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Abstract

Chapter 1. Introduction

An introduction to the detection of reactive intermediates by various spectroscopic
techniques is given, as well as a brief introduction to perfluorinated solvents,

which are used throughout the work presented in Chapters 2 to 4.

Chapter 2. Time-Resolved Studies of Spin-Forbidden Reactions of
Transition Metal Carbonyls with Weak Ligands

The photolysis of a series of first-row transition metal carbonyl compounds
which have been previously reported to form 16-electron coordinatively unsat-
urated intermediates was examined in a series of perfluorinated solvents using
TRMPS (time-resolved multiple probe spectroscopy) and TRIR (time-resolved
infrared) spectroscopy. In the case of Fe(CO),, CpMn(CO),, (MeCp)Mn(CO),
and CpV(CO),, the rate of reaction of the 16-electron intermediate with the
perfluorinated solvent was found to be slower than that previously reported for
weakly coordinating solvents (e.g. alkanes). Addition of cyclopentane, CO,,
Xe and C,Hy to a solution of CpMn(CO), in perfluoro(methylcyclohexane) was
shown to change the rate of this spin-forbidden reaction, as well as the v(CO)
band positions of the resulting 'CpMn(CO),X (X = solvent or dopant) complex.
Other perfluorinated materials (perfluoro(hexanes) and perfluoro(triethylamine))
are also shown to allow formation of such weakly-coordinated alkane and noble

gas complexes in room-temperature liquid solution.

Chapter 3. Further Time-Resolved Studies of Alkane and Noble Gas

Complexes in Room Temperature Perfluoroalkane Solutions

The photochemistry of various model transition metal compounds in perfluo-
roalkane solutions was examined with TRMPS and TRIR spectroscopy. 266
nm photolysis of CpRe(CO),, Cp Re(CO), and CpRe(CO),(N,) in perfluoro-
(methylcyclohexane) solution was found to result in the formation of two distinct

dicarbonyl species of the form CpRe(CO),X, the first of which decay completely



on the nanosecond timescale to form the second. The rate of formation, rate of
decay and v(CO) band positions of this second dicarbonyl species were found
to be dependent on the nature of the the solvents or dopants including Xe or
cyclopentane present in solution. Similar results were observed for complexes of
the form M(CO), (M = Cr, Mo, W). DFT calculations were used in conjunction
with spectroscopic studies to attempt to confirm the structure of the initially
formed species following photolysis of CpRe(CO), and M(CO), in PFMCH solu-
tion. Good agreement was observed between the calculated v(CO) band positions
of coordinatively unsaturated species and the unknown initially formed CO loss
species. Doping of CH, or C,Hg into a solution of CpRe(CO), or Cp Re(CO),
resulted in observation of a C-H activated alkyl hydride complex, with the
amount of observed C-H activation vaying in the order: CpRe(CO), with ethane
< Cp'Re(CO), with ethane < CpRe(CO), with methane < Cp Re(CO), with
methane. Photolysis of CpRh(CO), in perfluoroalkane solvents was shown to
lead to formation of a monocarbonyl solvent complex, followed by the dimeric
species Cp,Rh,(CO),, as well as another species, very tentatively assigned to a
C-F activated oxidative addition product. Addition of Xe to the above solution
was shown to slow formation of the dimeric species, with no evidence of C-F
activation observed, indicating formation of CpRh(CO)Xe in room temperature

solution.

Chapter 4. Time-Resolved Spectroscopic Studies of Organometallic

Triethylsilane Complexes

TRMPS studies of CpMn(CO),, CpRe(CO), and Cp"Re(CO), were undertaken
in neat HSiEt, solvent. Photolysis of CpMn(CO), resulted in initial formation of
*CpMn(CO),, following by both direct and indirect formation of the Si-H activated
species CpMn(CO),(H-SiEt;) on the picosecond and nanosecond timescales,
respectively. Photolysis of CpRe(CO), and Cp Re(CO), was shown to result
in formation of a o-complex, followed by Si-H activation on the microsecond
timescale. Doping of a small amount of HSiEt, into solutions of CpMn(CO), and
CpRe(CO); in perfluoro(methylcyclohexane) was found to result in alteration
of the reaction rates, while the final product was still found to be the Si-H
activated species in both cases. Photolysis of W(CO), was found to result in
initial formation of the ethyl-bound W(CO),(EtSiHEt,), which interconverted to

vi



form the Si-H-bound species W(CO).(H—SiEt;). Preliminary time-resolved x-ray
absorption fine structure spectroscopic studies are also presented. Photolysis of
W(CO)4 and CpRe(CO), in neat HSiEt; was observed to cause subtle changes in
the absorption edge compared to ground state XAFS spectra, indicating possible

formation of transient species in both cases.

Chapter 5. Experimental

The experimental techniques utilised in this Thesis are described.
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Chapter 1

Introduction

The reactions of the transition metals and their compounds are of great interest

across many fields of study including, but not limited to, catalysis,! % solar energy

11-14 15-18

production, 10 CO, capture and storage and pharmaceuticals. Determining
the nature and subsequent reactivity of any intermediates produced during the course of
a chemical reaction is key to understanding the reaction itself. Information pertaining

to the rates and mechanisms of chemical reactions can be elucidated using a variety of

spectroscopic techniques.

In this Thesis, time-resolved spectroscopies have been used to examine a vari-
ety of different photochemical and photophysical processes. In particular, the work
can be divided into three areas (i) the spin-forbidden reactions that occur following
photoinduced carbonyl loss from a series of first row transition metal compounds,
and subsequent formation of noble gas and alkane complexes; (ii) the formation and

stability of organometallic alkane and noble gas complexes at room temperature; (iii)
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the formation of hydrosilane complexes and subsequent activation of Si-H bonds by a
series of transition metal carbonyl species following photoinduced ligand loss. Since
each Chapter begins with its own introduction, only a brief outline of the generation

and study of reactive intermediates is given in this Introduction.

Although the majority of the work presented within this Thesis contains time-
resolved infrared spectroscopic measurements, the original aim was that such ex-
periments would underpin development of time-resolved x-ray absorption studies of
short-lived organometallic species, including alkane and noble gas complexes. These
x-ray studies would be used in conjunction with IR studies to provide a structural
probe of any reactive intermediates formed, and provide additional detail regarding the

formation and reactivity of such transient species.

1.1 Generation and Study of Reactive Intermediates

Even a seemingly simple chemical reaction can proceed through a complex mechanism.
The work in this Thesis largely concerns the possible reaction of a metal carbonyl
complexes with a coordinating solvent, which can include many reactive intermediates,

a possible example of which is shown in Scheme 1.1.

hv * -CO +Sol
R

IM]-CO 2% (M]—CO)* =% M [M]—Sol

ScHEME 1.1: Example reaction scheme for the photochemical ligand exchange of a

transition metal carbonyl [M]—CO with solvent ‘Sol’. This solvent complex can go on

to react with additional solvent, dopant or parent molecules, or undergo isomerism,
rearrangement, oxidative addition or elimination.
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The study of these transient species using conventional analytical techniques
raises an interesting problem. Reactive intermediates tend to have very short lifetimes
due to their high reactivity, and are therefore often present in very low concentrations
within the reaction mixture. The study of reactive intermediates therefore requires the
use of techniques that can either extend the lifetime of the transient species by cooling
the reaction down such that these species can be studied with conventional spectroscopic
techniques, e.g., matrix isolation, or allow rapid observation of the intermediates before

they decay as in time-resolved spectroscopies.

The work described in this Thesis involves the generation of reactive intermediates
by photochemical means. In the work presented within this Thesis, ultraviolet light
is used to photolyse metal carbonyl complexes, causing the loss of a carbonyl or
nitrogen ligand. This results in the formation of coordinatively unsaturated 16-electron
complexes. While these intermediates would normally react very rapidly with the
solvent, 1920 the unusual solvent environment utilised in Chapters 2 and 3 extends
the lifetime of these species. In all of the cases that are investigated in this Thesis,
the wavelength of UV or visible light used to excite the sample is tuned to selectively
initiate the reaction or process of interest. This selectivity is a major advantage of
photochemical initiation. The use of ultrafast laser pulses is also advantageous, allowing
extremely rapid generation of the intermediates of interest. In all of these cases, an IR

reporter ligand is utilised to probe the reaction mechanism or monitor the kinetics.
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1.2 Time-Resolved Spectroscopy

Many time-resolved spectroscopies make use of a “pump-probe” approach, originally
based on the flash photolysis experiments developed by Norrish and Porter.?! These
“pump-probe” techniques utilise the basic principle of flash photolysis, generating
reactive intermediates with a short pulse while also using fast detection to observe these
intermediates in “real-time”. Early experiments used UV flash lamps to both pump and
probe the sample of interest,?223 allowing mechanistic details of reactions occurring on
the millisecond timescale to be elucidated. In subsequent years, spectrometers have
been developed which can monitor chemical reactions on the femtosecond timescale.?*

A simple schematic of a “pump-probe” experiment is shown in Figure 1.1.

Pump

Probe » Sample O Detector

FIGURE 1.1: Schematic of the pump-probe technique. In the context of this Thesis,
UV or visible light acts as the pump, while an IR, UV, visible light or x-ray source
acts as the probe.

Time-resolved spectroscopy can be used to monitor the concentrations of the
species involved in a chemical reaction, including parent, intermediate and product
compounds giving information on chemical structure and reaction kinetics. Spectra

can be recorded for a series of time delays, and by observing how the absorbance of the
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signature absorption bands of each species changes with time, mechanistic details can

be determined.

1.2.1 Time-Resolved Infrared Spectroscopy

Time-resolved infrared (TRIR) spectroscopy has proven to be an incredibly powerful
technique for studying chemical reactions, not only for transition metal complexes, but
organic and biological species as well.?5 29 Time-resolved UV /visible flash photolysis
is a powerful approach, but in the condensed phase absorbance bands are broad and
featureless. Time-resolved vibrational spectroscopies offer a structurally sensitive
alternative to a UV /visible approach. Time-resolved infrared spectroscopy involves
photolysis of the sample of interest using a UV or visible pulse, followed by fast detection
of intermediates using an IR pulse. In its earliest incarnations, TRIR spectroscopy
utilised an adapted dispersive IR spectrometer to probe intermediates on a millisecond

0 and

timescale. These early experiments are reported in detail in the literature,?
will not be discussed further here. However, these early experiments do bear some
resemblance to more modern TRIR spectroscopy techniques. Rapid-scan Fourier
transform infrared (FTIR) spectroscopy is capable of achieving time resolutions on the
millisecond timescale, limited by the amount of time required to move the mirror of
the Michelson interferometer. Step-scan FTIR (s®>-FTIR) is a related technique, which

allows a much better time resolution of 1 ns to be achieved, limited by the rise-time of

the detector.3!

While the above techniques utilise a broadband IR source, point-by-point TRIR

spectroscopy uses a single wavelength to probe the sample. The change in IR absorbance
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with time at that specific frequency, following UV or visible irradiation of the sample,
yields kinetic data. This process can then be repeated for a series of IR wavelengths,

and the spectrum can be built up “point-by-point”, as outlined in Figure 1.2.

AAbs
(]
v

AAbs

v

A

Wavenumber

v

Time

Figure 1.2: Illustration of the data outputted by a point-by-point TRIR system,
showing how difference spectra can be built up from a series of single-wavenumber
kinetic traces.

The time resolution of a point-by-point TRIR experiment is determined by the
rise-time of the IR detector, and the length of the UV or visible excitation pulse. The
use of a fast mercury-cadmium-telluride (MCT) detector allows for the detection of
reactive intermediates on a nanosecond timescale. Various different cw (continuous
wave) IR lasers have been utilised for this purpose.3?33 However, in recent years
advances in semiconductor manufacture have allowed for the development of external
cavity Quantum Cascade lasers, which offer many advantages over other mid-IR laser

sources, used for TRIR experiments. 3435
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1.2.1.1 Ultrafast Time-Resolved Infrared Spectroscopy

In a point-by-point TRIR experiment the rise-time of the MCT detector is still a limiting
factor, and the time resolution is generally 1-10 ns. Measurements on a sub-nanosecond
timescale require a different approach. In such experiments, the pump and probe pulses
are separated in time using an optical delay line, with the pump pulse arriving either
before or after the probe pulse, depending on the length of the path each beam travels. %4
The two beams meet at the sample position, after which the IR pulse is dispersed onto
a linear MCT array detector. In the experiments described in this Thesis, every second
pump pulse is removed by an optical chopper, and a difference spectrum is produced
by subtracting the pump-off signal from the pump-on signal at each time delay. This
technique has allowed chemical reactions on the picosecond timescale to be studied.36:37

The ultrafast TRIR apparatus used in this Thesis is described in detail in Chapter

5.2438 Figure 1.3 shows a schematic of a modern ultrafast TRIR system.

Ultrafast TRIR systems generally rely on the output of a Ti:Sapphire laser, which
emits at 800 nm. Pulsewidths are often very short. This initial seed pulse is used
to generate both the UV /visible and IR pulses through the use of optical parametric
amplifiers (OPA). These ultra-short pulses are synchronised and tunable. Very high
repetition (1-10 kHz) rates allow for very low concentrations of transient species to be
observed.?* However, this repeated excitation of the sample may lead to sample heating
or degradation, which may involve the build-up of product species on spectroscopic cell
windows. This problem can be minimised by rastering the sample cell, and by flowing

the sample in order to constantly refresh it.
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Array detector Moving mirror

(sample)

Spectrograph

Beamdump Sample

\ Seed laser
/

IR

Array detector

Spectrograph (reference)

FIGURE 1.3: Schematic of a modern broadband picosecond TRIR spectrometer,
utilising a UV pump and a mid-IR probe.

A recent development in the area of TRIR is time-resolved multiple probe
spectroscopy (TRMPS) at the Rutherford Appleton Laboratory that has allowed for
the collection of difference spectra at many different time delays for each pump pulse. 3
This is achieved by using a different repetition rate for the pump and probe beams.
This system allows for chemistry occurring on the fs to ms timescales to be studied
during a single experiment. Figure 1.4 shows a schematic of a TRMPS experiment in

the sample is pumped by a 1 kHz UV pulse and probed by successive 10 kHz IR pulses.
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100 ps

LD T L TR e

Tms

Pump

ag]
100 fs to
100 ps

FIGURE 1.4: Model of a TRMPS experiment, showing how time delays from 100 fs to
1 ms can be achieved in the same experiment.

1.3 Other Techniques Used To Study Reactive Interme-

diates

1.3.1 Low Temperature Solution Studies

Cooling a solution to low temperature can extend the lifetime of reactive intermediates
allowing them to be studied with conventional spectroscopic techniques. This approach
offers an important advantage, in that it allows the lifetimes of reactive species to be
prolonged while still allowing diffusion of intermediates within the solution. Standard
analytical techniques such as NMR*% 47 and FTIR spectroscopies! 4346748 can be
used to characterise the species of interest. Common solvents for these studies include
alkanes and liquefied noble gases (e.g., Xe, Kr).424950 The noble gases in particular

possess an advantage in that they have no IR absorption bands of their own.
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1.3.2 Matrix Isolation

Matrix isolation can also be used to extend the lifetimes of reactive intermediates,
again allowing them to be characterised by conventional spectroscopic techniques.®!
Unlike low temperature solution studies described above, matrix isolation involves
the containment of reactive intermediates within a solid medium. An inert matrix
material is doped with the molecule of interest. The molecule of interest is irradiated,
and any reactive intermediates produced are contained within the matrix material.
These reactive species are isolated from other species by the matrix, and are unable to
diffuse through the matrix in order to undergo further reaction, e.g., recombination or
intermolecular electron transfer. During the experiment, the matrix material is often

kept at low temperature leaving any transient species with little energy to undergo

chemical reactions. Many different matrix materials have been reported, including

52-54 55,56 57,58

frozen noble gases, organic solvents and polymers.

Matrix isolation is an extremely powerful technique for the study of reactive
species which are short-lived at ambient temperatures. However, the technique does
have several disadvantages. For example, the matrix material may have its own strong
IR absorbance bands, which may obscure the absorbance bands of the molecule of
interest, making spectra more difficult to interpret. This is particularly relevant when
organic solvent or polymer matrices are used, though the impact of the matrix on the
spectrum can be minimised through the use of a noble gas matrix. The melting point
of the matrix material may limit the temperature range at which the intermediates of
interest can be studied. In extreme cases this may impede the study of the intermediate

of interest entirely. Finally, the transient species of interest may interact with the matrix

10
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itself, altering the mechanism of the reaction and the structure of the intermediates

being studied. This phenomenon is known as the “matrix effect”.5?

1.4 Perfluorinated Solvents

A large part of the work presented in this Thesis utilises perfluorinated solvents as the
reaction medium. A brief introduction to this interesting class of materials is given
here. While perfluoroalkane polymers are well known and are widely utilised in various
chemical applications as well as in everyday life, small molecule perfluorinated materials
which are liquid at room temperature have seen comparatively limited use. First
synthesised over 70 years ago,%’ perfluoroalkanes have found limited use in industrial
applications as inert fluids, coolants, etchants, oxygen carriers and non-toxic surgical

fluids. 6162

The chemistry of perfluoroalkanes is unusual and limited, and largely dictated
by the very strong carbon-fluorine bond. Fluorine is known to form the strongest
single bond to carbon, with a potential bond dissociation enthalpy of ca. 500 kJ/mol.
Perfluoroalkanes are known to be extremely stable, with very low intermolecular
attracting forces leading to low boiling points and high volatilities compared to alkanes
of similar length, despite large differences in molecular weight.%? Perfluorinated alkanes
are non-toxic, non-flammable and extremely non-polar. This extreme lack of polarity
does not lend itself to use as a solvent, with many organic and organometallic compounds
exhibiting little to no solubility in perfluoroalkanes. Despite this, perfluoroalkanes have

been observed to have the ability to dissolve large quantities of gases, which has led to
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their use as solvents in oxidation and epoxidation processes.%466 Interest in the use of
perfluoroalkanes as solvents in synthetic chemistry has been buoyed by the need for
solvents which do not deplete the ozone layer, and do not produce any toxic byproducts
upon decomposition. Additionally, perfluorinated solvents can be easily recovered
and recycled. Along with the growth of the use of such media as ionic liquids®” and
supercritical fluids%® as solvents in synthetic chemistry, perfluoroalkane solvents have

69 and

so far been utilised in various synthetic procedures, including polymerisations
Friedel-Crafts reactions. 0 In cases where the solvent is simply used to allow the mixing
of reagents and transfer of heat to or from the reaction, perfluoroalkane fluids can
offer a non-toxic and recyclable alternative to traditionally used volatile organic and
chlorinated solvents. Many of the reactions which have utilised perfluorous fluids as
solvents have made use of their unusual solubility characteristics in a biphasic solvent

system. i

While perfluorinated liquids are generally regarded as chemically inert, they do
exhibit some chemistry of their own. Interest in development of reaction routes to
synthesis of perfluorinated building blocks has led to research into transition metal
mediated activation of C-F bonds.™" Several different transition metals have exhibited

the ability to activate C-F bonds through oxidative addition of the C-F moiety across

7 73,75

the metal, including platinum, " palladium,” nickel”® and most notably rhodium.

Chapters 2, 3 and 4 of this Thesis involve the use of perfluorinated fluids as
solvents for photolysis of transition metal carbonyl species. Such perfluorous solvents
879 Tt

have found use in this field previously,”” most notable by Kelly and co-workers.

has been found that the inert, non-coordinating nature of these materials allows access

12
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to some unusual chemistry. Previous photochemical studies in perfluorinated solvents
will be described in greater detail in Chapters 2 and 3. As stated above, each Chapter
of this Thesis will include its own Introduction, with a detailed overview of relevant

literature and theory provided in each case.
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Chapter 2

Time-Resolved Studies of
Spin-Forbidden Reactions of
Transition Metal Carbonyls with

Weak Ligands

2.1 Introduction

As stated in Chapter 1, the initial aim of the work described in this Chapter was
to undertake time-resolved infrared (TRIR) spectroscopy and TRMPS (time-resolved
multiple probe spectroscopy) measurements to determine the viability of studying short-
lived organometallic intermediates using time-resolved x-ray absorption fine structure

(TR-XAFS) spectroscopy.
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One particular class of reactive intermediates of interest for future TR-XAFS
studies is organometallic noble gas complexes, particularly complexes involving a metal-
xenon bond. An example of the formation of an organometallic xenon complex is shown
in Scheme 2.1.34

T T T

oc““}v‘\coﬁ> ocv M T OC\“‘IM
oC C

ocC

\Xe

SCHEME 2.1: Example reaction scheme showing photolysis of a metal carbonyl complex
to yield a coordinatively unsaturated intermediate, which reacts with xenon, forming
a metal-noble gas bond.
Organometallic Xe complexes have never been isolated, though they have been

known for more than 40 years. Much of their chemistry is related to that of organometal-

lic alkane complexes.

2.1.1 Organometallic Alkane and Noble Gas Complexes

Organometallic alkane and noble gas complexes were first observed by Perutz and Turner,
using a combination of UV-visible spectroscopy and IR spectroscopy following photolysis
in low temperature matrices.®® Expanding on earlier matrix isolation experiments by
Turner and co-workers,* M(CO)s (M = Cr, Mo, W) was confined within a series of
matrices at 12 K, including noble gases, alkanes and perfluorinated materials. Upon
photolysis, the highly reactive M(CO); intermediate was produced, which was shown
to be coordinated to the matrix itself to form a complex of the form M(CO),X, where
‘X’ is the matrix material. The evidence for the formation of such complexes came from

an observed shift in the UV-vis absorption maxima (Apax) and a shift in the IR v(CO)
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bands of the photoproduct. The magnitude of these shifts, for example the A ax of
the photoproduct observed following photolysis of Cr(CO)4 in a Ne matrix (624 nm)
compared to that observed in a CH, matrix (489 nm), indicated an interaction between
the matrix and the Cr(CO); fragment, which is highly dependent on the nature of the

matrix material.

These studies are of particular interest considering the work described within
this Chapter in that CF, was used as a matrix material during this study, and was
found to be very weakly coordinating. In these studies, Apmax was found to be a good
measure of the strength of coordination to the metal centre. The position of Apax for
the photoproduct formed upon photolysis of Cr(CO)4 in a CF, matrix was shown to
be 547 nm, indicating that the observed interaction with the empty coordination site of
Cr(CO); is of similar strength to that of Ar (533 nm), and weaker than that observed

for CH, (489 nm) and Xe (492 nm).

