridine)Cr(CO);

The matnix photochemustry of (n°-2,6-bis(trimethylsilyl)pyridine)Cr(CO):
was investigated, 1n order to observe the effect of the bulky substituents on the resulting
photochemustry When the compound was photolysed at A...= 460 nm, in an Ar matrix
contammng 10% CO, no photochemical change was observed When an excitation
wavelength of 250 nm was employed depletion of the parent was observed with
concomitant growth of two bands assigned to the dicarbonyl species (1942 and 1890cm ')
Thus can be observed in Figure 2 13(a), where the two bands can be seen to grow m

following the 250 nm excitation Subsequent photolysis with A= 313 nm results in an
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(Spectra obtained after irradiation of an Ar CO (10 1) matrix contaimng (11°-2,6-
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increase mn the bands assigned to the dicarbonyl spectes, but new bands are also observed
at 1954, 1854, and 1845 cm™ These new bands are assigned to the (1'-2,6-
bis(tnmethylsiyl)pyndine)Cr(CO); spectes by companison with the photochemustry of the
(n*-pyndine)Cr(CO); 1n a methane matrix

Figure 2 13(b) shows the photoreversibility of the n* and the dicarbonyl
spectes Following photolysis at 313 nm, (producing both the photoproducts), if the
matnix 1s irradiated with white ight, a depletion of these bands 1s observed with
conconutant regeneration of the parent bands

The photochemustry of (n°-2,6-bis(tnmethylsilyl)pyridine)Cr(CO); was also
mnvestigated mn a N, matrix (Figure 2 14) Photolysis at 460 nm results in the production

of a vi.y band at 2180 cm ' and two v, bands at 1947 and 1904 cm ' which are assigned
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(Spectra obtained after rradiation of a N, matrix containing

(n°-2,6-(TMS)pyridine) Cr(CO)s Aexc= 460 nm, 280 nm)
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as the dicarbony! species (°-2,6-bis(tnmethylsilyl)pyridine)Cr(CO),(N,) Confirming this
assignment 1s the presence of free CO 1n the matrix following photolysis This process 1s
not very efficient, a small amount of the ring slip product can also be observed Following
photolysis at 280 nm shghtly more of the ring slip product can be observed, however the
bands are still weak and 1t proved impossible to determine if the photoproduct interacts

with the matrix environment

2 2 4 Time Resolved Infrared Spectroscopy Experiments

The photochemistry of (n®-pyndine)Cr(CO); was investigated 1n CO

saturated cyclohexane solution and was momtored by TRIR spectroscopy The
concentration of CO 1n the cyclohexane solution was 9 0 x 10°M 4 Figure 2 15

represents the difference spectrum, obtained 1 s after excitation with a laser pulse (Aexc =
308 nm) The negative peaks observed at 1999, 1940, and 1930 cm™ correspond to
depletion of the parent compound The positive peaks at 1950 and 1890 cm™ are assigned
to the photoproduct (n°-pyridine)Cr(CO),(CsH)2) because they are at wavelengths similar
to the bands observed for the dicarbonyl species in a CH, matrix (vide ultra)

Examination of the negative lower frequency bands of the parent, shows that the 1940

cm ' band 1s not of the same intensity as the 1930 cm ' band The 1nitial spectrum of the
compound exhibits two bands of nearly equal intensity The could be a result of overlap

with the 1950 ¢m * band of the photoproduct
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Figure 2.15
(The TRIR spectrum obtained in room temperature CO-saturated CsH);,

1 us after excitation (Aex. = 308 nm) of (n°-pyridine)Cr(CO)3)

Following ~16 ps a very weak band at 2066 cm ' can be observed, also at this time a band
at ~1916 cm™ (overlapping with the parent depletion) 1s present, these bands are assigned
as the pentacarbonyl species These results indicate, that unlike the matnx results, the CO
loss process 1s more efficient in solution compared to the ring slip process