Kelly and Long reported one of the first observations of an organometallic
alkane complex in cyclohexane solution.®! In later work, they demonstrated that a
perfluorinated alkane bound to the metal much more weakly than cyclohexane resulting
in preferential formation of a cyclohexane complex, suggesting very weak binding of

the perfluoroalkane solvent compared to the doped alkane. 87

A more detailed introduction to organometallic noble gas and alkane complexes
will be given in Chapter 3, while the remainder of this Introduction will deal with
studies of spin-forbidden reactions in metal carbonyl complexes, and its relevance to

the formation of short-lived and weakly-bound organometallic species.
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2.1.2 The Photochemistry of Fe(CO),

As will be seen later in this Chapter, the spin-state of the coordinatively unsaturated
metal carbonyl fragments produced following photolysis plays an important role in
any subsequent interaction with the solvent or dopant ligand. The photochemistry of
Fe(CO); has been widely studied as a model system for investigation of spin-forbidden
reactions.®? Fe(CO) 5 has been reported to undergo complex chemistry following pho-
tolysis including the loss of one or more CO ligands, and its small size allows for
increasingly complex theoretical calculations to be carried out on its structure and
reactivity.®® The photochemistry of Fe(CO), has been studied in the gas and solution
phases, as well as at low temperatures.®? Aside from its interesting photochemistry,

Fe(CO), has found widespread use in many catalytic applications including alkene

84,85 87

hydrogenation and isomerisation,®® and hydrosilation reactions.

The photochemistry of Fe(CO), has been the subject of numerous extensive
reviews. 5288790 This section contains a summary of studies Fe(CO) 5, With a particular
focus on IR spectroscopic studies of the resulting reactive intermediates 3Fe(CO) 4 and
3Fe(CO)?,. Subsequent studies of other metal carbonyl species which have been shown,
or are suspected, to undergo spin-forbidden chemical reactions following photolysis will

also be summarised.

2.1.2.1 Low Temperature Characterisation of 3Fe(CO), and 3Fe(CO),

Low temperature matrix isolation has proven to be a powerful technique for the

study of reactive intermediates of metal carbonyl complexes, and studies of Fe(CO);
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following UV photolysis have proven enlightening. Initial studies carried out by Sheline
et al. first identified a series of coordinatively unsaturated iron carbonyl complexes
following photolysis of Fe(CO); in hydrocarbon matrices at 77 K.%! Similar results were
subsequently obtained in noble gas matrices.?? It was observed that upon doping an Ar
matrix with alkenes or alkynes, the hydrocarbon dopant could be observed to coordinate
to the unsaturated 3Fe(CO), fragment. % An extensive study was carried out by Poliakoff
and Turner, in which Fe(CO); was photolysed in a series of low temperature matrices,
including noble gases, methane, tetrafluoromethane and sulfur hexafluoride.* The
resulting tetracarbonyl intermediate 3Fe(CO) 4 was thought to possess a Cs, structure,
however following similar matrix isolation photolysis experiments on isotopically enriched
Fe(CO)s, also performed by Poliakoff and Turner, 3Fe(CO), was determined to have a

Cay structure in its triplet ground state. %

At around this time, the first discussion of the spin-state of ground state 3Fe(CO),
was initiated by Burdett, whose molecular orbital method calculations concluded that
this unsaturated carbonyl fragment would be a triplet in its ground state Ca, geometry.
This assignment was later confirmed by magnetic circular dichroism (MCD) studies
undertaken by Barton.”” During these studies, it was observed that MCD spectra were
temperature independent before photolysis when only Fe(CO), was present in the Ar
matrix. However following photolysis the MCD spectra were found to be temperature
dependent indicating the paramagnetic nature of 3Fe(CO),. The assignment of the
geometry and spin-state of 3Fe(CO) 4 has since been further supported by ab initio
calculations.”® UV irradiation of 3Fe(CO), was shown to lead to loss of another CO

ligand to produce 3Fe(CO),. Due to the observation of 2 ¥(CO) bands for 3Fe(CO);, a
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planar Dg}, geometry could be eliminated. Distortion to a pyramidal Cs, geometry was
confirmed by '*CO enrichment. %" This complex was also predicted by Burdett to be
a triplet in its ground state. Further ab initio studies have since corroborated this
assignment. 1% The structures and electronic configurations of Fe(CO);, 3Fe(CO), and

3Fe(CO), are shown in Figure 2.1.

——4— d
by 3 € dy2.,2 dy,
by dy,

dx)" d)’l

M(CO); [Fe(CO)4] [Fe(CO)3]

FIGURE 2.1: Structures and orbitals of Fe(CO);, *Fe(CO), and 3Fe(CO),. Adapted
from ref 82.

Low temperature matrix studies carried out in Ne and Ar matrices demonstrated
that upon irradiation of the unsaturated intermediate 3Fe(CO), with near-IR light,
partial reformation of the parent Fe(CO); could be induced.? This is in contrast
to results obtained in N,, methane and xenon matrices. During these experiments,

irradiation with IR light yielded a new species, 'Fe(CO),X (X = matrix material),
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which could then be photolysed with UV light to yield the unsaturated 3Fe(CO),. This
result indicated formation of a more stable species upon binding of the matrix material
to the metal centre, and represents the first characterisation of noble gas and methane
complexes of 3Fe(CO),. Further to this work, studies carried out in frozen hydrocarbon
matrices at 77 K showed only the formation of 'Fe(CO),X (X = matrix material), with
no detection of the unsaturated *Fe(CO),. It is interesting to note that throughout all
of the studies described above, no evidence of an unsaturated singlet complex 'Fe(CO),
was observed, indicating that a spin-forbidden reaction of *Fe(CO) 4 to form the singlet
may require a reaction with an incoming ligand. A proposed reaction scheme based on

low temperature matrix experiments is outlined in Scheme 2.2.

ot VUY)

145°

near-IR;

120°
anneal (

Q@

Xe ---- %

SCHEME 2.2: Reaction scheme for photolysis of Fe(CO), in a methane of xenon
matrix at low temperature, showing formation of *Fe(CO), following photolysis, and
subsequent addition of the matrix material as a ligand. Adapted from ref 89.

Low temperature matrix isolation studies have also been used to identify various

dimeric iron carbonyl species, including both bridged and unbridged structures of
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Fe,(CO)g, as well as Fey(CO),, 190102 which are often observed as additional photo-

products following photolysis of Fe(CO),. 19

2.1.2.2 Time-Resolved Spectroscopic Studies of Fe(CO), in the Gas Phase

3Fe(CO),, due to its coordinatively unsaturated nature was expected to be short-lived
in the gas phase, due to the lack of stabilisation afforded by confinement within a
matrix. Because of this, the conventional spectroscopic techniques applied to the matrix
isolation studies presented above could not be used. Fe(CO), has been widely studied
in the gas phase using TRIR spectroscopy, which has proven itself to be a powerful
technique for the study of reactive intermediates, '°* including those produced following
photolysis of Fe(CO);. A comparison of gas phase TRIR and low temperature matrix

FTIR spectra of Fe(CO); is shown in Figure 2.2.

Initial experiments involved 248 nm photolysis of Fe(CO), in an Ar buffer
gas. 105106 The authors of these studies reported the formation of a series of tran-
sient spectral features in the gas phase. These features were assigned to the previously
observed coordinatively unsaturated complexes 3Fe(CO), and 3Fe(CO),, as well as
further products of additional carbonyl loss. Experiments performed under a CO atmo-
sphere showed that 3Fe(CO), rapidly decays to reform 3Fe(CO),, while reformation
of the parent Fe(CO), was not observed. Due to the similarity of spectral features
observed in the gas phase with those observed during matrix isolation experiments,

3Fe(CO), was concluded to exhibit Ca, geometry in the gas phase.
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FIGURE 2.2: IR spectra in a) Gas phase TRIR and b) low temperature Ar matrix
FTIR spectra of Fe(CO); and *Fe(CO),. Reproduced from ref 88.

Further studies concluded that the yield of products of multiple carbonyl ligand
loss following photolysis of Fe(CO), is not dependent on the laser power, indicating
the absence of two-photon effects. However, the relative yields of these various unsat-
urated species were found to be sensitive to the energy of the incident UV photon,
as shown in Figure 2.3.197 Variable excitation wavelength studies were carried out to
examine the dissociation of varying numbers of carbonyl ligands following photolysis of
Fe(CO);. 19109 Photolysis with a XeF excimer laser at 351 nm yielded only 3Fe(CO),
and 3Fe(CO),, however an increase in laser energy to 248 nm (KrF) yields 3Fe(CO),
and 3Fe(CO),, and a further increase to 193 nm (ArF) yielded 3Fe(CO), and Fe(CO).
These products were determined to be formed following absorption of a single photon

by the parent Fe(CO),. The difference in behaviour between matrix isolated and

23



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

gas phase Fe(CO); was proposed to be due to the difference in rate of vibrational
relaxation. Following initial photolysis and loss of CO, the resulting 3Fe(CO) 4 would
be expected to be vibrationally “hot”, with enough energy to expel the next CO ligand
to form 3Fe(CO);. Under gas phase conditions intramolecular pathways for energy
redistributions would be expected to be faster than any intermolecular pathways. This
conclusion is in agreement with the observation of vibrationally hot fragments in the gas
phase. %7 Photoelectron spectroscopy of Fe(CO) 5 in the gas phase reported dissociation
energies for loss of successive carbonyl ligands to be 55, 5, 32 and 23 kcal/mol, for loss

of 1, 2, 3 and 4 carbonyl ligands, respectively. 19
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FIGURE 2.3: Calculated dissociative energies of successive CO ligands from Fe(CO); at
different excitation wavelengths provided by different Excimer laser sources. Adapted
from ref 107.

The loss of multiple carbonyl ligands has been determined to occur in a stepwise
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107109 " 55 previously indicated by chemical trapping studies. "'1112 Two possible

manner.
mechanisms have been proposed for the loss a carbonyl ligand following photolysis of
Fe(CO),. 9810713111 The first of these mechanisms, often designated as the ‘triplet
mechanism’ involves initial excitation of Fe(CO), followed by spin-crossover to triplet
Fe(CO), which loses a carbonyl to form 3Fe(CO),. The second mechanism, designated
the singlet mechanism, involves excitation of Fe(CO);, followed by loss of a carbonyl to

form 'Fe(CO),, which undergoes a spin-change to yield *Fe(CO),. Previously, neither

3Fe(CO)s*, nor Fe(CO), had been observed spectroscopically.

The first observation of coordinatively unsaturated 3Fe(CO) 4 by gas phase TRIR
experiments was reported by Ryther and Weitz. 1% By varying the pressure of the buffer
gas, it is possible to alter the rate of relaxation of the initially formed transient species.
By repeating experiments described above utilising 248 nm and 351 nm excitation
at lower buffer gas pressure, the authors observed two new species, which had not
previously been reported. However, both of these transients were short-lived. These
new species were assigned as singlet states of 3Fe(CO), and 3Fe(CO),. This observation
of 'Fe(CO), in the gas phase provided evidence for formation of 3Fe(CO), through
the “singlet” mechanism described above. Further evidence to support this mechanism
comes from Trushin and co-workers, who describe the femtosecond reaction dynamics of
CO loss following photolysis of Fe(CO),. The authors determined that at low pressures,
the initial CO dissociation occurs on a fast femtosecond timescale (ca. 30 fs), resulting
in the initial formation of 'Fe(CO),, in an excited singlet state. This species then
relaxed to the ground singlet state (ca. 50 fs), before undergoing a spin-change to form

3Fe(CO) 4 This spin-change was not observed in these experiments however, indicating
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that under these conditions of low pressure the spin-forbidden reaction takes place on a
timescale outside of the capabilities of the instrument used (>500 ps). Later work by
Thee et al. utilised ultrafast electron diffraction spectroscopy also observed the singlet
state 'Fe(CO), following two-photon excitation at 620 nm.!® However, once again no
evidence of a spin-forbidden reaction to form *Fe(CO), was observed on the timescale
of this experiment. Interestingly, comparison of electron diffraction data for Fe(CO),
and data obtained from low temperature matrix isolation studies?® show very little
difference in the structure of coordinated and non-coordinated 'Fe(CO),. OC-Fe-CO
bond angles were found to be very similar; 169 (£2)° and 125 (£2)° for gas phase
studies, 173° and 125° for CH, matrix studies. This leads to the conclusions that there
is very little deformation in the geometry of 3Fe(CO), following the coordination of

methane.

2.1.2.3 Time-Resolved Spectroscopic Studies of Fe(CO), in the Solution

Phase

While low temperature matrix isolation studies and gas phase TRIR studies may
offer a fantastic insight into the nature of reactive intermediates, the majority of
preparative chemistry occurs in the solution phase. Understanding the mechanism of
chemical reactions in the solution phase is therefore key to understanding the process
involved in chemical synthesis and catalysis. For solution phase studies, TRIR still
offers a powerful insight into these reaction mechanisms through study of photolytically

produced intermediates.
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The first solution phase TRIR spectroscopic studies of Fe(CO), were undertaken
by Church and co-workers. 16 Following photolysis of Fe(CO), with UV light in benzene-
dg, the authors reported observation of transient IR bands which were assigned to
the solvent complex 'Fe(CO),(C¢Dg). These bands were assigned by comparison with
experiments undertaken in low temperature methane matrices. Further TRIR spectro-
scopic studies were carried out, this time on a solution of Fe(CO), in cyclohexane. 17
Once again, the product formed following photolysis was assigned as a singlet complex
with the solvent by comparison to previous studies in hydrocarbon matrices. In a
solution saturated with CO, this transient was observed to decay on a fast microsecond
timescale, forming the dimeric species Fe,(CO)g and Fe,(CO),, while a small amount
would go on to react with CO to reform the parent Fe(CO);. No evidence of formation
of the triplet species 3Fe(CO) 4 Was observed during these studies, indicating that the
spin-forbidden reaction in cyclohexane solution was likely to take place on a timescale
faster than that measurable by their instrument (<1 ps). These observations represent
the first example of a 'Fe(CO),(alkane) complex characterised in a room temperature
solution. It would require an instrument capable of recording transient IR spectra

on a picosecond timescale before triplet intermediates would be detected in a room

temperature solution.

The first of these studies was carried out by Harris and group.!'!® Following
295 nm photolysis of Fe(CO); in n-heptane solution, the authors observed two initial
transient v(CO) bands, which were assigned to the triplet state 3Fe(CO), by reference to
earlier matrix isolation experiments. These spectra are shown in Figure 2.4. In this case,

3Fe(CO) 4 was found to be stable past the end of the experiment, 660 ps after photolysis.
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FIGURE 2.4: TRIR difference spectra of Fe(CO); in n-heptane recorded following 295

nm photolysis. Reproduced from ref 118

Contrasting results were obtained following photolysis of Fe(CO); in triethylsilane,

however. 3Fe(CO) 4 Was observed in triethylsilane as the initial photoproduct, however

it was found to be unstable on the picosecond timescale, decaying to form the Si-H

activated complex 1Fe(CO),H(SiEt,).

In contrast to gas phase measurements described above, no evidence for formation
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of 3Fe(CO); was observed during these first solution phase measurements. Earlier
photolytic ligand substitution studies were performed by Wrighton et al., in which
photolysis of Fe(CO); in the presence of PPh, showed evidence of formation of trans-
Fe(CO)4(PPh,), in solution, which was proposed to form via a single-photon pathway. %4
Further studies of the behaviour of Fe(CO), following photolysis in the presence of
phosphines were performed by Burkey and group, who once again reported formation of
Fe(CO);(PEt;), phosphine complex through a single-photon process. 119120 In addition
to these studies, Fe(CO); was photolysed in the presence of cyclooctene, yielding

evidence for formation of Fe(CO);(cyclooctene),. 12!

The earliest TRIR spectroscopic identification of Fe(CO)4(Sol) or Fe(CO)4(Sol),
(Sol = solvent) was reported by Snee et al., who studied photolysis of a solution of
Fe(CO); in alcohols and PEt;.'?? Experiments undertaken in alcohol solvent showed
initial formation of 3Fe(CO),, following by coordination of the alcohol solvent. Forma-
tion of alcohol complexes was found to occur on the picosecond timescale (ca. 40 ps),
indicating a strong interaction between the solvent and the metal centre. This result was
an indication of the control the incoming ligand has on the rate of the spin-forbidden
reaction. Results obtained following photolysis of Fe(CO); in triethylphosphine show
very different behaviour from those observed in alcohol solution. No evidence for the
formation of ®Fe(CO), is observed, while 'Fe(CO),(PEt;) was observed to form within
50 ps. Further transient bands were observed, which were assigned to the tricarbonyl
phosphine adducts Fe(CO)4(PEt;) and Fe(CO)4(PEt;),. The former was observed
within 10 ps of photolysis, while the latter was observed to form through reaction

of Fe(CO)4(PEt,) with a further solvent molecule. As part of the same study, DFT

29



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

calculations were used to examine the spin-states of both of these phosphine adducts.
The singly solvated species was found to have a triplet ground state, in agreement
with previous theoretical predictions,?® while the doubly solvated species was found
to be a singlet in its ground state. A subsequent study examining the photochemistry
of Fe(CO); in cyclohexane solution was carried out.!?® This study once again demon-
strated that Fe(CO)4(Sol) forms through a one-photon process representing the first

identification of an iron tricarbonyl alkane complex in room temperature solution.

Recently, an in depth study of the formation and behaviour of iron tricarbonyl
complexes in room temperature solution was reported.'?* The authors describe an
interesting difference between the observed dynamics of 3Fe(CO), in alcohol and alkane

I remains at the same frequency until ca.

solutions. In alkanes, the band at 1926 cm"
500 ns, indicating increased relative stability of the unsolvated 3Fe(CO)3 compared to
its solvated analogue. In alcohol solution, however, evidence of coordination of hydroxyl
groups to the tricarbonyl complex is observed within tens of picoseconds after photolysis.

The triplet spin-state of the unsolvated complex was reported to be maintained upon

coordination of the solvent. This result is in contrast to the observations in alkanes

23 103,125

discussed above,'?3 as well as others presented later in this section.

While reactions of 3Fe(CO),; with a solvent require no change in spin-state
as shown above, 24 reactions of 3Fe(CO), to form 'Fe(CO),X are spin-forbidden and
require a change of spin-state. In previous TRIR studies described above, this process has
not been directly observed, and the rate of this process has therefore not been measured.
The first direct observation of this process was reported during a TRIR study which

reported difference spectra recorded across the picosecond, nanosecond and microsecond
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timescales, 1%3 rather than the more limited timescales used in previous studies. 116:118,122

Photolysis of Fe(CO), was carried out in a variety of solvents during this study, including
liquid n-heptane, supercritical noble gases Ar and Xe, and supercritical methane.
Following photolysis in all cases, fast formation of *Fe(CO), was observed. In n-heptane,
scXe and scCH,, decay of 3Fe(CO), was observed to occur on this nanosecond timescale,
concurrently with growth of new features in the spectrum assigned to 'Fe(CO),(Sol).
Example spectra are shown in Figure 2.5. The rate of this spin-forbidden reaction
with the solvent from 3Fe(CO), to form Fe(CO),(Sol) appeared to be dependent on
the solvent, with the alkanes giving the fastest rates, while scXe gave the slowest rate.
Interestingly, no evidence of formation of Fe(CO),(Sol) was observed in scAr. In this
case 3Fe(CO), was observed to be stable into the microsecond timescale. The double
carbonyl loss product 3Fe(CO)3 was also observed during these studies and was found
to form within the risetime of the experiment (<20 ps). The concentration of *Fe(CO),
was observed to be dependent on the concentration of Fe(CO); in the initial solution,
as well as the concentration of CO. This dependence on CO concentration indicated a
possible reaction to form 3Fe(CO), or 'Fe(CO),, or a reaction with the parent complex

to form the dimer Fe,(CO)g. A reaction scheme is presented in Scheme 2.3.

A further study published in 2009 expands upon the work described above. 2
Combined experimental and computational techniques were used to examine both
the structures and rates of reaction of the various intermediates produced following
photolysis of Fe(CO); in various solvents. Experiments recorded in alkane and noble
gas solvents were found to agree with previously published results. As part of this study,

the temperature dependence of the rates of the spin-forbidden reaction of n-heptane
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FiGURE 2.5: TRIR difference spectra of Fe(CO), in scXe doped with CO, showing

the spectra recorded a) 25 ns following photolysis and b) 200 ns following photolysis.

The decay of *Fe(CO), (*4) and 3Fe(CO), (3) can be seen, along with formation of
'Fe(CO),Xe (*4eXe). Reproduced from ref 103

or Xe with 3Fe(CO), were measured, in order to calculate the activation energy for
these processes. In both cases, a significant activation energy barrier was determined.
Photolysis of Fe(CO); in scAr doped with H, was found to result in formation of

3Fe(CO),, which reacts with H, on a nanosecond timescale.

Additional insight into the reaction mechanism following photolysis of Fe(CO),
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SCHEME 2.3: Proposed reaction scheme following UV photolysis of Fe(CO), in n-
heptane, scCH,, scXe and scAr. Adapted from ref 103.

was obtained through extensive computational studies. Theoretical studies such as
these have previously been used to provide insight into spin-crossover processes. 126-131
However, calculations of the minimum energy crossing points (MECPs) between the two
potential energy surfaces of different spins which have proven to be most useful. 132134
Harvey and co-workers have published a variety of studies which examine reactivity
in systems that require a spin-crossover. ° 137 They have also shown the ability to
calculate rate coefficients for these processes. 3138 Accurate DFT studies of the singlet
and triplet potential energy surfaces for 3Fe(CO) 4, and its reaction products, along with
their intersections are provided along with experimental details described above. 12
Calculations for addition of CO to 3Fe(CO), yield good agreement with experimental
results, predicting a direct mechanism of addition in which ligand addition and spin-

crossover occur in a single step. Poorer agreement with experimental results was

obtained for addition of Xe or H, to 3Fe(CO), when a similar mechanism of addition

33



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

was assumed. Addition of these ligand was proposed to occur through initial spin-
crossover from 3Fe(CO), to 'Fe(CO),, followed by barrierless addition of the ligand.
Despite the lack of experimental observation of 'Fe(CO) 4» the above mechanism is
in good agreement with the measured activation energy for addition of H, at the

concentrations used in gas and solution phase experiments. This scheme is shown in

Figure 2.6.

MECP

N

l\ ",'I Fe(CO)4 + L
3Fe(CO),t+ L

'Fe(CO),(L)

FICGURE 2.6: Proposed potential energy surfaces, including MECP, for the reaction of
Fe(CO), with ligand L. Adapted from ref 139.