The photoproducts were observed to decay over ~50 ps regenerating the
parent, although not quantitatively, according to Reaction 2 5 The rate constant for this
reaction was determined by subtracting the k. 1n the absence of CO from that in the

presence of 9 mM CO and dividing by 9 mM, and was found to be 1 4 x 107 dm* M''s™
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k;
(M°-pyndine)Cr(CO)x(CsH12) + CO — (°-pyndine)Cr(CO); + CéHy,  Reaction 2 5

2 2 5 Ultraviolet/visible Flash Photolysis Experiments

A series of UV/vis flash photolysis experiments were undertaken in
a vanety of solvents and under different gasses The effect of changing the solvent media

was examined for the three complexes under investigation in this study

(a) The photochemistry of (nﬁ-pyrldme)Cr(CO)g
(1) Cyclohexane

The photochemustry of (n°-pyridine)Cr(CO); was mvestigated by UV/wis flash
photolysis with A= 355 nm 1n CO saturated cyclohexane Figure 2 16 depicts a
difference spectrum obtained 5 us after the laser pulse The negative peak observed at
~330 nm represents the depletion of the parent compound The photoproducts absorb 1n
the valley of the parent absorption (290 nm) and a weaker absorption 1s present at ~500
nm Analysis of the kinetic parameters associated with the absorption at 290 nm indicates
that this species reacts with CO with identical k,, within experimental error, to that

obtained from TRIR expermments (1 4 x 10" dm*M 's™)
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Figure 2.16

(UV/vis difference spectrum obtained 1n room temperature CO saturated CsH,,,

5 us after excitation (Aex. = 355 nm) of (1°-pyridine)Cr(CO)3)

The k; values were obtained from different CO concentrations When the experiment s
repeated under an Ar atmosphere, no depletion of the photoproduct, that absorbs at 290
nm, was observed This indicates that the decay of this species has a dependence on CO
Therefore this absorption could be assigned to the CO loss product, or possibly to the
formation of a dinuclear species formed 1n the absence of CO

Under a CO atmosphere the parent absorption that 1s momtored at 330 nm
recovers by two temporally resolved processes The slower process, 1 e that occurring

after the time indicated by the arrow in Figure 2 17, corresponds to the reformation of the
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Figure 2,17
(The transient signal obtained following photolysis (Aex. = 355 nm) of

(1°-pyridine)Cr(CO) s in room temperature, CO saturated, CsH,,, momtored at 330 nm)

(n°-pyndme)Cr(CO); species via the reaction depicted in Reaction 25 The value for k;
for this reaction 1s 1 1 x 107 dm® M's™ when the concentration of CO 1s 9 0 x 10> M, as
presented in Table 2 4 Thus k; value 1s not 1dentical to the value obtained at 280 nm
although 1t 1s within expenmental error, however the transients at 330 nm are nouster,
possibly explaining the difference observed When the concentration 1s decreased by half,
to 4 5 x 10° M, the rate 1s simularly affected dropping to 6 3 x 10° dm* M's' Therefore
confirming the assignment of this process as the recombination of the dicarbonyl species

with CO reforming the parent Examutnation of the transients indicate that the process 1s

not fully reversible
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[CO] (M) kots (s™)

90x10? 11x 10

45x%10° 63 x 10°
Table 2 4

(ks for Reaction 2 5 at different concentrations of CO)

The faster process, up to the time indicated by the arrow m Figure 2 17, 1s
completed within the nise time of the current equipment (~40 ns) Thus process has been
assigned to the recovery of (n°-pyridine)Cr(CO); from the (n'-pynidine)Cr(CO)s

intermediate

2) Acetonitnile

The photochemustry of (n°*-pyndine)Cr(CO); was mvestigated by UV/vis flash
photolysis with A= 355 nm n CO saturated acetomtnle Acetomtnle 1s a better
coordinating solvent than cyclohexane, because of the lone pair on the nitrogen
Formation of a band with Ama at S00 nm was observed, which did not decay within the
time scale of this experiment The fast process assigned as the reversal of the nng slip
process could be observed at 310 nm (Figure 2 18) A photoproduct was found to absorb
in the same region as the parent species, the formation of this photoproduct could be
observed, again not decaying within the timescale of the expeniment This photoproduct

could possibly have been the (n°-pyndine)Cr(CO)(CH;CN) species
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Figure 2.18
((The transient signal obtained following photolysis (Ax. = 355 nm) of
(1°-pyridine)Cr(CO); in room temperature, CO saturated, CH;CN, monitored at 310 nm)