Very recently, Wernet et al. published a study utilising femtosecond x-ray spec-
troscopy to probe the frontier orbital interactions and reaction dynamics following
photolysis of Fe(CO).. 0 The authors report the first direct observation of an excited
singlet state of 1Fe(CO),. This singlet state then goes on to either convert to *Fe(CO),,
or combine with CO or a solvent molecule to form a pentacoordinated species on
a sub-picosecond timescale. This finding lends more evidence for the formation of
3Fe(CO), through the “singlet pathway”. 98107114141 Degpite the vast array of studies
on the nature of Fe(CO), and its reactive intermediates, application of new and evolving

techniques such as fast x-ray spectroscopies can still yield exciting discoveries.
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2.1.3 Additional Studies of Spin-Forbidden Reactions of Transition

Metal Carbonyl Species

While the coordinatively unsaturated metal carbonyl species produced following pho-
tolysis of Fe(CO), may be the most widely studied, they are by no means the only
recorded cases of such a phenomenon. Cyclopentadienyl complexes CpCo(CO)Q,l‘Q*146
CpV(CO), ™19 and CpMn(CO), 531221507152 haye heen shown to form metastable

153,154 (qmpe =

16-electron complexes following photolysis, as have Fe(dmpe),
Me,PCH,CH,PMe,) and (PNP)Co(CO) (PNP = [(‘Bu,PCH,SiMe,),N]),!5>1%6 as
well as various Fe(PNP) complexes.'® The remainder of this introduction will fo-

cus on the photochemistry of cyclopentadienyl metal carbonyl complexes and their

coordinatively unsaturated reactive intermediates.

2.1.3.1 IR Spectroscopic Studies of 3*CpMn(CO),

Coordinatively unsaturated species produced following the photolysis of CpMn(CO),
have been widely studied with both experimental®®149:158-163 and theoretical tech-
niques. 194166 Many of these experimental studies utilised low temperature matrix
isolation. However, !CpMn(CO), has also been characterised in a Nujol mull, %7 and
in a polyethylene thin film.1%® Akin to Fe(CO);, CpMn(CO)j itself has been shown to
be an important model system for probing excited state and reaction dynamics.69172
CpMn(CO), has been observed by TRIR in the solution phase, however in most of these
studies it appears as 'CpMn(CO),X (X = solvent or dopant), not in its unsaturated
form, but with a donor ligand. 46:149,162,163,173-181 T}ig is also the case when the solvent

is a noble gas, leading to formation of a weakly-bound noble gas complex. 1771827185
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The first room temperature gas phase observation of an unsaturated cyclopen-
tadienyl manganese carbonyl fragment came in 1992, by Zheng and co-workers. %2
Upon UV photolysis of CpMn(CO), in the gas phase using Ar as a buffer gas, the
authors noted formation of a series of photoproducts, which were found to vary with the
excitation wavelength. Upon photolysis at 266 nm, a single intermediate was observed,
with a single v(CO) band at 1948 cm™, shown Figure 2.7. However, upon 355 nm
photolysis a second, additional intermediate was observed, with two v(CO) bands at
1874 and 2021 cm™. These two species were assigned to the double and single carbonyl
loss product respectively. However, the ¥(CO) band positions of the single carbonyl
loss species were found to be in disagreement with previously reported results in the

condensed phase. 149,162
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Ficure 2.7: TRIR difference spectra recorded following 266 nm photolysis of

CpMn(CO), under CO in the gas phase, showing a) Spectra recorded at 1 ys in-

tervals and b) Spectra recorded at 11 us intervals. Initial increase of 3CpMn(CO),
followed by its subsequent decay can be seen. Reproduced from ref 152.
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It was found that over time, the monocarbonyl species CpMn(CO) combined with
added CO to form CpMn(CO),, which itself eventually decays to reform the parent
CpMn(CO),. The rate constant of the reaction of CpMn(CO) with CO was measured,
and found to be on the same order of magnitude as those of other spin-allowed reactions,
while the reaction with CpMn(CO), was found to be much slower. Conversely, the
reaction of CpMn(CO), with O, was found to be fast, indicating that the spin-state of
CpMn(CO), may be a factor in such reactions. This study includes the first discussion
of the possibility of a triplet spin-state for unsaturated CpMn(CO),. The authors
reported an additional study of reactivity of these unsaturated manganese carbonyl
intermediates with small molecules, and again found significant differences in reaction
rates, again suggesting that spin-allowed and disallowed processes are at play, controlling

these rates.

Harris and group used TRIR spectroscopy to study the behaviour of CpMn(CO),
in triethylsilane solution.®® In this case, two transient species were reported, which
were assigned to the silane o-complex CpMn(CO),(EtSiHEt,), and the unsaturated
16-electron intermediate CpMn(CO),. Only a single #(CO) band of this intermediate
was observed however, while the other, lower energy band observed previously by Zheng
et al. lay outside of the spectroscopic window of the instrument. Later studies by
the same group attempted to give further insight into the mechanism of Si-H bond
activation at manganese carbonyl centres using a combination of TRIR spectroscopic
studies and theoretical calculations. Spin-crossover from the triplet to the solvated

singlet state in this case was found to occur on the picosecond timescale (ca. 100

ps). 150,187
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A further study also examined the behaviour of CpMn(CO); following photolysis
in an alkane solution.® It was found that in contrast to the long lifetimes observed for
3Fe(CO),, *CpCo(CO) and *CpV(CO), in alkane solution, *CpMn(CO), decays with
a lifetime on the picosecond timescale (119 ps), along with corresponding increases in
the v¥(CO) bands of the alkane solvated dicarbonyl complex. This difference in rate
of the spin-forbidden reaction is attributed to the large spin-orbit coupling present in

CpMn(CO),, as well as the relatively low triplet/singlet energy gap.

Despite these interesting findings, no in-depth time-resolved spectroscopic studies
of the spin-forbidden reaction of 3CpMn(CO), to form 'CpMn(CO),X in the solution
phase have been published to date. However, in 2012 Kemnitz et al. produced an
extensive study of the structure and photochemistry or CpMn(CO),, its Cp ring-
substituted derivatives and their many reactive intermediates and photoproducts.®?
This study involved the use of matrix isolation techniques as well as IR spectroscopy
and DFT calculations. Upon photolysis of CpMn(CO), in an Ar matrix at 10 K,
the authors reported observation of a number of different photoproducts assigned to
coordinatively unsaturated species. These species were characterised as triplet and
singlet CpMn(CO),. Spectra taken from this study are shown in Figure 2.8. Over time,
the v(CO) bands of 3CpMn(CO), were observed to decrease, concomitantly with an

increase in intensity of the #(CO) bands of !CpMn(CO),.

Photolysis of CpMn(CO), in other matrix media yielded similar results, with a
shift in the »(CO) band positions of the observed photoproduct bands consistent with
the changing matrix environment. Photolysis in a methylcyclohexane glass yielded only

the solvated singlet state, with no observation of 3CpMn(CO),, reported. As part of this
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F1GURE 2.8: IR difference spectra recorded following photolysis of CpMn(CO), and
(MeCp)Mn(CO), in Ar matrix at 10 K, showing the 16-electron triplet (32a and 32b)
and the singlet species (12a and '2b). Adapted from ref 53.

study, the authors examined the structures and energies of the various photoproducts
as well as the parent complex. Computed structures for singlet dicarbonyl species
showed good agreement with previous work,° and structures of the parent showed
good agreement with experimental values.'®® Discussion of the structure and energy
of the triplet state however was more complex and involved. Upon calculation of the
geometry of the triplet dicarbonyl species, two minima were found on the potential
energy surface, indicating two geometries which are very close in energy. One of these
species is planar at manganese, while the other has a bent pyramidal structure, as shown
in Figure 2.9. The authors interpret this result as evidence of a flat potential energy

surface in the region of these two structures. Examination of the computed IR spectra
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for these two structures clearly indicates that the bent structure of CpMn(CO), is the
most likely candidate, giving the best agreement with observed experimental results.
An interesting observation made by the authors is the remarkably large interaction
between the two carbonyl ligands of the triplet species, leading to an unusually large

calculated difference between the two v(CO) bands of 3CpMn(CO), of ca. 150 cm™.

Q @) O
@ o O O ® @
¢ =28° ¢=21° ¢ =0°

oﬂo

oa%o

94° 103°

singlet triplet triplet
CpMn(CO), CpMn(CO), CpMn(CO),
12a 32a 32a-planar

FiGUurE 2.9: Computed, none ring-slipped structures considered as candidates for
assignment of CpMn(CO), (B3LYP/LANL2DZ). ¢ is used here as a measure of
‘pyramidality’. Adapted from ref 53.

Calculations of the singlet-triplet energy gap were found to be highly dependent
on the computational method used, in accordance with previous results. '®? The authors
consider the a n3 ring-slipped species as a further candidate for the structure of the
triplet species, due to good agreement of its computed IR spectrum with experimental
results. However, this is deemed unlikely, and the final assignment of the triplet

intermediate is the bent pyramidal 3CpMn(CO),.
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2.1.3.2 TRIR Spectroscopic Studies of CpCo(CO), and CpV(CO),

In all of the above studies, the reaction dynamics of the singlet and triplet species have
been largely the same, with the unsaturated 16-electron triplet species showing little
or no interactions with the solvent, while the singlet species is strongly solvated. The
spin-forbidden reaction in these cases appears to be facilitated by the incoming solvent
in some way. However, an exception to this rule comes in the case of CpCo(CO),.
Lomont, Nguyen and Harris summarise the photochemistry of this species in their
recent review. 1% A short introduction to the behaviour of triplet 3CpCo(CO) will be

given here.

Harris and co-workers have shown the ability of the 16-electron triplet form
of 3CpCo(CO) to bind to ligands which contain an oxygen lone-pair, e.g., THF and
alcohols,'#® as shown in Figure 2.10. In these studies, CpCo(CO), was photolysed with
UV light, using the ligand of interest as the solvent. Following photolysis, solvated
forms of both the singlet and triplet monocarbonyl photoproducts were observed. DFT
calculations performed as part of this study confirmed that coordination of the solvent
to the unsaturated triplet in this case does indeed yield a favourable interaction. Further
DFT studies concluded that in the gas phase the triplet state is highly favoured over
the singlet, by 13-26 kcal/mol. This difference is much larger than that calculated
for the equivalent energy gap in Fe(CO)5.144 Because of this increased stability, no
singlet alkane complex has ever been reported following photolysis of CpCo(CO),

191

in solution.!'®! Harris et al. note the irony of the exceptional nature of 3CpCo(CO)

regarding its ability to coordinate solvent in its triplet state. 2CpCo(CO) was in fact
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FIGURE 2.10: TRIR difference spectra recorded following photolysis of CpCo(CO),
in a series of alcohol solvent, as well as THF. v(CO) bands indicating coordination of
the solvent to both 3CpCo(CO) and 'CpCo(CO) can be seen. Adapted from ref 190.

the first unsaturated triplet species which was shown not to coordinate solvents in its

1 191

triplet ground state. Earlier experiments in liquid noble gases,'? and cyclohexane
showed no evidence of formation of a singlet solvent complex. In both of these cases,

the triplet 3CpCo(CO) undergoes reaction with the parent to form CpyCo,(CO), (and

in the case of the ligKr experiment, CpaCo,(CO),). The rate of formation of this dimer
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species was found to be diffusion limited, and dependent on the concentration of the

parent complex.

Harris and group have subsequently studied the photochemistry and reactivity
of CpCo(CO), in neat alkene and alkyne solutions.!46 It was discovered that the
unsaturated species first binds the alkyne or alkene in its triplet state, before undergoing
a spin-forbidden reaction on the picosecond timescale (ca. 30 ps) to the singlet solvent
complex. Both of these complexes were found to be bound in an 7? fashion, through
the 7 bond of the ligand in question. The authors note that this timescale is similar to
that of vibrational cooling of the initial photoproducts, and hypothesise that the initial
hot state of these intermediates may aid the spin-change process. Recently, DFT 192
and experimental studies'* have described the ability of 3CpCo(CO) to activate silane

Si-H bonds without having to pass through the silane solvated singlet complex.

The least well studied of the 16-electron intermediates described within this
Chapter is 3CpV(CO),. This intermediate was first proposed following UV irradiation
of CpV(CO), in low temperature matrices.?*19 Various photolytic ligand substitution
studies have been carried out on CpV(CO), in various liquid solvents at room tempera-
ture. 47197 All of these studies have proposed that upon photolysis, CpV(CO) 4 loses a
carbonyl ligand, which is first replaced by the solvent and subsequently reacts with the
ligand of interest to produce !CpV(CO),X. None of these studies reported observation

of a metastable 16-electron unsaturated species.

Snee et al. published the first ultrafast TRIR spectroscopic study of the photol-
ysis of CpV(CO), in 1999.147 In this study, the mechanism of silicon-hydrogen bond

activation was examined, in a similar way to previous studies of CpMn(CO)s;. 150,186,187
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Photolysis of CpV(CO), in n-heptane was carried out for subsequent comparison with
studies in triethylsilane. Upon UV irradiation, several intermediates were produced.
The first of which, exhibiting a single #(CO) band at 2020 cm™, which was assigned to
the triplet species 3CpV(CO)3. This species was shown to exhibit a decay of ca. 15 %
of its initial value, concurrent with formation of two new v(CO) bands at 1990 and 1895
cm. These new bands were assigned to the n-heptane complex 'CpV(CO),(C-Hy).
Unusually, the triplet species was not observed to fully decay within the timescale of
the experiment (660 ps), instead it remains following the formation of the solvated

singlet complex.
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FIGURE 2.11: TRIR difference spectra recorded following photolysis of CpV(CO), in

n-heptane (left) showing formation of 3CpV(CO), (F) and 'CpV(CO),(C,H,g) (E),

and triethylsilane (right) showing formation of 3CpV(CO), (C) and the silane solvent
complex in its ethyl-bound (B) and silyl-bound (D) forms. Adapted from ref 147.

Photolysis of CpV(CO), in triethylsilane yielded different results. Formation of

the triplet 3CpV(CO); was still observed, however in this case it was seen to decay
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fully, concurrent with formation of the singlet solvent complex, which is observed in
two forms. The first of these was assigned to be bound through an ethyl moiety of
triethylsilane, and the second bound though the Si-H bond. A ring-slipped intermediate
was initially considered as a candidate for assignment of the v(CO) band at 2020 cm™,
however due to the fast reaction of this species with solvents in question, as well as
the difference in reaction rate between the two solvents, this assignment was deemed
unlikely. DFT and MP2 calculations concerning the geometries and energies of these
intermediates were also performed as part of this study. A lower energy was predicted
for the triplet state of 3CpV(CO)?) than its singlet analogue. A concerted spin-change
reaction mechanism is proposed to explain the additional of ligands to 3CpV(CO)s.
More recent studies have further bolstered the assignment of these intermediates as

BCpV(CO)3.118’144

2.1.4 Aims

The aim of the work presented in this Chapter is to examined to formation of
organometallic alkane and noble gas complexes in room temperature solution, particu-
larly complexes of Xe. The main reason for targeting such organometallic Xe complexes
is the large change that should be observed in the resulting EXAFS (extended x-ray
absorption fine structure) region of the XAFS spectrum upon changing from a metal-
carbon bond to metal-xenon bond following photolysis in the presence of xenon. This
large change should give us the best chance of observing such weakly coordinated
organometallic systems. Previous work has utilised supercritical noble gas solvents to

form noble gas complexes at room temperatures, however studies of this nature require
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high pressure conditions, necessitating bulky sample cells with small windows which are
not conducive to the full range of fast spectroscopic techniques available for potential

characterisation of such species.

It was hypothesised that perfluorinated solvents would allow access to a large
range of weakly-bound complexes at room temperature and ambient pressure, by doping
the ligand of interest into the perfluoroalkane. It was proposed that in addition to
binding liquid alkanes this may allow for the observation of organometallic complexes
of ligands which are gaseous at room temperature, including the noble gas; xenon,
and alkanes; methane and ethane. While examining the photochemistry of a series of
model metal carbonyl complexes in perfluoro(methylcyclohexane) solvent with TRIR
spectroscopy, it became apparent that this solvent, and others like it, have an effect on
the stability of short-lived intermediates. Due to the non-coordinating nature of these
solvents, as described by Kelly and Long,® they can be utilised to extend the lifetimes
of coordinatively unsaturated species. Observation of the long-lived 16-electron complex
3Fe(CO) 4 in perfluorinated alkane solution spurred us to investigate this effect further,
leading to the studies of various coordinatively unsaturated 16-electron intermediates
described in this Chapter. It was hoped that by examining the rates of reaction of
these intermediates with the solvent using TRIR, and comparing this rate to that
observed following addition of a weakly-binding ligand dopant to the solution, the
affinity of the first row transition metals for noble gas and alkane ligands in conventional
room temperature solution could be examined. This insight would allow us to develop
a methodology for producing these weakly-bound coordination complexes in room

temperature solution, allowing future studies of these complexes using more structurally
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diagnostic techniques e.g., EXAFS, or nuclear magnetic resonance (NMR) spectroscopy

to be carried out more readily.

2.2 Results and Discussion

2.2.1 TRIR of Fe(CO), in Perfluoro(methylcyclohexane)

As described above and in the introduction to Chapter 3, a number of organometallic
Xe complexes have been previously characterised following irradiation of metal carbonyl
complexes in supercritical Xe solution at room temperature, or liquified Xe at cryogenic
temperatures. Initially, one of the main aims for the work presented below was to observe
organometallic xenon complexes in conventional liquid solution at room temperature,
removing the pressure and temperature constraints required for formation and study of
such complexes in supercritical or liquid xenon. Fe(CO); was initially selected as the
transition metal complex for these studies due to the extensive literature describing
its photochemistry in a wide range of liquid and supercritical solvents, and solid

matrices. 58,89,94,95,99,103,108,124,125,198-201 Fe(CO)

5 is a liquid at room temperature and
was also found to have high miscibility with the a wide range of solvents discussed in this
Chapter. This property allows access to a wide range of solution concentrations, which

will be fundamental to developing future TR-XAFS experiments. The photochemistry

of Fe(CO); in perfluoro(methylcyclohexane) (PFMCH) is described below.

Selected spectra from the picosecond TRIR of Fe(CO); in PFMCH following
excitation at 266 nm under an Ar atmosphere are shown in Figure 2.12. Upon excitation,

the two v(CO) bands of the parent Fe(CO), are depleted. Within 1 ps of excitation, a
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new transient is observed with vibrationally hot #(CO) bands to lower energy compared
to those of the parent. These v(CO) bands narrow and blue-shift over the first 30 ps
of the experiment, consistent with cooling of the initially formed transient, to yield
two distinct »(CO) bands at 1996 and 1977 cm™. By comparison with previous TRIR
studies, these bands can be assigned to the coordinatively unsaturated 16-electron

triplet species, 3Fe(CO)4.94’95’103’122’125’202

A further, weak band is observed around 1935 cm™ and is assigned to the double
carbonyl loss product ?’]F‘(e(CO)3.103’108 As mentioned previously, the spin-state of the
tetracarbonyl intermediate 3Fe(CO), has been confirmed by MCD studies.?” Although
no MCD experiments have been carried out to confirm the spin-state of the tricarbonyl
intermediate, ab initio and molecular orbital calculations have predicted that *Fe(CO),
is a triplet in its ground state. 6109122 The formation of this 14-electron tricarbonyl
complex is reported to occur through a single photon process, resulting in the loss of
two carbonyl ligands from the parent complex upon excitation. 3124 Recent work by
Harris and co-workers has shown that while more strongly coordinating solvents such
as alcohols interact directly with the metal centre on a picosecond timescale, alkane
solvents do not show any significant interaction.'?* From this, the tricarbonyl complex
formed during our experiments is assigned as the bare, coordinatively unsaturated
3Fe(CO),. It is clear from the TRIR difference spectrum obtained 500 ps following
excitation that the (CO) bands of both 3Fe(CO), and 3Fe(CO), transient species are
still present on this timescale, while no reformation of the parent complex is observed
between 1 and 500 ps. Table 2.1 shows the v(CO) band positions for all parent,

transient and product complexes observed in this study, as well as selected data from
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the literature for comparison.

TABLE 2.1: Infrared v(CO) bands of iron carbonyl species in various liquid and
supercritical solvents, as well as in the vapour phase.

Compound Solvent v(CO) (cm™) Reference
Fe(CO), None (vapour) 2032, 2018 108
n-heptane 2023, 2002 103
scXe 2025, 2004 103

PFMCH 2028, 2006 This work
3Fe(CO), None (vapour) 2000, 1984 103
n-heptane 1988, 1967 103
scXe 1993, 1972 103

PFMCH 1996, 1977 This work
3Fe(CO), n-heptane 1926 103
scXe 1931 103

PFMCH 1935 This work
1Fe(CO),(Sol) n-heptane 2083, 1989, 1973, 1953 103
scXe 2085, 1990, 1974, 1961 103

PFMCH 2073, 1976, 1961, 1945 This work
Fe,(CO)q None (vapour) 2046, 2016, 1982 108
n-heptane 2035 103
scXe 2043 103

PFMCH 2034, 2100 This work

Table 2.2 shows a comparison of the ratio of *Fe(CO);:3Fe(CO), formed in
a series of solvents, estimated by taking the heights of the v(CO) bands for each
complex and assuming similar IR extinction coefficients. This should be considered an
approximation of the real ratio, as the real extinction coefficients of these species are
likely to differ. This assumption may introduce significant error dependent on the real
extinction coefficient values for 3Fe(CO), and 3Fe(CO),. However, it is expected that
the extinction coefficients of these species should not change significantly in different

solvents, thereby allowing us to draw a useful comparison between various solvents.

From this point of view, an interesting comparison of this ratio in various solvents
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FIGURE 2.12: a) Selected picosecond TRIR spectra obtained at 1, 5, 30, 100 and
500 ps following 266 nm irradiation of Fe(CO), in PFMCH under argon, showing the
formation of *Fe(CO), in solution. b) FTIR of same solution before photolysis.

can be drawn. From the assumed non-coordinating nature of the PFMCH solvent, this
ratio might be expected to lie closer to that observed for scXe and scAr solvents than

the ratio observed in n-heptane, suggesting the perfluoroalkane may have an effect more
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TABLE 2.2: Ratio of 3Fe(CO),:3Fe(CO), observed by TRIR in a series of solvents.
The ratio is calculated from the area of the v(CO) band of 3Fe(CO), and the sum of
the areas of the two v(CO) bands of 3Fe(CO),.