The ground state UV/vis spectrum, obtained during the flash photolysts
expenment, reveals some information about the spectrum of this photoproduct
Examination of the spectrum (Figure 2 19) reveals that a band 1s produced at ~410 nm
Ths band 1s assigned as a pentacarbonyl species, which could be the (n'-pynidine)Cr(CO)s
or the Cr(CO)s(CH;CN) compound The spectrum of the (n'-pyndine)Cr(CO)s
compound 1n acetonitrile 1s similar to the photoproduct formed following photolysis A
band can also be observed growing n at ~500 nm, this absorption 1s assigned to the
relatively stable species (n°-pyndine)Cr(CO),(NCCH; ) (vide ultra) The depletion of the

parent band can also be observed at 330 nm
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Figure 2.19
(Ground state absorption spectrum of (1’-pyridine)Cr(CO); following photolysis

(Aexc = 355 nm) in room temperature, CO saturated, acetonitrile)

An infrared spectrum obtaimed of the solutton after the expeniment confirms
the presence of a pentacarbonyl species and also indicates the presence of Cr(CO)s The
bands are broad as would be expected mn acetonitnle The charactenstic band of Cr(CO)s
can be observed at 1984 cm™  The two lower absorption bands of the pentacarbonyl
compound are overlapping with the parent, but broadening of the parent bands are
observed, indicating the presence of some other species The proof for the existence of

this pentacarbonyl species in the solution comes from the presence of the distinctive a,

band observed at 2071 cm' A spectrum was obtained of (m'-pyndine)Cr(CO)s 1n
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acetomitrile and the posttions of the bands were 1dentical with those found in this

expenment

(b) The photochemistry of (n°-2,6-lutidine)Cr(CO);

(1) Cyclohexane

The photochemstry of (n°-2,6-lutidine)Cr(CO); was also mvestigated by UV/vis
flash photolysis with A = 355 nm 1n CO saturated cyclohexane Photoproducts were
observed at similar wavelengths to those seen for the (n°-pynidine)Cr(CO); system
Figure 2 20 depicts the transients observed at two different wavelengths The first
transient observed at 280 nm corresponds to the formation of the dicarbonyl species and
its subsequent recombination with CO  The second represents the depletion of the parent
absorption (330 nm), followed by its biphasic recovery, which corresponds to the fast
reversal of the nng shp product and the slower recombination of the dicarbonyl species
with CO Examination of the kinetic parameters of the recombination of the dicarbonyl
species with CO, according to Reaction 2 6 (S = cyclohexane), yields a k, value of 1 5 x

10’ dm® M''s™ ( at 280 nm)

k2
(m°-2,6-utidine)Cr(CO)(S) + CO —> (1°-2,6-lutidine)Cr(CO); + S Reaction 2 6
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Figure 2.20

(The transient signals obtained following photolysis, (hexe=355 nm) of

(n°-2,6-lutidine)Cr(CO); n CsH,, (CO), monitored at (a)280 nm, (b) 330 nm)
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In Figure 2 20 the ks obtained for the recombination with CO are shown, the k; values
can then be found by, dividing this value by the concentration of CO (9 0 x 10° M)

The ground state absorption spectra obtained during the flash photolysis
experiment exhibits a sharp 1sosbestic point at ~298 nm The parent absorption decreases
dunng the experiment, which agrees with the results of the flash photolysis experiments
observed in Figure 2 20 The transient signals indicate that Reaction 2 6 in not totally
reversible, and that the parent depletion does not fully recover on the finite-scale of this
expenment, which would explain the decrease in the parent absorption

When the experiment 1s repeated under an Ar atmosphere, depletion of the
parent absorption 1s observed at 330 nm, but this time no recovery 1s observed The
transient at 280 nm shows the formation of the dicarbonyl species, this species does not
decay 1n the time scale of the expeniment (100 us) Ground state UV/vis absorption
spectra obtained during the expenment are similar to those obtained under a CO
atmosphere This indicates the 1sosbestic points, observed in both spectra, could be a
result of the formation of the (n°-2,6-lutidine)Cr(CO)x(CsH,2) species However under

the Ar atmosphere the presence of a dinuclear species cannot be discounted

(2) Acetonitnle

The photochemustry of (n°-2,6-lutidine)Cr(CO); was investigated by UV/vis flash
photolysis with A= 355 nm 1n CO saturated acetonitnile A transient signal was
observed at 280 nm assigned to the dicarbony! species, (n°-2,6-lutidine)Cr(CO)x(S),

where S 1s acetomitrile  This species was not observed to react with CO No transient
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signal was observed at 500 nm 1n this experiment, unlike the (n°-pyndine)Cr(CO)s
expenments The ground state absorption spectra obtained duning the flash photolysis

expenment exhibits an 1sosbestic point at ~300 nm A band can be observed growing at
~500 nm, corresponding to the (n°-2,6-lutidine)Cr(CO)(S) species (Figure 2 21)
Another weak band can be observed at ~400 nm, which could posstbly be a pentacarbonyl

species, erther (n'-2,6-lutidine)Cr(CO)s or Cr(CO)s(CHsCN) Thus 1s confirmed by an IR
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Figure 2.18
(Ground state absorption spectrum of (1’-2,6-lutidine)Cr(CO); (~1 3 x 10*M) following

photolysis (Aexc = 355 nm) in room temperature, CO saturated, acetonitrile)

spectrum obtained of the final solution, again exhibiting the distinctive 2074 cm™ band of
the pentacarbonyl species (Figure 2 22) Two bands are assigned to the dicarbonyl species

(1°-2,6-lutidine)Cr(CO),(CH;CN), because of their similarity to the bands observed in the
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Figure 2.22
(IR spectrum of the solution obtained following photolysis of (1°-2,6-lutidine)Cr(CO);

(Aexe = 355 nm) in room temperature, CO saturated, acetonitrile)

methane matnx for the (n°-pyridine)Cr(CO),(CH.) species (1945 and 1888 cm™) No
Cr(CO)s was observed in this experniment, the Cr(CQO)s 1s presumably formed by the
photolysis of the pentacarbonyl species The photolysis time 1n this experiment was
shorter than the corresponding expeniment conducted with the (n°-pyndine)Cr(CO);
compound This could possibly result in an insufficient amount of the pentacarbonyl

species being formed, hence preventing the production of Cr(CO)s
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(c) The photochenustry of (1°2,6-bis(trimethylsilyl)pyridine)Cr(CO);
(1) Cyclohexane

The photochemustry of (n°-2,6-bis(tnmethylsilyl)pyridine)Cr(CO); was
mvestigated by UV/vis flash photolysis, with A= 355 nm in CO saturated cyclohexane
A transient absorption was observed at 280 nm, and this species reacted with CO with a k,
value 1 6 x 10® dm®* M s™ according to Reaction 2 7, (where TMS = 2,6-
bis(tnmethylsilyl) and S = cyclohexane) Ths k, value was obtained by dividing the ke, by

the concentration of CO at 1 atm of CO

k;
(n*<(TMS)pyndine)Cr(CO)(S) + CO — (w*-(TMS)pyndine)Cr(CO); + S Reaction 2 7

The transient signal observed at 280 nm 1s shown in Figure 2 23(a) From this 1t can be
seen that the species responsible for the absorption decays fully to regenerate the parent
complex At 330 nm both the very fast reaction assigned to the reversal of the ning shp
process and the recombination with CO 1s observed (not ilustrated) No transient species
1s observed at 500 nm

The ground state absorption spectra obtained during the flash photolysis
experiment shows no change, which 1s consistent with the reversibility observed for the
transient species Consequently the IR spectrum of the final solution also shows no
photoproducts