Solvent 3Fe(CO),:3Fe(CO), Ratio Reference
PFMCH 01:50 This work
n-heptane 01:17 103
scXe 01:05 103
scAr 01:03 103

akin to a supercritical noble gas than a conventional alkane solvent. However, only
a very small amount of *Fe(CO), is observed in PFMCH solution. While, as stated
above, formation of 3Fe(CO); in solution is suggested to occur by a single-photon
process, a two-photon mechanism has been previously observed, and as such cannot be
ruled out.?? This may explain this unexpected behaviour in the perfluorinated solvent.
Furthermore, it has been suggested that the formation of *Fe(CO); may be related to
the rate of vibrational relaxation of the tetracarbonyl intermediate, with experiments in
scXe showing a slower relaxation rate than those performed in n-heptane;'%® however,
no detailed studies of this process have been reported, and further work will be required

to fully examine this effect.

Figure 2.13 shows a series of selected difference spectra from nanosecond TRIR
experiments following 266 nm photolysis of Fe(CO), in PFMCH solvent under an
Ar atmosphere. The spectrum recorded 1 ns following excitation clearly shows the
presence of the two v(CO) bands of the triplet 3Fe(CO), (1996 and 1977 cm™) as
observed in the picosecond spectra reported in Figure 2.12. The v(CO) band of the
tricarbonyl species 3Fe(CO), is still present on this timescale, however only a small

amount appears to remain in solution after this time. The two bands of 3Fe(CO), decay
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FIGURE 2.13: a) Selected nanosecond TRIR spectra obtained at 2, 10, 70, 200 and
1000 ns following 266 nm irradiation of Fe(CO), in PFMCH under argon, showing the
decay of 3Fe(CO),, and formation of 'Fe(CO),(C,F,,) and Fe,(CO)j in solution.

(7 = 140 (£10) ns) concurrently with the formation of six new v(CO) bands. Three of
these bands lie to lower energy compared to the parent v(CO) bands (1976, 1961 and
1945 cm™) are assigned to the singlet solvent complex 'Fe(CO),(C,F,,) by comparison
with previous TRIR studies. %325 A fourth band, which grows in at 2073 cm™, is
also assigned to this singlet solvent complex.%%:103:125 The decay of the triplet species

3Fe(CO), and the growth of the singlet solvent complex 'Fe(CO),(C,F,,) occur at the
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same rate (kops = 7.0 (£0.8) x 10° s71), shown in Figure 2.14, suggesting formation
of 'Fe(CO),(C,F,,) directly from 3Fe(CO),. A summary of observed rate constants
for the processes observed following photolysis of Fe(CO), in PFMCH is presented in

Table 2.3.

TABLE 2.3: Observed rate constants for the processes observed following photolysis of

Fe(CO), in perfluoro(methylcyclohexane) solution at 298 K.

v(CO) (cm™) Assignment kops (s1)

1996 3Fe(CO), 7.1 (£0.7) x 106
1977 3Fe(CO), 7.0 (£0.7) x 10°
2073 1Fe(CO),(C,Fyy) 6.9 (0.6) x 10°
1976 1Fe(CO),(C,Fyy) 6.9 (+0.7) x 106
1961 1Fe(CO),(C,Fyy) 7.0 (£0.8) x 10°
1945 1Fe(CO),(C,Fyy) 7.0 (£0.7) x 10°
1935 3Fe(CO), 1.2 (£0.3) x 107
2100 Fe,(CO)q 8.3 (£0.8) x 106
2034 Fe,(CO)q 8.2 (£0.7) x 106

The fifth and sixth new ©(CO) bands at 2034 and 2100 cm™, respectively, grow in
on a nanosecond timescale. These bands are assigned to the iron carbonyl dimer species
Fe,(CO)g. The lower energy band assigned to this complex has been previously reported
in both supercritical and liquid solvents, as well as matrix isolation studies, however the
higher energy band at 2100 cm™! has not been previously observed. 1017103123 Previous
matrix isolation studies have reported observation of #(CO) bands for both the bridged
and unbridged isomers of Fe,(CO)g at ca. 2040 cm™, 11192 raising the possibility of

the formation of both of these isomers following photolysis of Fe(CO), in PFMCH.

The rate of growth of the v(CO) band at 2100 cm™ (7 = 122 (45) ns) is within
error of the rate of growth of the lower energy band at 2034 cm™ (7 = 120 (+4)

ns) suggesting that these two bands are due to the same species. It is possible that

53



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

— B
2
<
<
o
L
4
<
g
—
O
Z
o—

0 200 400 600 800 1000
Time / ns

FIGURE 2.14: Normalised, single-point kinetic traces from TRIR spectra obtained

following 266 nm photolysis of Fe(CO), in PFMCH under Ar. Decay of 3Fe(CO), at

1996 cm™! (circles) and growth of 'Fe(CO),(C,F,,) at 1946 cm™ (squares) are shown.
Solid lines are mono-exponential fits.

formation of this octacarbonyl dimer species is also a decay pathway for the small

concentration of the tricarbonyl 3Fe(CO), produced during these experiments. !0

The decay of 3Fe(CO)3, shown in Figure 2.16, occurs at a similar rate to the
growth of Fe,(CO)g (kops = 1.2 (£0.3) x 107 st and 8.3 (£0.8) x 10° 57, respectively),
but they are not identical. These two processes occur on a similar timescale, and a
reaction between 3Fe(CO); and the parent Fe(CO); would exhibit pseudo first-order
kinetics, which is expected from the observed growth of the #(CO) bands of Fe,(CO)q
shown in Figure 2.15. However, the quality of the kinetic data obtained from the TRIR
spectra presented above is not sufficient to definitively unravel the role of pseudo first-

and second-order processes which may be occurring on this timescale, leading to the
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F1GURE 2.15: Normalised, single-point kinetic traces from TRIR spectra recorded

following photolysis of Fe(CO), in PFMCH under Ar, showing matching rates of

growth for the v(CO) bands at 2100 and 2034 cm™. These bands are assigned to the
dimer Fe,(CO)s.

formation of Fe,(CO)g. It is possible that dimerisation of 3Fe(CO), to form Fe,(CO)g
is a competing pathway. If this were the case, formation of the dimer would be expected
to be to be a second-order kinetic process, highly dependent on the concentration of
3Fe(CO),. The two proposed pathways for formation of this Fe,(CO)g dimer are shown

in Scheme 2.4.

3Fe(CO),; + Fe(CO); — Fey(CO);q (2.1)

Fe(CO), + *Fe(CO), — Fe,(CO)q (2.2)

SCHEME 2.4: Proposed reaction pathways for the formation of Fe,(CO), following
266 nm photolysis of Fe(CO), in PFMCH solution under Ar.

Further studies are required to fully elucidate the kinetics of these processes,
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F1GURE 2.16: Normalised, single-point kinetic trace from TRIR spectra recorded

following photolysis of Fe(CO), in PFMCH under Ar, showing decay for the v(CO)

bands 1935 cm™, assigned to *Fe(CO),. Inset: Series of TRIR difference spectra

showing the decay of the v(CO) band of *Fe(CO), at 1935 cm™ on the nanosecond
timescale.

but under these conditions it appears that the dominant process for the formation of
Fe,(CO)j is a reaction between *Fe(CO); and the parent Fe(CO),. Previous solution
phase studies have also reported the formation of small amounts of Fe,(CO),. 103108
No v(CO) bands corresponding to this nonacarbonyl dimer are observed following
photolysis in PFMCH. Formation of this dimer species has only previously been
observed in experiments performed under a pressure of CO, and the CO molecule
may have a role in the reaction required to form Fe,(CO)4 from 3Fe(CO), and other
intermediates. % The experiments described in this Chapter are all performed under

an Ar atmosphere, reducing the likelihood the possibility of a reaction involving CO.

It is interesting to note the low intensity of the observed v(CO) bands of the
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solvent complex, compared with those of the observed dimer complex, Fe,(CO)g. As

103 202

stated above, previous experiments performed in scAr-"° and scKr<"“ solvent showed
no evidence of the formation of a singlet solvent complex, 'Fe(CO),(Sol) (Sol =
solvent), due to the very weakly interacting nature of the noble gas solvents. The low
concentration of 'Fe(CO),(C,F,,) produced following photolysis in PFMCH suggests
a weak interaction between metal and solvent, possibly leading to increased formation

of the dimer from 3Fe(CO) 4 When compared with similar experiments in n-heptane,

though a change in extinction coefficient may play a role in this observed effect.

TABLE 2.4: Lifetimes (in ns) for the spin-forbidden reaction of 3Fe(CO), to form
'Fe(CO),(Sol) following photolysis of Fe(CO); in a series of supercritical and liquid
solvents (all data recorded at 298 K).

Solvent 7 (ns) Reference
PFMCH 140 (£10) This work
scAr N/A 103
scKr N/A 198
scXe 60 (£7) 103
scCH, 200 (£50) 103
n-heptane 13.1 (£0.2) 103
c-pentane 12.0 (£1.6) 198
CH,CL, 3.8 (£0.6) 198
CH,OH 0.05 (££0.01) 198

Table 2.4 shows a comparison of lifetimes for the decay of *Fe(CO), and the
formation of 'Fe(CO),(Sol) in various supercritical and liquid solvents. This reaction
with the solvent is much slower in PFMCH than in other weakly coordinating solvents
such as n-heptane and xenon. The rate of decay of the triplet 3Fe(CO), in PFMCH
solvent is faster than that reported in scAr. However unlike PFMCH, scAr does not
appear to interact with the metal centre to form a singlet complex, as no new v(CO)

bands were observed to form concurrently with decay of the triplet bands. %3 The slow

o7



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

rate for this process observed in PFMCH suggests a very weak interaction between the
solvent and the metal centre compared with other liquid solvents, and is the slowest

reported for this process in a conventional room temperature liquid solution.

The weak interaction between Fe and PFMCH may also explain the relatively
large amount of Fe,(CO)g, and small amount of 'Fe(CO),(C,F,,) formed during the
experiment. Scheme 2.5 shows the proposed photochemical reaction which takes place

following 266 nm photolysis of Fe(CO), in PFMCH.

7° | mene, Joca
oce hv OCa +CiFe _loca !
OC\"Fe CcO T» OC\\'Fi OC\\'F|e C7F14
co CcO CO
1 ]
1 ]
-2CO : hv/2hv :+3[Fe(CO)4]
| |
v +Fe(CO); v

3[Feco)3] —— > Fe,(CO),

SCHEME 2.5: Proposed reaction pathways following irradiation of Fe(CO), in PFMCH

solvent, showing initial formation of the triplet intermediates *Fe(CO), and 3Fe(CO),,

leading to formation of the solvent complex 'Fe(CO),(C,F,,), and the dimer Fe,(CO).
Dashed arrows show minor pathways.

2.2.2 Picosecond TRIR of CpMn(CO), in n-heptane

Given the dramatic effect of perfluorinated solvents on the rate of triplet to singlet
interconversion shown in the above experiments, this study was extended to examine the
photochemistry of CpMn(CO), (Cp = n’-cyclopentadienyl) in several perfluorinated

solvents.
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Harris and co-workers identified the short-lived coordinatively unsaturated triplet
intermediate 3CpMn(CO), during ps-TRIR experiments on CpMn(CO)4 performed in
n-heptane and triethylsilane solvents. This triplet intermediate was shown to decay to
form the singlet solvent complex ' CpMn(CO),(Sol) (Sol = solvent).!!® Before examining
the effect of perfluorinated solvents on this spin-state interconversion, the experiment

reported by Harris and co-workers in an alkane solvent was repeated.

Several TRIR difference spectra recorded on the picosecond timescale following
excitation at 266 nm of CpMn(CO); in n-heptane under an Ar atmosphere are shown
in Figure 2.17. 1 ps following excitation the two v(CO) bands of the parent molecule are
clearly depleted, and two new broad v(CO) bands appear, centred at 2000 and 1846 cm™.
These new v(CO) bands sharpen and blue-shift over the first 5 ps following excitation,
yielding final band positions of 2004 and 1849 cm™, consistent with vibrational cooling of
the CO ligands. 2% 2% From the work of Harris and co-workers, these bands are assigned
as being due to the coordinatively unsaturated triplet complex *CpMn(CO),. 8 A

summary of ¥(CO) band positions for all Mn complexes is given in Table 2.5.

The previous studies reported in triethylsilane have also observed a further v(CO)
band at approximately 1883 cm™, with no data recorded below 1860 cm™.1%° The
authors attribute this additional band to a short-lived triplet species. No evidence of
this band was observed in our experiments. Our assignment of the unsaturated triplet
complex 3CpMn(CO)2 is also supported by low temperature matrix isolation studies of
CpMn(CO)4 and derivatives.®® The authors of this study also suggest an explanation
for the unusually large Av between the two observed carbonyl stretching modes of the

triplet species. Natural bond order population analyses showed an orbital symmetry
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TABLE 2.5: v(CO) absorption band frequencies of CpMn(CO), and intermediates
produced following photolysis of CpMn(CO),, recorded in various pure solvents at 298
K and an Ar matrix at 10 K.

Compound Solvent /Matrix v(CO) (cm1) Reference
CpMn(CO), n-heptane 2028, 1946 This work
c-pentane 2027, 1946 This work
PFMCH 2033, 1952 This work
PFH 2033, 1956 This work
PFTEA 2034, 1954 This work
Triethylsilane 2028, 1947 118
Ar matrix 2032, 1948 53
3CpMn(CO), n-heptane 2004, 1849 This work
c-pentane 2000, 1844 This work
PFMCH 2008, 1850 This work
PFH 2006, 1860 This work
PFTEA 2006, 1855 This work
Triethylsilane 2002, 1883 118
Ar matrix 2006, 1853 53
1CpMn(CO),(Sol) n-heptane 1960, 1897 This work
c-pentane 1959, 1891 This work
PFMCH 1965, 1898 This work
PFH 1968, 1903 This work
PFTEA 1965, 1899 This work
Triethylsilane 1960, 1892 118
Ar matrix 1973, 1904 53

favourable for interaction between the highest energy singly occupied orbital of the

triplet and the antibonding orbitals of the carbonyl ligands. This stabilisation energy

was observed to be much greater than that seen in the singlet species, reflecting the

comparatively strong interaction between the two carbonyl ligands of the unsaturated

triplet.

The two v(CO) bands of 3CpMn(CO),, decay concomitantly with the formation

of two new bands at 1960 and 1897 cm™!, which are assigned to the dicarbonyl solvent

complex 'CpMn(CO),(C,Hy;).
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FIGURE 2.17: a) Selected picosecond TRIR difference spectra recorded at a series of
time delays following 266 nm photolysis of a solution of CpMn(CO), in n-heptane.
Decay of the v(CO) bands of *CpMn(CO),, and growth of those corresponding to
'CpMn(CO),(C,H;4) can be clearly seen. b) FTIR spectrum of the same solution.

Observed rate constants for the processes observed following the photolysis

of CpMn(CO); in n-heptane are shown in Table 2.6. The rates of the decay of

3CpMn(CO), (T = 0.11 (£0.02) ns) and formation of 'CpMn(CO),(C,H,4) (7 = 0.10

4+0.01) ns) are consistent with direct formation of 'CpMn(CO),(C.H,.) directly from
27t
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FicURrE 2.18: Kinetic traces from TRIR spectra recorded following 266 nm irradiation

of CpMn(CO), in n-heptane solution. Showing matching rates for the decay of

3CpMn(CO), at 2004 cm™ (circles) and growth of 'CpMn(CO),(C,H;4) at 1897 cm™
(squares). Solid lines are mono-exponential fits.

TABLE 2.6: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in n-heptane solution at 298 K.

v(CO) (cm™) Assignment kobs (s71)

2004 3CpMn(CO), 9.1 (£0.5) x 10°
1849 3CpMn(CO), 8.9 (£0.4) x 10°
1960 1CpMn(CO),(C,H,4) 9.0 (£0.4) x 10°
1897 1CpMn(CO),(C,H,g) 9.1 (£0.3) x 10°

3CpMn(CO),. Kinetic traces for these processes are shown in Figure 2.18, and lifetimes
in all solvents are summarised in Table 2.7. The spectrum recorded 1000 ps after
excitation shows only the bands of 'CpMn(CO),(C,H,4), which do not decay on the

timescale of this experiment.

For comparison with results obtained for photolysis of CpMn(CO)4 in pure
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TABLE 2.7: Lifetimes (in ns) for the spin-forbidden reaction of 3CpMn(CO), to
form 'CpMn(CO),(Sol) following photolysis of CpMn(CO), in a series of pure liquid
solvents (all data recorded at 298 K).

Solvent Lifetime 7 (ns) Reference
n-heptane 0.11 (£0.02) This work
c-pentane 0.09 (£0.01) This work
PFMCH 18 (£2) This work
PFH 90 (£30) This work
PFTEA 36 (£4) This work
Triethylsilane 0.105 118

n-heptane presented above, as well as those in the mixed solvent system PFMCH:c-
pentane presented later in this Chapter, photolysis of CpMn(CO)4 was also examined
in pure c-pentane. The results obtained for this experiment were similar to those
described above following photolysis in n-heptane. 1 ps after photolysis, the two parent
v(CO) bands of CpMn(CO), (2027 and 1946 cm™!) were bleached, and two new, broad
v(CO) bands were present. These bands were observed to sharpen and blue-shift on a
picosecond timescale to yield absorbance bands at 2000 and 1844 cm™!, assigned to the
16-electron triplet species 3CpMn(CO),, as expected from TRIR studies of CpMn(CO) 3
in n-heptane reported above. This vibrational cooling process occurs over the first 5 ps
following photolysis, matching the rate of the cooling process observed in n-heptane.
These bands appear to approximately 4 cm™ lower in energy than those observed for
the same 16-electron species following photolysis in n-heptane. It is possible that this
change is simply due to the difference in solvent environment between the two alkanes,
however this change in band position is larger than the change in energy for the parent

CpMn(CO)4 v(CO) bands.

As above in n-heptane, the 16-electron triplet species decays concomitantly with
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FIGURE 2.19: Kinetic traces from TRIR spectra recorded following 266 nm irradia-

tion of CpMn(CO), in c-pentane solution, showing matching rates for the decay of

3CpMn(CO), at 2000 cm™ (circles) and growth of *CpMn(CO),(C;H,,) at 1891 cm™
(squares). Solid lines are mono-exponential fits.

the growth of two new v(CO) bands at 1959 and 1891 cm™, which are assigned to the
solvent complex 1CpMn(CO),(CsH;,). Once again, these bands appear at lower energy
compared to those of the corresponding n-heptane complex, suggesting a possible
difference in interaction between these two solvents and the metal centre. However,
the decay of 3CpMn(CO), and formation of !CpMn(CO),(CsH,,) in this case (1 =
0.09 (£0.01) ns) is only slightly faster than that observed in n-heptane, suggesting a
similar interaction between the solvent ligand and metal centre for these two alkanes.
It is possible that these changes in band positions are simply a result of the differing
solvent environment, however other factors may be at play (e.g., sterics), which may
change the strength of the interaction between solvent and metal, or the geometry of

the resulting organometallic alkane complex. Observed rate constants for processes
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involved in the spin-forbidden reaction following 266 nm photolysis of CpMn(CO); in

cyclopentane solution are shown in Table 2.8.

TABLE 2.8: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in c-pentane solution at 298 K.

v(CO) (cm™) Assignment kops (s71)

2004 3CpMn(CO), 1 (£0.1) x 10'°
1849 3CpMn(CO), 1 (£0.1) x 10°
1959 1CpMn(CO),(C;H,,) 0 (£0.1) x 101°
1891 LCpMn(CO),(C.H,,) 1 (£0.2) x 1010

It has previously been shown that cyclic alkanes give rise to more stable organo-
metallic alkane complexes than linear alkanes. 8206207 The results reported above
appear to agree with this trend, with the cyclic solvent cyclopentane exhibiting a
slightly faster reaction rate and band positions suggesting greater donation of electron
density from solvent to metal than experiments performed in n-heptane. It is also
possible that the changing viscosity of the solvent plays a role in changing the rate of

this spin-forbidden reaction by altering the rate of diffusion.

2.2.3 Picosecond and Nanosecond TRIR of CpMn(CO), in Perfluoro-

(methylcyclohexane)

Following on from the experiments in pure alkane solvents described above, the pho-
tochemistry of CpMn(CO); in perfluoro(methylcyclohexane) was investigated. Figure
2.20 shows a series of TRIR difference spectra recorded following 266 nm excitation of

CpMn(CO)4 in PFMCH, under an Ar atmosphere.
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FIGURE 2.20: a) Selected picosecond TRIR difference spectra recorded at a series

of time delays following 266 nm photolysis of a solution of CpMn(CO), in PFMCH.

Depletion of the v(CO) bands of the parent molecule, and subsequent growth and

cooling of the v(CO) bands of 3CpMn(CO), can be seen. b) FTIR spectrum of the
same solution.

The two v(CO) bands corresponding to the parent complex (2034 and 1954 cm™)
are depleted within 1 ps of photolysis, yielding two new, broad v(CO) bands. These

bands appear vibrationally hot, and cool over ca. 30 ps to yield band positions of 2007
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and 1848 cm™, again showing a large Av as observed following photolysis in n-heptane.
This cooling process is much slower than that observed for the corresponding v(CO)
bands in n-heptane. From previous TRIR experiments, these two v(CO) bands can be
assigned to the unsaturated 16-electron triplet species, 3CpMn(CO)2, as above, 3118
Interestingly, the triplet complex is stable after 700 ps in PFMCH, much longer than
experiments performed in n-heptane solvent. This effect appears shows agreement with
observations made following photolysis of Fe(CO), in perfluoro(methylcyclohexane),
in which the lifetime of the unsaturated intermediate 3Fe(CO), was extended greatly

compared photolysis experiments in alkane solvent.

The v(CO) absorbance bands of both the parent complex and the unsaturated
triplet intermediate all appear at higher energy in PFMCH solution relative to the
corresponding bands observed in n-heptane solution. This shift is consistent with a
weaker, less stabilising interaction between the solvent and the highly polar carbonyl

ligands due to the low polarity of the perfluoroalkane compared to the alkane.?%8

Following the observation of a long-lived, coordinatively unsaturated intermediate
during picosecond TRIR studies, a nanosecond TRIR study was carried out in an
attempt to determine whether 3CpMn(CO)2 decays to form a solvent complex in
PEFMCH and to examine the lifetime of this and any other processes occurring following
excitation. Figure 2.21 shows selected TRIR difference spectra recorded at a series of
nanosecond time delays following 266 nm photolysis of CpMn(CO), in PFMCH under

an Ar atmosphere.

The two v(CO) bands of 3CpMn(CO),, as assigned above, can be seen clearly
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FIGURE 2.21: Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpMn(CO), in PFMCH.