Figure 2 23(b) shows the transient signal observed at 280 nm under an Ar
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(The transient signals obtained following photolysis, (hex. = 355 nm) of

(1°-2,6-(TMS)pyridine) Cr(CO) s in CsH,; monitored at 280 nm (a) CO (b) Ar)

atmosphere, m cyclohexane This could be the (1°-2,6-(TMS)pyridine)Cr(CO),(S) spectes
or possibly a dinuclear species not involving the arene ring, as the substituents would
probably hinder this mteraction This transient signal did not decay on the timescale of the
expeniment

The ground state absorption spectrum monitored durning the experiment in
the absence of CO, exhibits depletion of the parent complex with concomutant growth of
bands at ~ 260 nm and 280 nm and a weak broad band in the visible region (440 to 520
nm) The IR spectrum of the final solution shows the production of bands at ~1870 cm™

and a shoulder on the parent band ~1934 ¢m ' similar to the bands observed for the
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dicarbonyl! species 1n an Ar CO matrix (1890 and 1942 cm™), supporting the assignment of
this species as the (n°-2,6-(TMS)pyridine)Cr(CO),(S) complex

(2) Acetonitrile

The photochemustry of (n°-2,6-bis(trimethylsilyl)pyridine)Cr(CO); was
investigated by UV/vis flash photolysis with Acx. =355 nm 1n CO saturated acetontrile
The formation of the dicarbonyl species, (n°-2,6-(TMS)pynidine)Cr(CO)x(S), 1s observed
at 280 nm, which does not decay within the timescale of the expertment No transient
signals were observed at 500 nm The ground state absorption spectrum depicted in
Figure 2 24 shows the growth of two bands assigned to (n°-2,6-(TMS)pynidine)

Cr(CO)(CH;CN) at ~ 260 and ~ 500 nm Unlike the (n°-pyndine)Cr(CO); and

Rbeorbance(RAU)
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Figure 2 24
(Ground state absorption spectrum of (1°-2,6-(TMS)pyridine)Cr(CQ); following

photolysis (Aexc = 355 nm) in room temperature, CO saturated acetonitrile)
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(1°-2,6-lutidine)Cr(CO); systems no band at ~ 400 nm 1s observed, indicating that no (n'-
2,6-(TMS)pyrdine)Cr(CO)s or Cr(CO)s(CH3;CN) 1s formed Thus 1s confirmed by the IR
spectrum, the only photoproducts observed are assigned to the dicarbonyl species, (1945

and 1870 cm™) (1°-2,6-(TMS)pyridine)Cr(CO)(CH;CN)

2 2 6 Discussion

The formation of (n'-pyndine)Cr(CO)s and ultimately Cr(CO); as a result
of the photolysis of (n’-pyndine)Cr(CO); m the presence of CO, demonstrates that CO-
loss 1s not the only photochemucal route accessible to this complex If this were the case,
then no photochemical change would be apparent under these conditions The efficiency
of this photochemical process is dependent on the nature of the solvent and the
substituents a-to the mtrogen on the pyridine ring  From the steady state experiments
(Section 2 2 2)1t can be seen that photolysis m solvents with a Lews base character (e g
methanol or dimethylsulphoxide) results in a more efficient formation of the pentacarbonyl
species and the free pyndine, than photolysis in cyclohexane, benzene, or acetomtrile
This suggests that solvents play a role 1n stabilising the intermediate formed from the
haptotropic rearrangement of the pyndine ring The UV/wis flash photolysis expeniments
(Section 2 2 5) of the three compounds, demonstrate the effect of the substituents c-to the
mitrogen on the pyridine nng  When hydrogen atoms are present at the 2 and 6 positions
the pentacarbonyl species is formed However, bulky trimethylsilyl groups appear to

hinder the production of the pentacarbonyl species The matrix 1solation experiments
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prove to be valuable m determining the nature of the intermediate formed via the ning slip
process

The photochemustry of (n°-pyridine)Cr(CO)s, 1solated 1n a range of low
temperature matrices exhibited a wavelength dependency Long wavelength irradiation
(Aexe= 460 nm) results 1n an haptotropic change of the pyndine nng coordination This
was observed 1n a methane matnx, where the photoproduct possessed a three band pattern
1n the v,, region which corresponds to the number of CO ligands present Therefore no
CO loss occurred, further supported by the absence of a band associated with free CO
the matnix, and the only photochemustry mvolved an hapticity change of the pyndine
coordination The photochemstry of (n°-pyridine)Cr(CO); was investigated 1n a mtrogen
matrix to elucidate the extent of this hapticity change The results suggested that an n®to
n' haptotropic rearrangement occurred producing the 14 electron, doubly coordinatively
unsaturated, (n'-pyndine)Cr(CO);, which subsequently coordinates to two N, molecules
This speces, fac-(n'-pyndine)(N,),Cr(CO); has two absorption bands 1n the vy.x region
Following long wavelength irradiation (Acx. = 460 nm) 1n a CO nch matnx (n'-
pynidine)Cr(CO)s 1s predomunantly formed, the tetracarbonyl compound s only produced
following subsequent photolysis of the pentacarbonyl species (Aexe = 250 nm)
Regeneration of the pentacarbonyl species occurs following white hght photolysis of the
tetracarbonyl photoproduct Therefore the results from these two matnx environments
suggests, that absorption of a visible photon, generates two vacant coordination sites on

the metal, as a result of the n° to n' haptotropic rearrangement of the pyndine nng as

depicted 1n Scheme 2 4
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Shorter wavelength rrradiation (308 nm) of (n°-pyndine)Cr(CO); 1solated
in a CH, matnix produced two photoproducts Again the (n'-pyrnidine)Cr(CO); species
was observed, and also further bands at 1945 and 1888 cm™ In these experiments a band
assigned to free CO was also observed These bands were assigned to the CO loss
product, because of the presence of free CO 1n the matnix Confirmation of this
assignment was attained by a comparison of the shufts in the band positions, between the
parent to the photoproduct, relative to the shifts observed for the (n°-benzene)Cr(CO);
system The high energy band of the photoproduct 1s shifted by 56 cm ' compared to the
parent compound m both the (n°-benzene)Cr(CO); and the (n°-pyndine)Cr(CO); systems
Averaging the lower energy absorptions, results mn a shift of 44 cm ! for the (n°-
pyndine)Cr(CO)s system, this 1s simular to the shift observed for the (n°-benzene)Cr(CO),
system (38 cm™) Therefore the photochemustry of (n®-pyndine)Cr(CO); exhibited a
wavelength dependence when 1solated 1n a range of matrices Long wavelength photolysis
resulted 1n an haptotropic rearrangement of the pyridine nng, without any CO-loss, (which
1s the most common photoproduct observed upon photolysis of (n°-arene)Cr(CO)s
compounds), whereas shorter wavelength photolysis produced both (1°-

pyndine)Cr(CO),(S) and also the ring slip product
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The matrix photochemustry of (1°-2,6-bis(tnmethylsilyl)pyndine)Cr(CO);
was examuned to investigate the effect of the bulky substituents on the photochemustry of
this system In contrast to the photochemustry of the unsubstituted analogue descnibed
above, no evidence for the production of a pentacarbonyl or hexacarbonyl! species was
obtaned, following photolysis of the TMS denvative In fact when the compound was
photolysed with an excitation wavelength of 460 nm, no photoproducts were observed 1n
the IR spectrum Irradiation with A= 313 nm produced both the ning-ship and CO-loss

species, although the absorption bands of the ring slip product were weak The
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(The UV/wis spectrum of (1°-pyridine)Cr(CO); in a CH, matrix at 12K (—), and the same
matrix following irradiation 60 s with Ay, = 308 nm (——) These spectra are not