Decay of the v(CO) bands of 3CpMn(CO), and growth of those corresponding to
1CpMn(CO),(C,F,,) can be clearly seen.

in the 1 ns spectrum. A further two weak v(CO) bands are also observed at 1966
and 1898 cm™ in the 1 ns spectrum, which are assigned to the singlet solvent complex
1CpMn(CO),4(C,F,,). These bands appear at slightly higher energy compared to those
of the n-heptane complex 'CpMn(CO),(C-H;4). The observed rate constants for the
spin-forbidden reaction which occurs following photolysis of CpMn(CO), in PFMCH are

shown in Table 2.9. The continued formation of this solvent complex occurs concurrently

68



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

with the decay of the triplet 3CpMn(CO),, indicating that *CpMn(CO),(C,F,,) is

formed directly from 3CpMn(CO),, as expected.

TABLE 2.9: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO); in perfluoro(methylcyclohexane) solution at 298 K.

v(CO) (cm™) Assignment kops (s1)
2008 3CpMn(CO), 5.6 (+0.3) x 107
1850 3CpMn(CO), 5.6 (£0.2) x 107
1965 1CpMn(CO),(C,Fy) 5.8 (+0.3) x 107
1898 1CpMn(CO),(C,Fy,) 5.8 (+0.3) x 107
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FI1GURE 2.22: Nanosecond kinetic traces from TRIR spectra recorded following 266

nm irradiation of CpMn(CO), in PFMCH solution, showing matching rates for the

decay of *CpMn(CO), at 2007 cm™ (circles) and growth of 'CpMn(CO),(C,F,,) at
1898 cm™ (squares). Solid lines are mono-exponential fits.

The TRIR kinetic traces for the decay of 3CpMn(CO), (7 = 18 (£2) ns) and
formation of *CpMn(CO),(C,F,,) (T = 17 (£2) ns) are shown in Figure 2.22. The rates
for these processes are an order of magnitude slower than those observed in n-heptane

solution, possibly due to a weaker interaction between the PFMCH solvent and the Mn
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centre, though the precise reason for this dramatic difference will be discussed later in
this Chapter. The weak interaction leads to a vastly increased lifetime of the highly
reactive coordinatively unsaturated 16-electron intermediate, consistent with results
reported above for photolysis of Fe(CO); in PFMCH. The spectrum recorded 700 ns

following excitation shows only the v(CO) bands of the singlet solvent complex.

2.2.4 Density Functional Theory Study of the Geometry and Spin-

State of 3CpMn(CO),

Following observation of the 16-electron unsaturated intermediate *CpMn(CO), de-
scribed above, investigations to determine the geometry and confirm the spin-state of

this unusual intermediate were undertaken.

Optimised geometries and harmonic vibrational frequencies were calculated by
Dr. Magnus Hanson-Heine at the University of Nottingham using density functional
theory (DFT) at the M06 level of theory?" within the Q-Chem quantum chemical
software package.?!? Calculations were converged using the triple-¢ 6-311G(d,p) basis
set for C, O and H atoms and quasi-relativistic SRSC pseudo-potential and basis set
for Mn, together with an EML-(75,302) integration grid.?!! Initial molecular structures
were optimised without constraint to minimum energy geometries, confirmed by the
absence of imaginary frequencies. The resulting harmonic frequencies were scaled by a

uniform factor of 0.95.212

The structures of 3CpMn(CO), which were considered are shown in Figure 2.23.

Two triplet species were considered, one with a bent structure and Cg symmetry, and
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FIGURE 2.23: Structures considered as possible candidates for the unsaturated
intermediate observed unsaturated intermediate following photolysis of CpMn(CO),
in solution.

another with planar geometry and Co, symmetry. A further singlet structure was also
calculated, with a bent structure and Cg symmetry. For comparison, the vibrational
frequencies of the parent CpMn(CO), complex were also calculated. Previous DFT
studies have also considered the possibility of a coordinatively unsaturated ring-slipped
intermediate,®® many of which have been observed spectroscopically.?%186,193,213-215
However, in the interest of simplicity only n° structures have been considered in this
study. Figure 2.24 shows the v(CO) vibrational frequencies for all calculated structures,

as well as an experimental TRIR difference spectrum showing v(CO) bands of the

parent complex and 16-electron intermediate.

Calculated vibrational frequencies for the parent complex CpMn(CO)4 at 2026
and 1961 cm™ are in reasonable agreement with those observed experimentally by
TRIR spectroscopy (2033 and 1953 cm™). Comparison of the calculated vibrational
frequencies of the various structures of the 16-electron intermediate with a TRIR
difference spectrum recorded 1 ns after photolysis of a solution of CpMn(CO), in
PFMCH shows a very good match between the experimental v(CO) band positions of
3CpMn(CO), (2007 and 1849 cm™) with those of the calculated bent triplet structure

(2003 and 1847 cm™). Calculated frequencies for this bent triplet structure exhibit an
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FIGURE 2.24: Calculated vibrational frequencies for a series of possible structures

of a coordinatively unsaturated cyclopentadienyl manganese dicarbonyl complex,

and calculated vibrational frequencies of CpMn(CO),, overlaid with a single TRIR

difference spectrum recorded 1 ns following photolysis of CpMn(CO), in PFMCH

solution. Calculated absorption bands of ¥(CO) have been made negative in order to
mimic the presented difference spectrum.

unusually large Av (156 cm™) which matches well with experimental observations (Av
= 158 em™). The planar triplet structure shows good agreement for the higher energy
of the two v(CO) bands of the intermediate, while the bent singlet structure shows
poor agreement with the experimental spectrum for all ¥(CO) band frequencies. A
summary of all calculated and experimentally obtained v(CO) vibrational frequencies
for CpMn(CO)4 and various structures of the unsaturated intermediate are shown in

Table 2.10

The very good agreement between the calculated vibrational frequencies of the
triplet bent structure of 3Cpl\/[n(CO)2 and the experimentally observed frequencies of

the intermediate formed following photolysis of CpMn(CO), in solution adds to the
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TABLE 2.10: Experimentally obtained v(CO) absorption band frequencies of

CpMn(CO), and *CpMn(CO),, and calculated v(CO) frequencies for CpMn(CO), and

a series of possible structures of a 16-electron, coordinatively unsaturated intermediate
produced following photolysis of CpMn(CO), in solution.

Source Compound v(CO) (cm™1) Geometry
Experimental CpMn(CO), 2033, 1953
3CpMn(CO), 2007, 1849
Calculated CpMn(CO), 2026, 1961
3CpMn(CO), 2003, 1847 Bent
3CpMn(CO), 2011, 1912 Planar
1CpMn(CO), 1986, 1937 Bent

evidence for the triplet spin-state of this intermediate. These results are somewhat
in agreement with those of Kemnitz and co-workers, who found a significant match
between experimentally observed v(CO) bands calculated bands for a bent geometry of
3CpMn(CO)Q. The authors also considered a planar geometry, which showed poorer
agreement with experimental data.®® In addition to these two n° species, the authors
also calculated the vibrational spectra of a ring-slipped 73 triplet species, and found
good agreement with observed experimental data for the triplet state, identifying a
distortion in the direction of the ring-slipped intermediate in their calculated geometry
of 3CpMn(CO),, which may go some may to explaining the similar calculated v(CO)
absorption frequencies. While no ring-slipped species were considered during this study,
it is interesting to note that no such distortion is observed in our calculated geometry for
the bent triplet 3CpMn(CO)Q, but a good match between calculated and experimental

spectra is still observed.
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2.2.5 Picosecond TRIR of CpMn(CO), in Perfluoro(methylcyclohexane)

with a Liquid Alkane Dopant

Following observation of the dramatic effect the perfluorinated solvent PEMCH had on
the rate of the spin-forbidden reaction of *CpMn(CO), to form *CpMn(CO),(C,F,,)
compared to those observed in alkane solvents, experiments using mixed solvent systems
were undertaken. TRIR spectra presented earlier in this Chapter following photolysis of
CpMn(CO)4 or Fe(CO), in PFMCH show that PEMCH is a very weakly coordinating
solvent, which should allow the selective binding of more strongly coordinating ligands
(e.g., alkanes). By doping a small amount of alkane into the perfluoroalkane solvent,
a change in the rate of formation of the singlet complex 'CpMn(CO),X (X = solvent
or dopant), as well as its ¥(CO) band positions, should be observed. These changes,
if observed, would indicate formation of a different species from the solvent complex

observed following irradiation in pure PFMCH.

During these experiments, a small amount of an alkane solvent (c-pentane) was
doped into a solution of CpMn(CO); in perfluoro(methylcyclohexane) to give a 0.5 M
concentration of the alkane. This ratio was shown by FTIR spectroscopy to preserve the
v(CO) band positions of the CpMn(CO), parent complex observed in pure PFMCH,
suggesting that the parent complex is predominantly solvated by the perfluoroalkane.
Following on from the work of Kelly and co-workers described earlier,”® in which an
interaction between the transition metal and alkane was observed following photolysis
of M(CO), (M = Cr, Mo, W) in a perfluorinated solvent, and more recent work by
Rébay et al. in which perfluoro(methylcyclohexane) was used as the solvent for C—H

activation of alkanes at an iridium centre,”” we hoped to observe preferential formation
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of an alkane complex in perfluoroalkane solvent. Cyclopentane was selected as the initial
alkane dopant of interest due to its reported formation of long-lived organometallic
alkane complexes with both CpMn(CO); and CpRe(CO);,%® and its miscibility with

perfluoro(methylcyclohexane).

700 ps

200 ps

70 ps

A Abs.

10 ps

1ps

A Abs. = 0.0005

2100 2050 2000 1950 19'0(1) 1850 1800
Wavenumber / cm

F1GURE 2.25: Selected ps-TRIR difference spectra recorded at 1, 10, 70, 200 and

700 ps following 266 nm photolysis of CpMn(CO), in PFMCH doped with 0.5 M

c-pentane under Ar, showing the formation and subsequent decay of 3CpMm(CO)2 to
form the alkane complex 'CpMn(CO),(C;H,,).

A selection of picosecond TRIR difference spectra recorded following photolysis at

266 nm of CpMn(CO), in PFMCH doped with 0.5 M c-pentane under an Ar atmosphere
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are shown in Figure 2.25. After 1 ps following photolysis, the two v(CO) bands of
the CpMn(CO), parent complex at 2033 and 1952 cm™ are bleached, and two broad
v(CO) transient bands appear at lower energy relative to the bleached parent bands.
These two bands sharpen and blue-shift over approximately 30 ps, consistent with the
vibrational cooling process observed in the pure perfluorinated solvent above, to yield
two transient v(CO) bands at 2008 and 1850 cm™, with a similarly large Av observed
above (158 cm™). A summary of the v(CO) band positions of CpMn(CO), and all
intermediates produced following 266 nm photolysis in a series of weak ligand doped
PFMCH solutions, some of which will be discussed in later sections, is given in Table
2.11. Similarly to the experiments in pure alkane and perfluoroalkane solvent described
above, these two bands are assigned to the 16-electron triplet species 3CpMn(CO)2.
The observed energy of the v(CO) bands of 3CpMn(CO), appear to be unaffected by
the addition of c-pentane to the perfluorinated solvent, suggesting a minimal interaction

between the alkane or perfluoroalkane and the metal centre for this triplet species.

The spectrum recorded 10 ps after photolysis shows some evidence of two more
v(CO) bands. The two bands assigned to *CpMn(CO), begin to decay on a picosecond
timescale, concurrently with continued formation of these additional »(CO) bands at
1963 and 1896 cm™ (kops = 3.7 (£0.4) x 10? s71). A summary of observed rate constants
for all processes observed following photolysis of CpMn(CO)5 in c-pentane doped
PFMCH is shown in Table 2.12. The observed rate at which the triplet *CpMn(CO),
undergoes the spin-forbidden reaction to form the solvent complex 1CpMn(CO)2X in
the mixed solvent system is much faster than the rate observed in pure perfluoroalkane,

suggesting that a different, more favourable interaction between metal and solvent is
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TABLE 2.11: v(CO) absorption band frequencies of CpMn(CO), and intermediates
produced following photolysis of CpMn(CO), in pure PEFMCH or PFMCH doped with
c-pentane, Xe, CO,, CH, or C,Hj.

Compound Dopant v(CO) (cm™)
CpMn(CO), 2033, 1952
c-pentane 2033, 1952
Xe 2033, 1952
CO, 2033, 1952
CH, 2033, 1952
C,Hg 2033, 1952
3CpMn(CO), 2008, 1850
c-pentane 2008, 1850
Xe 2008, 1849
CO, 2008, 1850
CH, 2008, 1850
C,Hg 2008, 1849
1CpMn(CO),X 1965, 1897
c-pentane 1963, 1896
Xe 1967, 1898
CO, 1964, 1896
CH, 1965, 1897
C,Hg 1964, 1896

TABLE 2.12: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in PFMCH solution doped with 0.5 M c-pentane at 298 K.

v(CO) (cm™1) Assignment kops (s71)

2008 3CpMn(CO), 3.7 (£0.4) x 10°
1850 3CpMn(CO), 3.6 (+0.4) x 10°
1963 1CpMn(CO),(C;H,) 3.6 (£0.3) x 10°
1896 1CpMn(CO),(C,H,,) 3.7 (£0.3) x 10°

present in this case. TRIR kinetic traces for this reaction are shown in Figure 2.26,
while the lifetimes for this process in a series of PFEMCH solutions doped with weak
ligands is presented in Table 2.13. The v(CO) bands of !CpMn(CO),X are slightly
shifted to lower energy relative to those observed in PFMCH alone, while the v(CO)
bands of the parent CpMn(CO); and triplet intermediate 3CpMn(CO), do not exhibit

any change in position. While it is possible that this is due to preferential solvation
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FIGURE 2.26: Picosecond kinetic traces from TRIR spectra recorded following 266 nm
irradiation of CpMn(CO), in PFMCH solution doped with 0.5 M c-pentane, showing
matching rates for the decay of 3CpMn(CO), at 2008 cm™ (circles) and growth of
1CpMn(CO),(CH,,) at 1896 cm™ (squares). Solid lines are mono-exponential fits.

of the singlet solvent complex by c-pentane, based on the change in spin-forbidden
reaction rate compared to experiments in pure PFMCH, this change is attributed to a
direct interaction between the alkane dopant and metal to form 'CpMn(CO),(CyH,,).
This direct interaction increases the amount of electron donation from the solvent
ligand to the metal centre when compared with PFMCH, increasing back-bonding
from the metal to the remaining carbonyl ligands, lowering the energy of the carbonyl
ligand vibrations. The rate of this spin-forbidden reaction is indeed more akin to that
observed above in pure alkane than in pure PFMCH. However, the rate of reaction
in this doped system is ca. 3 times slower than the rate of the corresponding reaction
to form the solvent complex in pure cyclopentane. It is possible that the rate of this

reaction is limited by the need for *CpMn(CO), and c-pentane to diffuse towards each
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other before a reaction can occur, due to the low concentration of these two species
in solution. The diffusion limited rate constant (k;) for a reaction such as this can be

estimated using the expression:

kg = 47R*(Da + Dp)N4103

Where R" is the critical reaction radius, and Dp and Dp are the diffusion

coefficients of reactants A and B respectively, given by the Stokes-Einstein equation:

_ kpT
~ 6mna

D

Where 7 is the viscosity of the solvent, and a is the effective radius of the solvated
species. Assuming that the two reactants are of similar size, and assuming that the
contact distance at which the reaction occurs R* = 2a, the equation can be simplified

to:

 8kpT

k
d 3

N 4103

Using this equation, kq for this reaction is estimated to be ca. 4 x 10 M-!s"t. This
is consistent with the experimentally obtained rate constant for reaction of *CpMn(CO),
with c-pentane in PFMCH, however the approximations made during calculation of
this theoretical diffusion controlled rate make this comparison far from conclusive.
The effect of addition of c-pentane on the rate of reaction of 3CpMn(CO), to form
1CpMn(CO),X, and the change in the #(CO) band positions of 'CpMn(CO),X are

clear however. This leads to the conclusion that in a mixed solvent system of PFMCH
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and 0.5 M cyclopentane, 3CpMn(CO), reacts preferentially with the alkane to form

1CpMn(CO),(C:H,,). This alkane complex is stable on the nanosecond timescale.

TABLE 2.13: Lifetimes (in ns) for the spin-forbidden reaction of 3CpMn(CO), to form

1CpMn(CO),X (X = solvent or dopant) following photolysis of CpMn(CO), in a series

of solvent/dopant systems (all data recorded at 298 K). *In the case of methane, no

evidence for formation of !CpMn(CO),(CH,) is observed, the singlet complex formed
is assigned as *CpMn(CO),(C,F,,).

Dopant Lifetime 7 (ns)
None 18 (£2)
c-pentane 0.27 (£0.04)
Xe 3.9 (£0.4)
CO, 4.7 (£0.5)
CH, 19 (£4)*
C,H, 1.9 (£0.2)

2.2.6 TRIR of CpMn(CO); in Perfluoro(methylcyclohexane) with

Gaseous Dopants

2.2.6.1 TRIR of CpMn(CO), in Xenon Doped Perfluoro(methylcyclohexane)

The experiments presented earlier in this Chapter show successful formation of an
organometallic alkane complex in perfluoroalkane solution. This was achieved by
doping the liquid solvent of choice into PFMCH to form a mixture of a known ratio.
Following on from these experiments, solutions incorporating various gaseous dopants
were prepared. Previously, solutions incorporating liquid alkane dopants were prepared
under an Ar atmosphere, then held under 1.5 bar Ar for the duration of the experiment.
In the case of gaseous dopants however, solvents were first degassed to remove dissolved
argon. Solutions were prepared under an atmosphere of the gaseous dopant of interest,

then pressurised to 1.5 bar and agitated under pressure to ensure saturation.
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The first gaseous dopant that was selected for study in perfluorinated solvent

was Xe. While 1CpMn(CO)2Xe has been previously characterised by IR spectroscopy

185

in supercritical Xe solution, ®° it has never been observed in liquid solution at room

temperature. Xenon has been shown to form the most stable organometallic complexes,

compared to the other noble gases.48183,185,216
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FIGURE 2.27: Selected ns-TRIR difference spectra recorded at 1, 4, 10, 50 and 500

ns following 266 nm photolysis of CpMn(CO), in a Xe saturated PEMCH solution

at 1.5 bar, showing the formation and subsequent decay of *CpMn(CO), to form
1CpMn(CO),Xe.

TRIR spectra recorded on the picosecond timescale show bleaching of the two
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parent bands, followed by the subsequent formation of a vibrationally hot transient
assigned to 3CpMn(CO),, with #(CO) bands at 2008 and 1949 cm™. This species
undergoes vibrational cooling over ca. 30 ps matching experiments performed in pure
PFMCH, as well as those in the mixed alkane and perfluoroalkane solvent system

described above. The triplet dicarbonyl species is stable after 500 ps.

Figure 2.27 shows a series of selected ns-TRIR difference spectra recorded following
photolysis at 266 nm of CpMn(CO); in a Xe saturated PEMCH solution at a pressure
of 1.5 bar. The spectrum recorded 1 ns following irradiation shows the two v(CO)
bands assigned previously to 3CpMn(CO),. Two more v(CO) bands are also present 1
ns after irradiation at 1966 and 1898 cm™, similar to the band positions of the various
1CpMn(CO),X (X = solvent or dopant) complexes characterised above. The v(CO)
bands of 3CpMn(CO), decay on the nanosecond timescale (7 = 3.9 (£0.4) ns) at the
same rate as continued formation of 1CpMn(CO),X. The TRIR kinetic traces for this
process are shown in Figure 2.28 and observed rate constants for the growth and decay

of all ¥(CO) bands involved in this process are summarised in Table 2.14.

The rate of the spin-forbidden reaction in this case is faster than that observed
in pure PFMCH solution by approximately a factor of 4, but is slower than than that
observed in the mixed solvent system of PFMCH and 0.5 M cyclopentane by an order
of magnitude. This change in reaction rate upon addition of Xe to the PFMCH solution
suggests formation of a different, more stable complex than !CpMn(CO),(C,F,,). The
singlet dicarbonyl complex formed in this case is therefore assigned as the Xe complex
1CpMn(CO),Xe. In addition to the change in reaction rate from *CpMn(CO), to form

1CpMn(CO),Xe, the #(CO) band positions are also very similar (within 2 cm™) of
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FIGURE 2.28: Nanosecond kinetic traces from TRIR spectra recorded following 266 nm

irradiation of CpMn(CO), in Xe doped PFMCH solution, under 1.5 bar Xe, showing

matching rates for the decay of *CpMn(CO), at 2008 cm™ (circles) and formation of
'CpMn(CO),Xe at 1897 cm™ (squares). Solid lines are mono-exponential fits.

those of 'CpMn(CO),(C,F,,), suggesting that the xenon is donating a similar amount
of electron density to the metal centre as the PFMCH solvent upon binding. While this
may be unexpected considering the faster spin-forbidden reaction rate upon addition of
Xe, the nature of the interaction between the perfluorinated solvent and metal centre
is still unknown, and it is likely that other factors (e.g., sterics) may play a role in

determining which ligand will bind preferentially.

TABLE 2.14: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in a Xe saturated PEMCH solution, at 1.5 bar and 298 K.

v(CO) (cm™1) Assignment kops (s1)

2008 3CpMn(CO), 2.6 (£0.3) x 108
1850 3CpMn(CO), 2.7 (£0.2) x 108
1966 1CpMn(CO),Xe 2.5 (£0.2) x 108
1898 1CpMn(CO),Xe 2.6 (£0.3) x 108
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2.2.6.2 TRIR of CpMn(CO), in CO, Doped Perfluoro(methylcyclohexane)

After successful observation of 'CpMn(CO),Xe in room temperature liquid solution,
the investigation was expanded to incorporate other weakly binding ligands which are
gaseous at room temperature. One such ligand of interest is CO,, which has been
previously shown to coordinate to CpM(CO)4 (M = Mn, Re) to form CpM(CO),(CO,)
in both liquid and scCO, solutions, as well as CO, doped scKr solution. The stabil-
ity of the resulting *CpMn(CO),(CO,) complex was shown to be similar to that of

1CpMn(CO),Xe. 178216

As above, a solution of CpMn(CO), in PFMCH was prepared under an atmosphere
of CO,, agitated to ensure saturation with the dopant gas, and held at 1.5 bar pressure
of CO, during the experiment. The resulting solution was irradiated at 266 nm and a
series of TRIR difference spectra on the picosecond and nanosecond timescales were
recorded. 1 ps after photolysis, the v(CO) parent bands (2033 and 1952 cm™) were
bleached, and two new v(CO) bands were formed. These bands were observed to
sharpen and blue-shift over ca. 30 ps, to yield the two v(CO) bands (2008 and 1850
em™!) previously assigned to the triplet 16-electron complex *CpMn(CO),. As reported
above for experiments in pure PFMCH, and Xe-doped PFMCH, the triplet species was
observed to be stable on the picosecond timescale, and the TRIR difference spectrum
recorded 500 ps after photolysis shows only the bands of 3CpMn(CO),. In this case,
as observed previously in Xe-doped PFMCH, the spin-forbidden reaction to form the
singlet complex 'CpMn(CO),X occurs on the fast nanosecond timescale. The difference
spectrum recorded 1 ns after photolysis shows evidence for two new v(CO) bands

at 1964 and 1896 cm™, which grow at the same rate as the decay of those assigned
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to 3CpMn(CO), (lifetime 7 = 4.7 (£0.5)), suggesting a similar spin-change reaction
pathway to those reported above. In this case, the product of the reaction is assigned

as 'CpMn(CO),(CO,).