corrected for matrix scatter )
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photoproducts underwent photoreversal upon white light photolysis, this may explain the
lack of photoproducts observed following 460 nm irradiation, which may simply reflect an
efficient photoreversal of the ning-ship product Figure 2 25 shows that the photoproducts
formed following 308 nm 1rradiation of (n°-pyndine)Cr(CO); 1n a methane matrix, which
exhibit a broad absorption in the visible region of the spectrum When the photochemustry
of (n°-2,6-bis(trmmethylsilyl)pyridine)Cr(CO); 1s investigated n a N, matrix, the
predominant photoproduct 1s the dicarbonyl species, even following long wavelength
wradiation However the process 1s very mefficient Weak bands were observed which
could be assigned as the ning-ship product, however these bands were so weak it proved
umpossible to detect any vw.y bands associated with thus species Therefore it 1s not
possible to ascertain if the ning-ship product interacts with the N; matnix UV/wis flash
photolysis experiments of (n°-2,6-bis(trmethylsilyl)pyndine)Cr(CO)s; 1n acetomtrile
provided no evidence for the presence of the pentacarbonyl species, unlike analogous
experiments mvolving (n°-pyndine)Cr(CO); and (n°*-lutidine)Cr(CO); Possibly indicating
that, interaction of the environment with the two vacant coordination sites (produced by
the ning slip process), 1s hindered by the two bulky substituents o-to the mtrogen on the
pyndine ring

In order to investigate the effect of these substituents, when the pyndine
ring 1s bound to the metal via the ' mteraction, the X-ray data obtamed (Chapter 3) for
the (n°-2,6-bis(tnmethylsilyl)pyrndine)Cr(CO); compound was examined Using the
“UNLOCK MODEL” facility in Schakal -92* the chromum tnicarbonyl umt was located

2 0 A from the nitrogen atom Thus 1s approximately where it would be following an 7° to
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n' haptotropic shift Analysis of the close contacts for this orientation ndicated that there
was sufficient freedom to permut coordination of the pyndine nitrogen atom to the
chromium tricarbonyl unut, but not to hugher order carbonyl units or addrtional solvent or
matnix molecules This explains why the presence of the tnmethylsilyl groups a-to the
coordinating nitrogen atom prevents the formation of the metal pentacarbonyl or metal
tetracarbonyl species

The photochemistry of (n°-pyndine)Cr(CO); was mvestigated 1n
cyclohexane and momtored by TRIR The results indicated that the primary phototnduced
process resulted 1n the production of the dicarbonyl species, only very weak bands
associated with the pentacarbonyl species were subsequently observed Two plausible
explanations are possible for this observation

Firstly, that the ring ship process 1s only observed as a result of secondary
photolysis of the CO loss product If this were the case then the ring ship product would
only be observed following steady state photolysis and not be observed following pulsed
laser photolysts This explanation 1s discounted on two grounds, firstly the ring shp
product 1s observed in the matrix experniments, following long wavelength photolysis, in
the absence of any dicarbonyl species being present Secondly, photolysis of the
dicarbonyl species results 1n regeneration of the parent species and not the ning-slip
product

The second explanation for the difference between the matrix results and
the TRIR results concur with the results obtained in the UV/wis flash photolysis

expeniments Montoring the recovery of the depleted parent absorption at 330 nm
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following pulse photolysis at 355 nm, demonstrated that the recovery followed a biphasic
time profile The faster of these recovenes, measured to occur within 40 ns, was assigned
to the reversal of the ning-slip process This process would then occur within the rise-time
of the TRIR equipment, preventing any observation of this process As the TRIR
expeniments were carried out 1n cyclohexane which, according to the UV/vis results, does
not act as an efficient “trap” for the ring slip product, only a small amount of the
pentacarbonyl species would be formed This leads to the conclusion that although the
ring ship process accounts for a significant proportion of the energy absorbed, 1t does not
lead to discermible photoproducts m solution unless the i)' species 1s “trapped” by a donor
solvent