TABLE 2.15: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in a CO, doped PFMCH solution at 1.5 bar and 298 K.

v(CO) (cm1) Assignment kops (s71)

2008 3CpMn(CO), 2.1 (£0.2) x 108
1850 3CpMn(CO), 2.1 (£0.2) x 108
1964 1CpMn(CO),(CO,) 2.0 (£0.3) x 108
1896 1CpMn(CO),(CO,) 2.1 (£0.2) x 108
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FIGURE 2.29: Nanosecond kinetic traces from TRIR spectra recorded following 266 nm

irradiation of CpMn(CO), in CO, doped PFMCH solution, under 1.5 bar CO,, showing

matching rates for the decay of 3CpMn(CO), at 2008 cm™ (circles) and formation of
1CpMn(CO),(CO,) at 1896 cm™ (squares). Solid lines are mono-exponential fits.

The observed lifetime for the formation of !CpMn(CO),(CO,) is within error

of that observed for the spin-forbidden reaction to form !CpMn(CO),Xe in PFMCH
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solution, suggesting a similar binding strength for these two ligands. This observation
is in agreement with previously reported comparisons of the similar reaction rates of
1CpMn(CO),Xe and 'CpMn(CO),(CO,) with CO to reform CpMn(CO), in solution. 17
TRIR kinetic traces for this process are shown in Figure 2.29, and observed rate constants
for the growth and decay of the v(CO) bands of both species involved in this reaction

are summarised in Table 2.15.

Comparison of the v(CO) band positions for a series of 'CpMn(CO),X species
(Table 2.11) shows that in this case the v(CO) bands of 'CpMn(CO),X appear at
similar but slightly lower energies compared to those assigned to 'CpMn(CO),(C,F,,)
and 1CpMn(CO)2Xe, but to slightly higher energies compared to those assigned to
1CpMn(CO),(CsH;,). This trend roughly follows that observed for the rate of the
spin-forbidden reaction with the solvent or dopant, from fastest to slowest; c-pentane
> Xe =~ CO, > PFMCH. This suggests a weak binding mode for CO,, consistent with

the '-O end-on binding mode reported by Yang and co-workers. 1”3

2.2.6.3 TRIR of CpMn(CO),; in CH, and C,Hgz Doped Perfluoro(methyl-

cyclohexane)

Along with noble gas and CO, complexes mentioned previously, an ethane complex
has also been observed following photolysis of CpMn(CO), in liquid ethane solution at
room temperature by TRIR344” and NMR,*” while methane complexes of CpMn(CO),4
have so far only been characterised by infrared spectroscopy in liquid and supercritical

methane solutions. 34
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Photolysis of a CH, saturated solution of CpMn(CO), in PFMCH yielded no
significant evidence for formation of !CpMn(CO),(CH,). The observed rate of the
spin-forbidden reaction of 3CpMn(CO), to 'CpMn(CO),X (lifetime 7 = 19 (+4)),
as well as the v(CO) band positions of the product of this reaction (1965 and 1898
cm™) were within error of those observed in pure PFMCH. From this it is concluded
that 'CpMn(CO),(CH,) was not formed following photolysis, and the product of the
spin-forbidden reaction is assigned as the solvent complex 'CpMn(CO),(C,F,,). This
result appears consistent with rate constants for the reaction of 'CpMn(CO),(CH,)
with CO to reform the parent CpMn(CO), reported by Calladine et al. 34 The authors
reported the reaction rate of this methane complex with CO to be orders of magnitude

faster than analogous manganese n-heptane, xenon or c-pentane complexes.

Organometallic complexes of ethane, however, exhibit high stability compared to
their methane analogues. In order to attempt characterisation of an organometallic
ethane complex following photolysis of CpMn(CO);, a solution of CpMn(CO); in
PFMCH was prepared under ethane, and held under 1.5 bar of ethane throughout
TRIR experiments, as described above for other gaseous dopants. Within 1 ps of
irradiation at 266 nm the two parent bands of CpMn(CO); are depleted, giving way to
two vibrationally hot v(CO) bands which undergo cooling over ca. 30 ps to yield bands

at 2008 and 1849 cm™. These bands are assigned to *CpMn(CO),, as above.

The 16-electron triplet species was observed to be stable 500 ps after photolysis.
The difference spectrum recorded 700 ps following photolysis shows two additional
v(CO) bands at 1964 and 1896 cm™. These two bands continue to form as those of

3CpMn(CO), decay, indicating a spin-forbidden reaction with the solvent or dopant.
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F1GURE 2.30: Nanosecond kinetic traces from TRIR spectra recorded following

266 nm irradiation of CpMn(CO), in C,Hg doped PFMCH solution, under 1.5 bar

C,Hg, showing matching rates for the decay of 3CpMn(CO), at 2008 cm™! (squares)

and formation of 'CpMn(CO),(C,Hg) at 1896 cm™ (circles). Solid lines are mono-
exponential fits.

Observed rate constants for all spectral changes which occur as a result of this reaction
are reported in Table 2.16. The rate of reaction (7 = 1.9 £0.2 ns) in this case was
observed to be ca. 2 times faster than observed in Xe or CO, doped PFMCH solutions,
but slower than the rate observed in PFMCH doped with cyclopentane reported earlier
in this Chapter. From this, the 1Cpl\/[n(CO)2X complex formed in this case is assigned
as 'CpMn(CO),(C,Hg). This trend mirrors that reported for the recombination reaction
of leMn(CO)ZX with CO in a series of liquid and supercritical alkanes and noble

gases. >

The observed trend for the spin-forbidden reaction rate follows closely that

reported for the rate of the recombination reactions of 'CpMn(CO),X with CO in a
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TABLE 2.16: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in a C,Hg doped PFMCH solution at 1.5 bar and 298 K.

v(CO) (cm™) Assignment kops (s1)

2008 3CpMn(CO), 5.3 (+0.5) x 108
1850 3CpMn(CO), 5.2 (£0.4) x 108
1965 LCpMn(CO), (C,Hy) 5.3 (+0.5) x 108
1898 1CpMn(CO),(C,Hy) 5.3 (£0.4) x 108

series of pure liquid and supercritical alkanes and noble gases.3* The overall trend for
spin-forbidden reaction rate in the series of doped solutions studied above is as follows: c-
pentane > C,Hy > Xe ~ CO, > PFMCH. These observations suggest that PFMCH is a
powerful solvent for facilitating the formation of weakly-bound organometallic complexes
in room temperature solutions at near-ambient pressure. Very weakly binding solvents
have been previously exploited to characterise short-lived organometallic complexes, 17>
including use of scKr doped with Xe to facilitate formation of an organometallic xenon

complex. 19317 However, the work presented above represents the first time this has

been achieved using a conventional liquid solvent at room temperature.

2.2.6.4 TRIR Spectroscopy of CpMn(CO), in Perfluoro(hexanes) and Per-

fluoro(triethylamine)

In the experiments described above perfluoro(methylcyclohexane) has been shown to
be a powerful solvent for allowing observation of unusual weakly-bound organometallic
complexes in room temperature liquid solutions. While PFMCH is the most widely
available of the perfluorinated alkanes, other perfluorinated materials could potentially
offer more favourable properties such greater ability to dissolve species of interest,

or slower reactivity with transition metals leading to slower rates for spin-forbidden
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reactions. Investigations into the use of two additional perfluorinated materials, per-
fluoro(hexanes) (PFH) and perfluoro(triethylamine) (PFTEA), as solvents for TRIR

and TRMPS spectroscopic studies of CpMn(CO), are described below.

A solution of CpMn(CO), in PFH was prepared under an Ar atmosphere and
photolysed at 266 nm. A series of TRMPS difference spectra recorded at a series of
ps and ns time delays following photolysis are presented in Figure 2.31. Immediately
following photolysis, the two parent v(CO) bands (2032 and 1956 cm™) have bleached
and two new broad v(CO) bands can be observed, both of which blue-shift and sharpen
over the first 60 ps of the experiment to yield #(CO) bands at 2006 and 1860 cm™.
The rate of this cooling process is ca. half as fast as in PFMCH, suggesting a weaker

interaction between solvent and solute during this process in PFH.

The v(CO) bands at 2006 and 1860 cm™ share the same large Av and similar band
positions with those observed above for the 16-electron triplet species *CpMn(CO),,
therefore these two bands are assigned to this species. This species is stable after 10 ns.
The TRIR difference spectrum recorded 100 ns after photolysis shows two additional
v(CO) bands at 1968 and 1903 cm™, similar to those assigned to !CpMn(CO),X
previously. Unlike experiments in various doped and pure solvent systems reported

above however, this new species is not stable on a nanosecond timescale. This species

is assigned as 'CpMn(CO),(CgFy,)-

The continued decay of 3CpMn(CO),, as well as the decay of !CpMn(CO)y(CeF ),
is accompanied by growth of four new v(CO) bands, at 2046, 2002, 1988 and 1937

cm™. Previous work has shown that dinuclear species can form following photolysis
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FIGURE 2.31: Selected nanosecond TRIR difference spectra recorded at a series of time
delays following 266 nm photolysis of a solution of CpMn(CO), in PFH. »(CO) bands
assigned to 3CpMn(CO), can be seen to sharpen and blue-shift indicating vibrational
cooling. Subsequent decay of the v(CO) bands of *CpMn(CO), and growth of those
corresponding to 'CpMn(CO),(C¢F,,) can be clearly seen. These bands go on to
decay concurrently with formation of ¥(CO) bands which remain unassigned.

of CpMn(CO); in solution, %2 and in nujol mull at 77 K.'67 Creaven et al. reported

terminal »(CO) band positions for the dimeric species CpaMn,(CO); at 1993, 1955,
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1934, 1907 cm™, with bridging »(CO) bands at 1777 and 1740 cm™ in n-heptane
solution. During experiments reported as part of this study, no data were recorded
below 1825 cm™, making it impossible to observe any bridging v(CO) bands. The
two v(CO) bands observed in these experiments at 2046 and 2002 cm™! also cannot
be matched to those reported by Creaven et al., as they reported no data above 2000
cmt. The band reported by the authors at 1955 cm™, may be present in our spectra,
however this band is likely to overlap with the #(CO) band of the parent CpMn(CO)s.
The two remaining bands reported by the authors at 1993 and 1934 cm™! are somewhat
consistent with two v(CO) bands observed in this study at 1988 and 1937 cm™. The
difference in v(CO) band positions for this species are potentially accounted for by the
differing interaction with the perfluoroalkane solvent, compared to the alkane. This
change in v¥(CO) band positions is reflected in the change in position of the parent
bands in these two solvents; 2028 and 1946 cm™, and 2033 and 1956 cm™, for n-heptane
and PFH respectively. Formation of CpaMn,(CO); is reported to occur through a
reaction between 1CpMn(CO)2X and the parent CpMn(CO)s. 162 While the decay of
1CpMn(CO)2X and formation of this unassigned species appear to occur on the same
timescale in this study, no increased consumption of the parent complex is observed
on this timescale. The low concentration of the parent complex present during this
experiment, due to the low solubility of CpMn(CO), in PFH, would also limit the
formation of CpaMn,(CO);. Based on the lack of evidence for bridging carbonyl lig-
ands, and the lack of increased consumption of the parent complex on the timescale
of formation of this final photoproduct, the v(CO) bands of this complex can not be
conclusively assigned from the available data. It is possible that these bands correspond

to one or more breakdown products of the weakly-bound Mn-PFH complex, or that
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1CpMn(CO),(C4F,,) reacts with a trace impurity present in the solvent. Further
studies would be required to conclusively determine the structure of this photoproduct,

and such studies are beyond the scope of the work presented here.

Normalised A Abs.

0 200 400 600 800
Time / ns

FIGURE 2.32: Nanosecond kinetic traces from TRIR spectra recorded following 266

nm irradiation of CpMn(CO); in PFH solution, under Ar, showing the decay of

3CpMn(CO), at 2006 cm™ (triangles), formation and decay of 'CpMn(CO),(CyF1,)

at 1903 cm™ (open circles) and formation of the final photoproduct at 1937 cm™
(squares). Solid lines are exponential fits.

TRIR kinetic traces for the decay of 3CpMn(CO)2, the growth and subsequent
decay of !CpMn(CO),(C4F,,) and the growth of the final photoproduct are shown in
Figure 2.32. The lifetime for the decay of the 16-electron intermediate 3CpMn(CO), (7
= 105 £15 ns) is within error of that for the initial growth of the solvent complex (7 =
85 £20 ns). Additionally, the lifetime for the subsequent decay of !CpMn(CO),(C4F,,)
(7 = 267 +40 ns) is observed to be within error of that for the growth of the final

photoproduct (7 = 240 460 ns). Due to the fact that these processes occur on very
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similar timescales, and v(CO) bands of 3CpMn(CO), are still present in the spectra
during formation of the final photoproduct, formation of this photoproduct directly
from 3CpMn(CO), can not be completely ruled out. Observed rate constants for all
processes reported following photolysis of CpMn(CO), in PFH are given in Table 2.17.
Decay of !CpMn(CO),(C4F,,) on a nanosecond timescale suggests that this complex is
much less stable than its PFMCH analogue. This observation is in agreement with the
rate of spin-forbidden reaction of *CpMn(CO), with the solvent, which is ca. 4x faster
in PFMCH, as well as the energy of v(CO) bands assigned to 'CpMn(CO),(CsF,,)
(1968 and 1903 cm™) which appear to higher energy than those of ! CpMn(CO),(C,F,,)
(1965 and 1898 cm™). All of these observations suggest a very weak interaction between

solvent and metal in the case of PFH, even weaker than observed in PFMCH.

Following experiments performed in pure PFH described above, in which
PFH was shown to significantly slow the reaction rate of 3CpMn(CO), to form
1CpMn(CO),(C4F;,) when compared to the equivalent reaction in PFMCH, experi-
ments using doped PFH solvent systems were carried out. The two dopants chosen for

initial studies in this case were a liquid alkane (n-heptane) and the noble gas, Xe.

As in the case of experiments described earlier in this Chapter that utilised
PFMCH as a solvent, a solution of CpMn(CO), in PFH was prepared under an Ar
atmosphere and doped with n-heptane (0.5 M). This ratio was selected due to the
low miscibility of n-heptane in PFH, and was observed to preserve the v(CO) band
positions of the parent complex in pure PFH. The solution was irradiated at 266 nm,
and a series of TRMPS difference spectra were recorded across the picosecond and

nanosecond timescales.

94



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

TABLE 2.17: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in pure PFH under Ar, PFH with 0.5 M n-heptane under
Ar, and Xe-doped PFH solution at 1.5 bar and 298 K.

v(CO) (cm1) Assignment kops (s71)
2006 3CpMn(CO), 7 (£0.8) x 106
1860 3CpMn(CO), 5 (£0.7) x 10
1968 1CpMn(CO),(CyFyy) 3 (£0.2) x 107
8 (0.5) x 10
1903 1CpMn(CO),(C4Fyy) 5 (£0.2) x 107
6 (£0.6) x 109
2046 final photoproduct 4 (£0.8) x 106
2002 final photoproduct 3 (£0.7) x 106
1987 final photoproduct 0 (£0.8) x 106
1937 final photoproduct 2 (£0.8) x 106
2006 3CpMn(CO), 1 (+0.8) x 10%
1859 #CpMn(CO), 0 (+1.0) x 108
1965 LCpMn(CO),(C,H,,) 2 (£0.8) x 108
1899 1CpMn(CO),(C,H,4) 2 (£0.7) x 108
2006 3CpMn(CO), 6 (£0.3) x 108
1859 3CpMn(CO), 7 (£0.4) x 108
1967 1CpMn(CO),Xe 6 (£0.3) x 108
1902 1CpMn(CO),Xe 7 (£0.2) x 108

1 ps following photolysis the two parent v(CO) bands of CpMn(CO), (2033 and
1956 cm™) were observed to bleach, and two broad v(CO) bands were present. These
two new bands were observed to sharpen and blue-shift over ca. 40 ps to yield two
v(CO) bands at 2006 and 1860 cm™'. These bands are assigned to *CpMn(CO),. The
rate of vibrational cooling in this case appears to be faster than observed in pure PFH,
indicating the possibility of some interaction between the vibrationally hot 3CpMn(CO)2
and the alkane dopant. The two v(CQ) bands of 3CpMn(CO), were shown to decay
concomitantly with formation of two new v(CO) bands at 1965 and 1899 cm™, at lower

energy compared to those of the PFH solvent complex 'CpMn(CO)y(C¢F,,). The rate
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FIGURE 2.33: Kinetic traces from TRMPS spectra recorded following 266 nm ir-
radiation of CpMn(CO), in PFH doped with n-heptane (0.5 M) under 1.5 bar Ar
showing matching rates for the decay of *CpMn(CO), at 2006 cm™ (closed circles) and
formation of *CpMn(CO),(C,H,g) at 1899 cm™ (closed squares). Nanosecond kinetic
traces from TRMPS spectra recorded following 266 nm irradiation of CpMn(CO),
in Xe saturated PFH solution, under 1.5 bar Xe. Matching rates for the decay of
3CpMn(CO), at 2006 cm™ (open circles) and formation of 'CpMn(CO),Xe at 1902
em™! (open squares) can be seen. Solid lines are mono-exponential fits.

of reaction to form this new species is much faster than in pure PFH, with a lifetime
of 7 = 1.1 (£0.1) ns, compared to 7 = 90 (£30) ns for the pure perfluoroalkane. As
observed previously for mixed solvent systems, doping a small amount of n-heptane into
PFH causes a dramatic change in spin-forbidden reaction rate, and alters the v(CO)
band positions of the resulting 1CpMn(CO)2X complex. From this, the product of the
reaction in this case is assigned to the alkane complex 'CpMn(CO),(C,H,4). TRIR
kinetic traces for the decay of 3CpMn(CO), and growth of !CpMn(CO),(C,H,4) are
shown in Figure 2.33 and observed rate constants for this process are given in Table 2.17.

While the rate of reaction with the n-heptane dopant in this system is much faster than
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observed in pure PFH, it is ca. 10x faster in pure n-heptane. A comparison of lifetimes
for the formation of leMn(CO)QX in doped and pure PFH and PFTEA solvents is
given in Table 2.18. It is proposed, as above in mixed PEMCH/alkane solvent, that the
low concentrations of both alkane and CpMn(CO), in solution cause this rate to be
limited by diffusion, and hence slower than the rate observed in pure n-heptane. Unlike
1CpMn(CO),(C4Fy,), the n-heptane complex formed in this study does not decay on

the nanosecond timescale, indicating higher stability than the perfluoroalkane complex.

TABLE 2.18: Lifetimes (in ns) for the spin-forbidden reaction of *CpMn(CO), to
form *CpMn(CO),X (X = solvent or dopant) following photolysis of CpMn(CO), in
a series of solvent/dopant systems (all data recorded at 298 K).

Solvent Dopant Lifetime 7 (ns)

PFH 90 (£30)
n-heptane 1.1 (£0.1)
Xe 3.8 (£0.3)

PFTEA 36 (£5)
n-heptane 1.0 (£0.1)
Xe 4.1 (£0.4)

The effect of addition of Xe to a solution of CpMn(CO),; in PFH was also
investigated. As above, the solvent was first degassed, the solution was prepared under
Xe and then held under 1.5 bar Xe throughout the measurement. TRIR difference
spectra recorded on the picosecond timescale following photolysis at 266 nm show the
same vibrational cooling behaviour of the 3CpMn(CO), v(CO) bands observed in the
pure solvent PFH, with cooling taking place over ca. 60 ps. This is in contrast to
the change in this rate observed upon addition of alkane, and suggests a lack of any
additional interaction between Xe and 3CpMn(CO), which would facilitate cooling.
The v(CO) band positions were observed to be consistent with those observed previously

in PFH (2006 and 1859 cm™). The rate of spin-forbidden reaction in this case (lifetime
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7 = 3.8 (£0.3) ns) was observed to be ca. 20x faster than in the pure solvent, but

slower than in PFH doped with n-heptane. This rate is within error of that observed

for analogous studies in Xenon-doped PFMCH solution. v(CO) band positions for the

product of the spin-forbidden reaction in this case appear to higher energy than those

of the previously observed 'CpMn(CO),(C,H,4) in PFH, indicating less donation of

electron density from ligand to metal in this case. From this it is concluded that the

product of the spin-forbidden reaction is 1CpMn(CO)2Xe. As observed previously in

PFMCH solution, 1CpMn(CO)2Xe is stable on a nanosecond timescale, finally decaying

with a lifetime of ca. 10 ps.

TABLE 2.19: v(CO) absorption band frequencies of CpMn(CO), and intermediates
produced following photolysis of CpMn(CO), in pure PFH as well as n-heptane and
Xe doped PFH, and pure PFTEA as well as n-heptane and Xe doped PFTEA.

Compound Solvent Dopant v(CO) (cm™)
CpMn(CO), PFH 2033, 1956
n-heptane 2033, 1956
Xe 2033, 1956
PFTEA 2034, 1954
n-heptane 2034, 1954
Xe 2034, 1954
3CpMn(CO), PFH 2006, 1860
n-heptane 2006, 1860
Xe 2006, 1859
PFTEA 2006, 1855
n-heptane 2005, 1855
Xe 2006, 1855
1CpMn(CO),X PFH 1968, 1903
n-heptane 1965, 1899
Xe 1967, 1902
PFTEA 1965, 1899
n-heptane 1963, 1897
Xe 1965, 1898
Final Photoproduct PFH 2046, 2002, 1987, 1937

While the results observed in PFH solution appear promising for observation of

98



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

weakly-bound organometallic complexes in room temperature solution, the solubility
and miscibility of compounds and dopants of interest is very limited. The very low
concentrations of transition metal complexes achievable in this solvent (ca. 0.5 mM)
would be unsuitable for further study using XAFS spectroscopy. A solvent which
allows formation of more highly concentrated solutions, while still retaining the non-
coordinating nature of PFH would allow a wider array of alkane and noble complexes

to be characterised in conventional room temperature solution.

In addition to the perfluoroalkanes, two of which have been examined as po-
tential solvents so far in this Chapter, other perfluorinated materials may also offer
favourable properties for observation of weakly-bound organometallic complexes at
room temperature. One such class of compounds is the perfluorinated amines, of which
perfluoro(triethylamine) (PFTEA, N(C,F),) is of particular interest. Gaensslen et al.
produced an in-depth study of the structure and properties of this unusual material.?!”
The authors reported a near-planar geometry, with a C—N—C bond angle of 119.3(4)°.
The basicity of the perfluoroamine was found to be vastly reduced in comparison
to its tertiary amine analogue, due to the strong electron withdrawing effect of the
perfluorinated groups, leading to delocalisation of the lone pair across the perfluoroethyl
groups bound to the central N atom. Modelling of the van der Waals radii of PFTEA
showed that the central N atom is almost completely obscured by the terminal CF;
groups on one side of the molecule, and partially obscured by the CF, groups on the
other. It was hoped that the delocalisation of the lone pair, as well as the fact that the

N atom and its lone pair are obscured by the inert CF, and CF; groups may facilitate

the use of PFTEA as a non-coordinating solvent.
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FIGURE 2.34: Selected picosecond and nanosecond TRMPS difference spectra recorded

at a series of time delays following 266 nm photolysis of a solution of CpMn(CO), in

PFTEA. Decay of the v(CO) bands of *CpMn(CO), and growth of those corresponding
to *CpMn(CO),(N(C,F5),) can be seen.

In order to investigate if this was the case, a solution of CpMn(CO), in PFTEA
was prepared as above, and a series of TRMPS difference spectra were recorded following
266 nm irradiation. A selection of these difference spectra, as well as the FTIR spectrum

of CpMn(CO); in PFTEA is shown in Figure 2.34. The spectrum recorded 1 ps after
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photolysis clearly shows that the two v(CO) bands of CpMn(CO), (2034 and 1954
cm™) have bleached, and two broad features are present at lower energy relative to the
parent bands. These broad features sharpen and blue-shift over the first ca. 40 ps to
yield two new v(CO) bands at (2006 and 1855 cm™!) with the characteristically large
Av of the 16-electron triplet 3CpMn(CO)2. 100 ps after photolysis, two new features
can be observed in the difference spectrum. These two small bands occur at 1973
and 1904 cm™!, and are suggestive of fast formation of 'CpMn(CO),X, however these
bands appear very high in energy relative to the parents bands compared to previous
experiments in PFMCH and PFH. This high energy is suggestive of a very weak mode
of coordination to the metal centre, or possibly a complete lack of coordination of
the solvent to the metal centre. These two bands appear stable on a nanosecond
timescale, and do not continue to grow as the two v(CO) bands of 3CpMn(CO),
decay. A species with v(CO) bands that exactly match those observed here was
reported by Kemnitz et al. following photolysis of CpMn(CO), in an Ar matrix at
12 K.?3 The authors assign this complex as the coordinatively unsaturated singlet
species 1CpMn(CO)2, by reference to previous photolysis studies, as well as their
own calculated vibrational spectra.5%:158-161,165,167,168,218 The authors acknowledge
the possibility of a weak interaction between the unsaturated singlet species and the
matrix material, in this case Ar, anticipating an interaction energy of no greater
that 2-3 kcal/mol. Gas phase studies undertaken by Zheng et al. yielded similar
v(CO) bands following photolysis of CpMn(CO)4 in an Ar atmopshere, which the
authors go on to assign as evidence of a favourable Mn-Ar interaction.®1152 In PFTEA
solution however, coordination of Ar to the metal centre seems unlikely. In previous

matrix isolation studies under steady-state low intensity illumination, !CpMn(CO), has
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been noted as the primary photoproduct of CpMn(CO);.%3 In contrast, experiments
utilising short, high intensity laser pulses have noted 3CpMn(CO)2 as the primary
photoproduct, 1?%:186:187 in agreement with the spectra presented here. While the final
identity of this complex cannot be determined from these results, two possibilities
present themselves. It is possible that this complex is a coordinatively unsaturated
16-electron singlet complex 1CpMn(CO)2. Alternatively, it is also possible that the
PFTEA solvent may be coordinating to the metal at early time, possibly through
a different coordination mode to the longer lived 'CpMn(CO),(N(C,F5);) complex.
Neither of these explanations satisfactorily account for the fact that this phenomenon
has not been observed previously in either PFH or PEMCH. It is possible that PFTEA
may present a coordination mode which is fundamentally different to those of the

perfluoroalkanes (e.g., through the N atom lone pair).

Despite the presence of these two features, a spin-forbidden reaction does occur
on the nanosecond timescale, as expected. In this case, 3CpMm(CO)2 decays to form a
species which exhibits two #(CO) bands at 1965 and 1899 cm™. Following this reaction,
the intensity of the v(CO) bands of this new species is observed to be much larger
than that of the unidentified intermediate above, suggesting that formation of this
new product dominates in this case. The two v(CO) bands at 1965 and 1899 cm™ are
assigned to 'CpMn(CO),(N(C,F5);). The spin-forbidden reaction itself occurs with a
lifetime of 7 = 36 (£4) ns, ca. 2x slower than observed in PFMCH, suggesting that
PFTEA may be more inert than even the perfluoroalkane. TRIR kinetic traces for
this process are given in Figure 2.35. 'CpMn(CO),(N(C,F;);) exhibits no evidence of

decay to form the dimer on a nanosecond timescale.
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FIGURE 2.35: Nanosecond kinetic traces from TRMPS difference spectra recorded

following 266 nm irradiation of CpMn(CO), in PFTEA solution, under Ar atmosphere,

showing matching rates for the decay of 3CpMn(CO), at 2006 cm™ (circles) and

formation of !CpMn(CO),(N(C,F;),) at 1899 cm™ (squares). Solid lines are mono-
exponential fits.

As above for the perfluorinated alkane PFH, solutions of CpMn(CO), in PFTEA
were doped with n-heptane and Xe in order to determine if this solvent will allow
coordination of these weakly binding ligands at room temperature. n-heptane was
added to a solution of CpMn(CO)4 in PFTEA doped with n-heptane (0.5 M), as above.
This solution was photolysed at 266 nm, and a series of TRMPS difference spectra
were recorded. On a picosecond timescale following photolysis, the v(CO) bands of
the parent CpMn(CO), were bleached and two new bands at 2005 and 1855 cm™ were
observed, indicating fast formation of 3CpMn(CO), as expected from experiments in
pure PFTEA. After 100 ps, the two additional #(CO) bands at 1973 and 1904 cm™

observed previously were also present. As seen previously, these bands were stable on a
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FIGURE 2.36: Kinetic traces from TRMPS spectra recorded following 266 nm irra-
diation of CpMn(CO), in PFTEA doped with n-heptane (0.5 M) under 1.5 bar Ar
showing matching rates for the decay of *CpMn(CO), at 2006 cm™ (closed squares)
and formation of 'CpMn(CO),(C,H;4) at 1897 cm™ (closed circles). Nanosecond ki-
netic traces from TRMPS spectra recorded following 266 nm irradiation of CpMn(CO) 3
in Xe saturated PFTEA solution, under 1.5 bar Xe. Matching rates for the decay of
3CpMn(CO), at 2006 cm™ (open squares) and formation of 'CpMn(CO),Xe at 1898
cm™! (open circles) can be seen. Solid lines are mono-exponential fits. Note, the first
time delay reported for photolysis in the presence of Xe is 1 ns.

nanosecond timescale and did not increase in intensity concurrently with the decay of
3CpMn(CO),. As expected, the v(CO) bands of 3CpMn(CO),, were observed to decay,
giving way to two new v(CO) bands at 1963 and 1897 cm™. This process occurred at a
faster rate than that observed in pure PFTEA (7 = 1.0 (£0.1) ns), matching the lifetime
for the analogous process observed in PFTEA doped with n-heptane (0.5 M). The
product of the spin-forbidden reaction in this case is assigned as 'CpMn(CO),(C-H,4),

which is stable on a nanosecond timescale.

Following this, a solution of CpMn(CO); in PFTEA was prepared under a Xe

104



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

atmosphere and held under 1.5 bar pressure of Xe during recording of a series of
TRMPS difference spectra. On a picosecond timescale after 266 nm photolysis, the
two v(CO) bands of the 16-electron triplet *CpMn(CO), were observed as above, as
were the two (CO) bands at 1973 and 1904 cm™. 3CpMn(CO), was observed to
decay to form a species with v(CO) bands at 1965 and 1898 cm™. The rate of this
process was observed to match that of the analogous reaction in Xe-doped PFH, as
well as Xe-doped PFMCH (7 = 4.1 (£0.4) ns). TRIR kinetic traces for n-heptane and
Xe-doped solutions of CpMn(CO), in PFTEA are shown in Figure 2.36, and observed
rate constants for all processes observed following photolysis of CpMn(CO), in pure and
doped PFTEA solution are given in Table 2.20. The product in this case was assigned

as 'CpMn(CO),Xe, which was observed to be stable on a nanosecond timescale.

TABLE 2.20: Observed rate constants for the processes observed following 266 nm
photolysis of CpMn(CO), in PFTEA solution under Ar, PFTEA doped with n-heptane
under Ar and PFTEA solution under 1.5 bar Xe, all experiments recorded at 298 K.

v(CO) (cm™1) Assignment kops (s71)

2006 3CpMn(CO), 2.8 (£0.3) x 107
1855 3CpMn(CO), 2.6 (+0.4) x 107
1965 1CpMn(CO),(N(C,F5),) 2.7 (£0.3) x 107
1899 1CpMn(CO),(N(C,F5),) 2.8 (+0.2) x 107
2005 3CpMn(CO), 1.0 (£0.1) x 10°
1855 3CpMn(CO), 1.1 (4£0.2) x 10°
1963 1CpMn(CO),(C,H,g) 9.1 (£1.0) x 108
1897 1CpMn(CO), (C,Hyg) 1.0 (0.1) x 10°
2006 3CpMn(CO), 2.5 (0.3) x 108
1855 3CpMn(CO), 2.4 (£0.4) x 108
1965 1CpMn(CO),Xe 2.5 (£0.2) x 10®
1898 1CpMn(CO),Xe 2.4 (£0.3) x 108

Both PFH and PFTEA have been shown to be useful non-coordinating solvents
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for the characterisation of organometallic alkane and noble gas complexes at room
temperature. This is especially surprising in the case of the perfluorinated amine
PFTEA, which appears to exhibit high inertness despite the expected presence of a lone
pair on the central N atom. Many of the small transition metal complexes of interest in
these studies are more soluble in PFTEA than in PFH, or indeed even PFMCH. This
increased ability to solvate molecules may lead PFTEA to be a very useful solvent in

future spectroscopic studies.

2.2.6.5 TRIR Spectroscopy of (MeCp)Mn(CO), in Perfluoro(methylcyclo-

hexane)

Following experiments on the photochemistry of CpMn(CO), in a variety of per-
fluorinated solvents, as presented above, this study was expanded to include other
organometallic complexes which have been reported to form a long-lived coordinatively
unsaturated intermediate upon photolysis. The first of such species to be studied was a
widely available Cp-substituted derivative of CpMn(CO),, (MeCp)Mn(CO); (MeCp =
methylcyclopentadienyl). The chemistry of these Cp-substituted derivatives is known
to be similar to that of CpMn(CO),, however the increased electron density on the
Cp ring may lead to different kinetic behaviour in weakly binding solvents due to the

change in electron density at the central Mn atom.

In order to examine the interactions of this Cp-substituted derivative with
PFMCH, it was first photolysed at 266 nm in PEMCH solution under an Ar atmosphere.
A series of TRMPS difference spectra recorded following photolysis are presented in Fig-

ure 2.37. Within 1 ps of photolysis, the two v(CO) bands of the parent (MeCp)Mn(CO),
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FIGURE 2.37: a) Selected picosecond, nanosecond and microsecond TRMPS difference
spectra recorded at a series of time delays following 266 nm photolysis of a solution
of (MeCp)Mn(CO), in PFMCH. Formation and decay of *(MeCp)Mn(CO),, subse-
quent formation and decay of *(MeCp)Mn(CO),(C,F,,), and finally formation of
(MeCp)2Mn, (CO), can be observed. b) FTIR spectrum of same solution.

complex (2030 and 1950 cm™!) were depleted and two new broad features were observed.
These new features were seen to sharpen and blue-shift indicating vibrational cooling

over the first 30 ps of the experiment. This rate of vibrational cooling of the initial
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intermediate is as expected from photolysis of CpMn(CO)4 in PEFMCH, described earlier
in this Chapter. Following this vibrational cooling process, these features yield two
v(CO) bands at 2002 and 1846 cm™, exhibiting the characteristically large Av of the
coordinatively unsaturated 16-electron complex *(MeCp)Mn(CO),.% These two v(CO)
bands are therefore assigned to this complex. The TRMPS difference spectrum recorded
5 ns after photolysis shows the two v(CO) bands of 3(MeCp)Mn(CO),, as well as two
new v(CO) bands at 1962 and 1895 cm™'. These two bands continue to grow as those
of 3(MeCp)Mn(CO), decay, indicating formation of a Mn-solvent complex directly
from 3(MeCp)Mn(CO),, as observed previously in this Chapter for both Fe(CO); and
CpMn(CO);. These two new bands are therefore assigned to ! (MeCp)Mn(CO),(C-Fy,).
The rate of the reaction of 3(MeCp)Mn(CO), with the PFMCH solvent in this case
(lifetime 7 = 18 (£2) ns) is within error of that observed for the reaction of the
unsubstituted *CpMn(CO), with PFMCH. This indicates that although there is a
small change in electron density on the metal centre upon moving from CpMn(CO),
to (MeCp)Mn(CO),, as indicated by the decreased v(CO) band frequencies observed
for (MeCp)Mn(CO);, 3(MeCp)Mn(CO), and *(MeCp)Mn(CO),(C-F,,) compared to
their Cp-unsubstituted equivalents, this change in electron density does not affect the

rate of the spin-forbidden reaction.

Examination of spectra recorded at later time delays, however, does reveal a
difference between the photochemistry of CpMn(CO), and (MeCp)Mn(CO); following
photolysis in PFMCH solvent. The difference spectrum recorded 50 ns following
photolysis shows a new small feature at 1865 cm™, which continues to grow concurrently

with the decay of the two v(CO) bands of !(MeCp)Mn(CO),(C,F,,). The growth of
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TABLE 2.21: v(CO) absorption band frequencies of (MeCp)Mn(CO), and intermedi-
ates produced following photolysis of (MeCp)Mn(CO), in pure PFMCH, as well as
PFMCH doped with 1.5 bar Xe, 1.5 bar methane and 1.5 bar ethane.

Compound Dopant v(CO) (cm1)
(MeCp)Mn(CO), 2030, 1950
Xe 2030, 1950
CH, 2030, 1950
C,Hy 2030, 1950
3(MeCp)Mn(CO), 2002, 1846
Xe 2002, 1846
CH, 2002, 1846
C,H, 2002, 1846
1(MeCp)Mn(CO),X 1962, 1895
Xe 1960, 1893
CH, 1961, 1892
C,Hg 1959 , 1892
(MeCp)2Mn, (CO), 2046, 1956, 1930, 1865, 1746

this new v(CO) band is accompanied by the growth of an additional small feature at
2046 cm™, and features at 1956, 1930 and 1746 cm™. A summary of all »(CO) band
positions for (MeCp)Mn(CO); and any intermediates or photoproducts observed during

these experiments is present in Table 2.21.

Earlier in this Chapter, formation of CpaMn,(CO), was considered as a pos-
sible decay pathway for the singlet solvent complex formed following photolysis of
CpMn(CO), in perfluorohexane. In that case, there was insufficient evidence to con-
clusively assign this photoproduct. In this study however, it appears that the final
photoproduct is a dimeric species. Several of the ¥(CO) bands observed in this study
(1956, 1930 and 1746 cm™') show agreement those observed by Creaven et al. in n-
heptane solution (1955, 1934 and 1740 cm™!). 162 Of particular note is the presence of the
bridging v(CO) band at 1746 cm™. In addition to this agreement with previous work,

the two bleached v(CO) parent bands of (MeCp)Mn(CO), were seen undergo further
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bleaching on the same timescale as formation of the final photoproduct. This additional
bleaching of the parent v(CO) bands suggests further depletion of the parent complex, in-
dicative of a possible reaction between (MeCp)Mn(CO); and ! (MeCp)Mn(CO),(C,Fy,)
to form the dinuclear complex (MeCp)2Mn,(CO);. The final photoproduct in this study
is therefore assigned as (MeCp)2Mn,(CO);. In contrast to the experiments presented
above for CpMn(CO), in PFMCH, in which the solvent complex was shown to be
stable on the nanosecond and early microsecond timescales, *(MeCp)Mn(CO),(C-F,,)
decays to form (MeCp)s2Mn,(CO),; on the nanosecond timescale. It is unlikely that
this increased propensity to formation of the dimeric complex comes as a result of the
increased amount of electron density donated to the metal centre by the methylcyclopen-
tadienyl ring, compared to the unsubstituted cyclopentadienyl ring. In addition, due to
the small change in electron density donated from the ring, confirmed by the small ca.
2-5 cm™! change in #(CO) band frequencies between CpMn(CO), and (MeCp)Mn(CO),,
any other effects caused by this change in electron density would also be expected to be
subtle. Previously, sterics have been shown to be an important factor in formation of
such dimeric complexes. '3 Tt is probable in this case that other factors (e.g., solution

concentration) are affecting the formation of this dimeric species.

Following photolysis of a solution of (MeCp)Mn(CO), in pure PFMCH solution,
a series of experiments were performed to examine the effect of gaseous dopants on
the photochemistry of (MeCp)Mn(CO), in perfluorinated solvents. In this case, the
gaseous dopants of interest were the noble gas Xe, and the alkanes methane and ethane.
Samples solutions were prepared under an atmosphere of the dopant gas of interest as

above, and held under 1.5 bar for the duration of the experiment.
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FIGURE 2.38: Kinetic traces from TRMPS spectra recorded following 266 nm irra-

diation of (MeCp)Mn(CO), in a series of PFMCH solutions. Matching rates for the

decay of 3(MeCp)Mn(CO), and formation of *(MeCp)Mn(CO),X are shown, where

X = PFMCH (red circles), Xe (blue triangles), CH, (black squares) and C,Hy (grey
diamonds). Solid lines are mono-exponential fits.

In all three cases photolysis was followed immediately by depletion of the two
parent v(CO) bands, and formation of two broad features. These features sharpened
and blue-shifted over the first 30 ps of the experiment to yield two v(CO) bands at
2002 and 1846 cm™!, consistent with those observed in the pure solvent. These bands
were observed to decay concurrently with formation of two new bands, corresponding
to the dopant complex !(MeCp)Mn(CO),X. The rate of this spin-forbidden reaction
was observed to be different for each dopant, and was shown to be faster than that
observed in pure PFMCH in every case. Kinetic traces from TRMPS difference spectra
are given in Figure 2.38, while lifetime values for the reaction of 3CpMn(CO), with

solvent or dopant in pure and doped PFMCH solutions are given in Table 2.22.
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TABLE 2.22: Lifetimes (in ns) for the spin-forbidden reaction of *(MeCp)Mn(CO),
to form !'(MeCp)Mn(CO),X (X = solvent or dopant) following photolysis of
(MeCp)Mn(CO), in a series of PFMCH/dopant systems (all data recorded at 298
K). Values for corresponding reactions following photolysis of CpMn(CO), in various
PFMCH/dopant solutions are included for comparison

Complex Dopant Lifetime 7 (ns)
CpMn(CO), 18 (£2)
Xe 4.5 (£0.5)
CH, 13 (+2)
C,H, 2 (+0.2)
(MeCp)Mn(CO)4 18 (£2)
Xe 3.9 (£0.4)
CH, 19 (£4)*
C,H, 1.9 (£0.2)

Both Xe and ethane undergo a reaction with the unsaturated 16-electron complex
3(MeCp)Mn(CO), at a rate many times faster than that of the pure PFMCH solvent.
Both of these lifetime values are consistent with those observed for formation of the
equivalent complexes following photolysis of CpMn(CO), suggesting that the addition of
a methyl substituent to the Cp ring has little, if any, effect on the spin-forbidden reaction.
These matching lifetime values are also consistent with the agreement between lifetimes
observed for formation of 'CpMn(CO),X in pure PFMCH solvent for CpMn(CO), and
(MeCp)Mn(CO);. These observations suggest the formation of !(MeCp)Mn(CO),Xe

and '(MeCp)Mn(CO),(C,H,) in solution following photolysis of (MeCp)Mn(CO)s,.

Results presented earlier in this Chapter recorded following photolysis of
CpMn(CO)4 in PFMCH doped with CH,, showed no conclusive evidence for formation
of 1CpMn(CO),(CH,) in room temperature solution. The rate of the spin-forbidden
reaction in that case was found to be within error of that for the PFMCH solvent alone,
suggesting either a very similar rate of reaction for these two ligands, or the absence

of any formation of !CpMn(CO),(CH,). In this case however, the lifetime for this
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process (7 = 13 (£2) ns) is faster than that observed in the pure solvent. The product
of the spin-forbidden reaction is tentatively assigned as !(MeCp)Mn(CO),(CH,), due
to the difference in observed reaction rate between pure PFMCH solution, and CH,
doped PFMCH solution, as well as the difference in v(CO) band positions of the
1(MeCp)Mn(CO),X complexes formed in these cases, as shown in Figure 2.39. A sum-
mary of the observed rate constants for the spin-forbidden reaction of 3(MeCp)Mn(CO),

to form !(MeCp)Mn(CO),X (X = solvent or dopant) is given in Table 2.23.

Normalised A Abs.

1980 1960 1940 1920 1900 1880
Wavenumber / cm

FIGURE 2.39: Expanded TRMPS spectrum recorded 30 ns following photolysis

of (MeCp)Mn(CO), in PFMCH showing v(CO) bands of *(MeCp)Mn(CO),(C,F,,)

(black), and 30 ns following photolysis of (MeCp)Mn(CO), in PFMCH doped with
1.5 bar CH, (red), showing (CO) bands of !(MeCp)Mn(CO),(CH,).