The k; values obtained from TRIR and UV/vis flash photolysis experiments
for Reaction 2 8 are the same within expenimental error The TRIR results were obtained
by subtracting the ks 1n the absence of CO from that in the presence of 9 mm CO and
dividing by 9 mm The UV/wis results were obtained by dividing the ks by the

concentration of CO at different concentrations of CO

ka
(n*-pyndmne)Cr(CO)(CsHy) + CO = (n°-pynidine)Cr(CO)s + CsHy,  Reaction 2 8

Table 2 5 contains a summary of the k; values obtained from UV/v1s flash photolysis

expenments, for the reaction of the solvated complexes with CO It can be seen that the
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L k; (dm’M's ")
[cyclohexane (£10%)]
pynidine 14 x10’
2,6-lutidine 15x10’
2,6-bis(trimethylsilyl)pynidine 16x10°

Table 2.5
(The second order rate constants (k) for the reaction of
LCr(CO)(S) with CO at 298 K)

rates for the reaction when the arene higand 1s pyridine or 2,6-lutidine do not differ greatly
However the rate for the reaction, when the substituents are the bulky trimethylsilyl
groups, 1s one order of magnitude faster Thus increase 1n rate with increasing substitution

on the arene ring has been observed previously 4640 Results obtained by Poliakoff et al 45

indicated that substitution of the cyclopentadienyl ring changes the rate of reaction of the
(7’-CsRs)Mn(CO),(n-heptane) intermediates with CO, where R = H, CHs, or C;Hs  As
the electrontc factors for the higands when R 1s CH; or C,H; are simular, it was suggested
that the ongin of the vanation 1n rates was steric rather than electronic  As the
trimethylsilyl higands do differ electronically from the H and CH; ligands, both steric and
electronic factors may play a role in increasing the rate of the reaction of (n°-2,6-
bis(tnimethylsily)pyridine)Cr(CO).(S)

Scheme 2 5 summarises the overall photochemistry and subsequent thermal
reactions of the ('r|6-pyndme)Cr(CO)3 compound The photochemustry of the (n°-2,6-
lutidine)Cr(CO); 1s very similar to the reactions represented in Scheme 2 5 However the

photochemustry of the (n6-2,6-b1s(tnmethylsxlyl)pyndme)Cr(CO)3 does differ from the
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(CO ligands are represented thus — for clarity Reaction conditions (1) Ay < 360 nm,
Sol = cyclohexane, (11) Ao > 308 nm, (1) 1, < 40 ns in cyclohexane, (1v) Sol =

acetonitrile, benzene, cyclohexane, dimethylsulphoxide, or methanol, (v) CO saturated

acetonitrile, benzene, cyclohexane, or methanol, (vi) 2. = 460 nm N> matrix, (Vi) Aey
460 nm 10% CO in CHs matrix, (viit) Aere = 250 nm 10% CO in CHy matrix, (i1x) Aexe >

530 nm 10% CO i CH, matrix, (x) hv 10% CO in CH, matrix )
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above scheme The bulky substituents a-to the mtrogen on the pyndine nng play a role in
hindening the ning ship process Therefore although this haptotropic rearrangement does
occur, reactions (1v), (v1), or (vir) n Scheme 2 5 do not proceed for this complex The
photochemustry of this complex 1s dominated by the extreme photoreversibility of the two
photochemical pathways, resulting in a very photostable system compared to the other

two complexes

2 2 7 Conclusions

Although the photochemustry of this system 1s relatively simple, a vanety of
techmques were required to elucidate the photochemical pathways of the (n°-
pyridine)Cr(CO); compound When the data collected from the different techmques were
compared, a complete picture of the photochemustry of this system was possible If
however, only the TRIR techmque was employed, an overly simplistic interpretation of the
photochemucal routes available to these compounds, would have been obtained

This study has demonstrated the importance of the ring slip process m the
photochemstry of the (n°-arene)Cr(CO); complexes The lone pair on the mitrogen has
acted as a very efficient trap for this process, even when it is sterically hindered by
substituents o-to the mitrogen These results have also confirmed the importance of the
solvent environment when mvestigating the photochemustry of organometallic compounds
For nstance when the photochemustry 1s carnied out 1n a solvent with a strong Lewis base
character, more of the products formed va the ring slip process can be observed
However ivestigation 1n a solvent that 1s a weaker base, could result 1n this process being

mussed entirely, as a result of its high reversibihity
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