The overall trend for reaction rate to form !(MeCp)Mn(CO),X in the series of
doped solutions studied above is as follows, from fastest to slowest: CyHg > Xe >

CH, > PFMCH. These observations are largely consistent with the observed trend
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TABLE 2.23: Observed rate constants for the spin-forbidden reaction following 266
nm photolysis of (MeCp)Mn(CO), in a series of PEMCH solutions at 298 K.

v(CO) (cm™) Assignment kops (s1)

2002 3(MeCp)Mn(CO), 5.6 (£0.5) x 107
1846 3(MeCp)Mn(CO), 5.8 (+0.4) x 107
1962 1(MeCp)Mn(CO),(C,Fy4) 5.5 (£0.3) x 107
1895 1(MeCp)Mn(CO),(C,Fy,) 5.6 (£0.3) x 107
2002 3(MeCp)Mn(CO), 2.5 (£0.3) x 108
1846 3(MeCp)Mn(CO), 2.3 (£0.3) x 108
1960 1(MeCp)Mn(CO),Xe 2.4 (£0.4) x 108
1893 1(MeCp)Mn(CO),Xe 2.6 (+0.4) x 108
2002 3(MeCp)Mn(CO), 7.7 (£1) x 107
1846 3(MeCp)Mn(CO), 7.3 (£0.8) x 107
1962 !(MeCp)Mn(CO),(CH,) 7.5 (£0.7) x 107
1894 1(MeCp)Mn(CO),(CH,) 7.1 (£1) x 107
2002 3(MeCp)Mn(CO), 5.1 (+0.4) x 108
1846 3(MeCp)Mn(CO), 5.2 (£0.3) x 108
1959 !(MeCp)Mn(CO), (C,Hy) 5.2 (£0.3) x 10®
1893 1(MeCp)Mn(CO), (C,Hg 5.4 (£0.4) x 108

reported for the rate of the recombination reaction of CpMn(CO),X with CO in a
series of pure liquid and supercritical alkanes and noble gases.?* This trend also closely
follows observations reported above for CpMn(CO);. It is evident from these studies
that the addition of a methyl substituent onto the Cp ring has little to no effect on the
spin-forbidden reaction of 3(MeCp)Mn(CO), with PFMCH, or indeed gaseous dopants,

when compared with CpMn(CO)s;.
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2.2.7 Discussion of the Reaction Mechanism Following Photolysis of

CpMn(CO),

It is clear from the results presented in this Chapter that the intermediates and
photoproducts formed following photolysis of CpMn(CO)4 and (MeCp)Mn(CO)4 are
dependent on the nature of the solvent, as well as any dopants present in the solution.
Following 266 nm photolysis, a 16-electron coordinatively unsaturated species of the
form 3CpMn(CO)2 is formed. This species appears to be a primary photoproduct,
appearing in a vibrationally hot state immediately following photolysis. As stated
above, this is the expected route for formation of this triplet species when utilising short-
duration laser pulses. 1?0-152.186,187 When photolysis is performed with a low intensity
light source in steady-state, the primary photoproduct is leMn(CO)z. 53 Some evidence
for formation of CpMn(CO), has been observed during the studies presented in this
Chapter following photolysis of CpMn(CO), in the perfluorinated amine PFTEA. In
this case, !CpMn(CO), was formed as a minor primary photoproduct, which decayed
on the nanosecond timescale either to further form the major primary photoproduct

3CpMn(CO),, or the dicarbonyl solvent complex !CpMn(CO),(N(C,F5)s,).

Following formation of *CpMn(CO), within 1 ps of irradiation, the triplet species
undergoes a spin-forbidden reaction to form 'CpMn(CO),X (X = solvent or dopant).
This reaction occurs on a picosecond or nanosecond timescale, with the rate seemingly
dependent on the solvent or dopant with which 3CpMn(CO)2 is reacting. While the rate
of reaction and the v(CO) band positions of 'CpMn(CO),X appear to be dependent

on the nature of X, the v(CO) absorption frequencies of 3CpMn(CO),, do not. This
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suggests that any interaction of 3CpMn(CO), with the solvent or dopant prior to

spin-state change is very weak.

In order to examine the nature of interaction between 3CpMn(CO), and the
ligands it subsequently undergoes spin-forbidden reaction with, theoretical calculations
were carried out by Dr. Zhen Liu and Prof. Jeremy Harvey at KU Leuven. Preliminary
results are presented below. Firstly, relative energies (including zero-point energy)
were calculated for the triplet and singlet states of a series of *CpMn(CO), and
1CpMn(CO),X systems, and the minimum energy crossing point (MECP) for spin-
crossover between the two states. The MECP is defined at the lowest energy point
at which the potential energy surfaces of the triplet and singlet species cross. The
energies were calculated by DF'T, using a dispersion correctly modified form of B3LYP.
Preliminary calculations showed the possibility of two distinct triplet states, differing in
terms of orbital occupation and geometry, specifically the OC-M-CO bond angles, with
the complex exhibiting the largest bond angles predicted to be the most stable. Table

2.24 shows the results of these calculations for a number of solvent and dopant systems.

TABLE 2.24: Calculated relative energies for *CpMn(CO), and 'CpMn(CO),X for a

series of ligands (X = None, Xe, CO,, ethane, n-heptane, PFMCH). Energies were

calculated by DFT using dispersion corrected B3LYP**-D3BJ. Energies are presented
in keal /mol.

X = None Xe CO, Ethane Heptane PFMCH
3CpMn(CO), 0.0 0.0 0.0 0.0 0.0 0.0
1CpMn(CO),X 29 -46 -6.2 -9.3 -6.9 -2.2
MECP 3.8 42 26 1.6 0.8 4.1

Table 2.24 shows the results of these calculations for a number of solvent and
dopant systems. In the absence of a ligand, it can be seen that the triplet state is the

ground state, while in the presence of a ligand, the singlet state is the ground state in
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all cases. The MECP is highest for reactions with Xe and PFMCH, and smallest for
reaction with heptane, in agreement with experimentally measured reaction rates for
spin-forbidden reaction reported previously in this Chapter. A correlation is also noted
between the calculated energy of the singlet state and the experimentally determined
reaction rate for this series of ligands, with 1CpMn(CO),(C,F,,) lying highest in energy,
and the alkane complexes 'CpMn(CO),(C,Hg) and 'CpMn(CO),(C,H;4) lying lowest
in energy. It should be noted that for PFMCH and heptane, there is a large amount
of conformational complexity for both singlet and triplet adducts. Although all best
efforts have been made to find the lowest energy state of each of these species, it is
conceivable that this complexity will have an effect on calculated energies, as well as

calculated reaction rates.

Spin-forbidden rate constants for the series of ligand and dopant systems were
also calculated in a similar fashion to those reported previously.'?> Rate constants for
passage through the MECP from triplet to singlet for each of the ligands were calculated,
and are presented in Table 2.25 along with experimentally determined observed rate

constants.

While the calculated absolute values for the rate constants of these spin-forbidden
reactions do not appear to match particularly well with experimentally obtained values,
it is still interesting to note the general trend in rate. The reaction with PFMCH is
calculated to be the slowest, in agreement with experimental results presented earlier
in this Chapter, while the reaction with heptane is calculated to be the fastest. One
possible reason for the poor match may lie in the structure of the triplet species used in

these calculations. Interestingly, the lowest energy configuration for the triplet state was
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TABLE 2.25: Calculated rate constants for the spin-crossover reaction of 3CpMn(CO),

to form 'CpMn(CO),X for a series of ligands (X = None, Xe, CO,, ethane, heptane,

PFMCH). Experimentally measured observed rate constants for the same process are

also given for comparison. All values in s'. *The rate constant for the reaction of

ethane with *CpMn(CO), is subject to a discrepancy caused by sensitivity to the

procedure for moderation of vibrational frequencies, however this value has been
included for consistency.

Ligand Calculated Experimental
None 3.6 x 10°

Xe 1.1 x 109 2.5 x 108
CO, 4.9 x 1019 2 x 108
Ethane 4.6 x 107* 5 x 108
Heptane 2.3 x 101! 9.0 x 10°
PFMCH 1.8 x 10° 6 x 107

obtained when the metal complex of interest is weakly solvated by the ligand of interest.
In most cases however, this interaction is very weak and an equilibrium between the
free and solvated forms of the triplet species would be expected in solution. Calculated
structures for all species are shown in Figure 2.40. This opens up the possibility of
of competing reaction pathways to form the singlet species. Further studies will be

undertaken to determine the effect of these competing pathways.

The possibility of a triplet species that interacts weakly with the solvent or dopant
of interest before undergoing a spin-state change presents an interesting contrast to
kinetic studies reported previously.3312%:139.219 Ty these studies, the potential energy
surface of the unsaturated triplet species was assumed to remain unchanged by the
addition of a ligand, with the MECP for the reaction being controlled by any changes
in the potential energy surface of the bound singlet species, caused by interaction with
the ligand. In the case of a bound triplet state however, the ligand may exert influence
on the potential energy surfaces of both triplet and singlet species. This mechanism

l., 125

of influence is in stark contract to the one presented by Besora et a in which
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Singlet D A

Ethane Heptane

FIGURE 2.40: Calculated lowest energy geometries for 3CpMn(CO), and
1CpMn(CO),X intermediates formed following photolysis of CpMn(CO), in a series
of solutions, where X = None, Xe, CO,, ethane, heptane and PFMCH.
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a ‘naked’ 3Fe(CO), undergoes a single-body spin-crossover to form Fe(CO),, which
either reverts to the triplet, or is trapped by the ligand and undergoes a barrierless
process to form 'Fe(CO),X. Through combination of experimental and theoretical
results, a reaction mechanism for photolysis of CpMn(CO), can be proposed, shown in

Scheme 2.6.

!
¢

>
<

o
@)
O -
O\Z
>
/
O
@)
O
o
o
Q
=
P
o
@)

>
<

o nen
A Y

A}

A Y

1

—— > Decomposition

SCHEME 2.6: Proposed reaction mechanism following photolysis of CpMn(CO), or

(MeCp)Mn(CO), in a series of alkane and perfluorinated alkane or amine solvent

systems, including various doped and mixed solvent systems. (R = H, Me. X

= n-heptane, c-pentane, PFMCH, PFH, PFTEA, Xe, CO,, ethane. Blue dashed

arrows represent minor pathways only observed for CpMn(CO), in PFTEA. Red

arrows represent pathways only observed for (MeCp)Mn(CO),. Products of the final
decomposition step have not been identified.

2.2.8 TRMPS of CpCo(CO), and CpV(CO), in Perfluoroalkanes

Following examination of the photochemistry of iron and manganese containing
complexes in various alkane and perfluorinated solvents, these studies were ex-

panded to include two other organometallic species which have been shown to form
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metastable 16-electron triplet species upon UV photolysis, namely CpCo(CO), 142220

and CpV(CO),.54147:193

The first of these species to be examined was CpCo(CO),. A solution of
CpCo(CO), in PFMCH was prepared under an argon atmosphere and irradiated
with 266 nm light, as above. Following irradiation, a series of TRMPS difference spectra

were recorded across the ps, ns and us timescales, which are presented in Figure 2.41.

Within the first time delay following photolysis, the two v(CO) bands of the
parent CpCo(CO), (2038 and 1978 cm™) have bleached and a new broad feature can
be seen, lying across the lower energy of the two parent bands. These new features
undergoes vibrational cooling over the first 30 ps of the experiment to yield a single
v(CO) band at 2001 cm™. This species is stable on the picosecond timescale, but on
the nanoseond timescale begins to decay. Concurrent with this observed decay is the
growth of two new v(CO) bands, one in the terminal carbonyl region at 1971 cm™,
and one in the bridging carbonyl region at 1825 cm™'. The growth of these bands is
accompanied by further consumption of the parent, indicating a reaction between an
intermediate and the parent complex to form this new bridged dimeric product. The
lifetime of this process was recorded as 7 = 50 (£7) ns. This new bridged species is

stable into the microsecond timescale. Rate constants for all observed processes are

given in Table 2.27

It is clear from the presence of the bridging carbonyl band that the final product
of this process is dimeric in nature, similar to the (MeCp)2Mn,(CO), product observed

earlier in this Chapter. However, unlike previous experiments involved photolysis
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FIGURE 2.41: a) Selected picosecond, nanosecond and microsecond TRMPS difference

spectra recorded at a series of time delays following 266 nm photolysis of a solution of

CpCo(CO), in PFMCH under Ar. Formation and decay of *CpCo(CO) and subsequent

formation CpyCo,(CO), can be seen. Spectra recorded at 298 K. b) FTIR spectrum
of same solution.

of CpMn(CO), and (MeCp)Mn(CO),, CpCo(CO), appears to form only a single
intermediate following UV photolysis. This result is in agreement with the studies

reported by Bengali et al., in which CpCo(CO), was photolysed in liquid noble gas
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TABLE 2.26: v(CO) absorption band frequencies of CpCo(CO), and intermediates
and photoproducts formed following photolysis of CpCo(CO), and in pure liquid

solvents.

Compound Solvent v(CO) (cm™1) Reference
CpCo(CO), PFMCH 2038, 1978 This work
PFH 2039, 1980 This work

ligKr 2037, 1977 142

ligXe 2031, 1971 142

Cyclohexane 2030, 1969 191
3CpCo(CO) PFMCH 2001 This work
PFH 2002 This work

ligKr 1999 142

ligXe 1993 142

Cyclohexane 1990 191
Cp2Co,(CO), PFMCH 1971, 1825 This work
PFH 1973, 1826 This work

ligKr 1972, 1823 142

ligXe 1969, 1819 142

Cyclohexane 1965, 1812 191

Cp2Co,(CO), ligXe 1805 142

solvents. 42 The authors reported initial formation of a single »(CO) band at 1999
cm™ or 1993 cm™ in ligKr and ligXe, respectively, which they go on to assign to a
coordinatively unsaturated 16-electron species *CpCo(CQO). This fragment is assigned
as a triplet with reference to previously published computational studies.??! 2?3 This
unsaturated species then went on to decay, yielding three new v(CO) bands, one in
the terminal carbonyl region, and two in the bridging carbonyl region of the spectrum.
Bands at 1969 cm™ and 1819 cm™ were assigned to the tricarbonyl dimer species
Cp2Co,(CO)4, in agreement with our results. The second bridging carbonyl band was
assigned to a second dimer species, CpaCo,(CO),, which was not observed during
our experiments. v(CO) band positions for all cobalt carbonyl species observed in
these studies are summarised in Table 2.26. No evidence of coordination of the noble

gas solvent was reported, and indeed the agreement of our results seems to suggest
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a lack of coordination of PFMCH in this case. The results presented herein are also
in agreement with those of Wasserman et al., who noted no evidence of coordination
of cyclohexane to the unsaturated 3CpCo(CO) fragment, despite known interactions

observed in comparable metal carbonyl fragments e.g., 3Fe(CO), and *CpMn(CO),,. 191
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FIGURE 2.42: Kinetic traces from TRMPS spectra recorded following 266 nm ir-

radiation of CpCo(CO), in PFMCH under Ar. Matching rates for the decay of

3CpCo(CO) (squares) and formation of CpaCo,(CO), (circles) are shown. Solid lines
are mono-exponential fits.

From these previous results, it might be expected that addition of Xe or liquid
alkane to a solution of CpCo(CO), in PFMCH would have little or no effect on the
rate of reaction of CpCo(CO), with 3CpCo(CO) to form the dimer CpyCo,(CO),, and
this is indeed the case. Upon addition of Xe or n-heptane to the solution, neither the
v(CO) band positions of the photoproducts, nor the rate of formation of CpaCo,(CO),

changes in a significant way. TRMPS kinetic traces for the decay of *CpCo(CO) and
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formation of CpaCoy(CO)4 are shown in Figure 2.42. Upon changing the solvent from
PFMCH to PFH, the rate of reaction to form CpsCoy(CO)s; is still unchanged, while
the positions of all #(CO) parent bands show a small change of 1-2 cm™, indicative
only of a change in the solvent environment. Somewhat expectedly, addition of Xe or

n-heptane to a solution of CpCo(CO), in PFH also yields no significant kinetic changes.

Compared to CpMn(CO), and Fe(CO)j, the photochemistry of CpCo(CO), is un-
usual, and it appears to represent an exception regarding the coordination of solvents to
its triplet intermediate. Previous experiments in THF and alcohol solvents have shown
strong interactions between the solvent and the cobalt carbonyl fragment in both the
triplet and singlet states.'® Similar results were also observed in alkyne and alkene solu-
tions. 146 DFT calculations have shown that the triplet state of 3CpCo(CO) is favoured
over the singlet by 13-26 kcal/mol, compared to 0-9 kcal/mol for 3Fe(CO),.14* This

result may go some way to explaining the exceptional photochemistry of CpCo(CO)s,.

As mentioned above, CpV(CO), has also been previously reported to form a
16-electron unsaturated complex upon UV photolysis. In order to examine the effect of
perfluoroalkane solvents on the formation and subsequent decay of this intermediate,
TRMPS spectra were recorded following 266 nm photolysis of CpV(CO) 4 in PEMCH
and PFH solutions. A series of difference spectra recorded following photolysis of

CpV(CO), in PFMCH is shown in Figure 2.43.

The TRMPS difference spectrum recorded 1 ps after photolysis clearly shows
bleaching of the two parent v(CO) bands at 2034 and 1942 cm™, and formation of a

broad feature between the two parent bleaches. This feature sharpens and blue-shifts

125



Chapter 2. TRIR Studies of Reactions of Metal Carbonyls with Weak Ligands

TABLE 2.27: Observed rate constants for the spin-forbidden reaction observed following
266 nm photolysis of CpCo(CO), and CpV(CO), in a series of perfluoroalkane solutions

at 298 K.

v(CO) (cm1) Assignment kops (s71)

2001 3CpCo(CO) 2.2 (£0.3) x 107
1971 Cp2Co,(CO), 1.9 (£0.2) x 107
1825 Cp2Co,(CO), 2.0 (£0.2) x 107
2024 3CpV(CO), 3.1 (£0.3) x 106
1974 1CpV(CO),(C,Fyy) 3.3 (£0.6) x 106
1878 1CpV(CO),4(C,Fyy) 3.0 (£0.2) x 106
2022 3CpV(CO), 1.4 (£0.1) x 106
1975 1CpV(CO),4(CeF1y) 1.4 (£0.2) x 10°
1879 1CpV(CO),4(CeF14) 1.3 (£0.1) x 10°
2022 3CpV(CO), 1.7 (£0.1) x 106
1974 1CpV(CO),Xe 1.8 (£0.2) x 106
1879 1CpV(CO),Xe 1.7 (£0.1) x 106
2022 3CpV(CO), 2.6 (£0.2) x 10°
1974 1CpV(CO),(C,H,4) 2.8 (40.3) x 106
1878 1CpV(CO),4(C,Hyg) 2.7 (£0.2) x 10°

over ca. 40 ps consistent with vibrational cooling, to yield a single v(CO) band at 2024
em™!. This species decays on a nanosecond timescale, giving way to two v(CO) bands at
1974 and 1878 cm™'. A further feature is observed at 1923 cm™!, however the intensity
of this feature is not consistent over time. The origin of this feature is unknown, and it

will remain unassigned.

These results show some agreement with those of Snee et al., who examined the

photolysis of CpV(CO), in n-heptane and triethylsilane solutions. 4" In n-heptane,

1

the authors note initial formation of a single feature at 2020 cm™, assigned to an
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FIGURE 2.43: a) Selected picosecond, nanosecond and microsecond TRMPS difference

spectra recorded at a series of time delays following 266 nm photolysis of a solution of

CpV(CO), in PFMCH. Formation and decay of *CpV(CO), and concurrent formation
of 'CpV(CO),(C,F,,) can be observed. b) FTIR spectrum of same solution.

unsaturated intermediate 3CpV(CO)?,. This species was observed to decay, yielding a
new species with (CO) bands at 1895 and 1990 cm™, assigned as the solvent complex
1CpV(CO);(C;H;4). The band observed at 2020 cm™ is consistent with our results,

which show a band at 2024 cm™. This band is therefore assigned as the same unsaturated
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intermediate observed by Snee et al., 3CpV(CO);, in both n-heptane and triethylsilane

solutions. The v(CO) bands of the second species observed during our experiments show

some agreement with those observed by Snee et al., as well as other previously published

room temperature!4?224 and matrix isolation studies of CpV(CO),.5*1*® As well as

room temperature IR studies of CpTa(CO), and CpNb(CO),, and Cp*V(CO)4.224 The

v(CO) band positions for all assigned species are summarised in Table 2.28.

TABLE 2.28: v(CO) absorption band frequencies of CpV(CO), and intermediates and
photoproducts formed following photolysis of CpV(CO), in pure PFMCH and PFH
solution, as well as Xe and n-heptane doped solutions of PFMCH and PFH. Literature
values recorded in n-heptane and triethylsilane are also included, despite parent v(CO)
band positions not being fully reported.

Solvent/ v(CO)
Compound Matrix Dopant (cm™) Reference
CpV(CO), PFMCH 2034, 1942 This work
PFH 2035, 1942 This work
Xe 2035, 1942 This work
n-heptane 2035, 1942 This work
n-heptane 2030 147
triethylsilane 1931 147
3CpV(CO), PFMCH 2024 This work
PFH 2022 This work
Xe 2022 This work
n-heptane 2022 This work
n-heptane 2020 147
triethylsilane 2020 147
1CpV(CO),X PFMCH 1974, 1878 This work
PFH 1975, 1879 This work
Xe 1974, 1879 This work
n-heptane 1974, 1978 This work
n-heptane 1990, 1895 147
n-heptane 1895 224
CH, matrix 1954, 1887, 1859, 1856 54
Ar matrix 1964, 1902, 1867 224
triethylsilane 1973, 1876 147

While it may be expected that our results in PFMCH (1974 and 1978 cm™) would

match more closely with those reported by Snee and co-workers in n-heptane solvent
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(1990 and 1895 cm™), the v(CO) band positions of this second species are more akin
to those observed in triethylsilane solution (1973 and 1876 cm™). This is somewhat
unexpected considering earlier results in this Chapter. This decrease in v(CO) frequency
upon moving from n-heptane to PEFMCH suggests an increased donation of electron
density from the solvent ligand to the metal centre, however the binding mode of the
PFMCH solvent to the metal is still unknown, and other factors e.g., sterics may affect
the interaction between solvent molecule and metal centre. v(CO) bands observed at

1974 and 1878 cm™! are tentatively assigned to the solvent complex 'CpV(CO),(C-Fy,).

Normalised A Abs.

4r

0 500 1000 1500 2000 2500 3000
Time / ns

FIGURE 2.44: Kinetic traces from TRMPS spectra recorded following 266 nm irradia-

tion of CpV(CO), in PFMCH solution. Matching rates for the decay of 3CpV(CO),

(circles) and formation of *CpV(CO),(C,F,,) (squares) are shown. Solid lines are
mono-exponential fits.

Despite the assumed increased donation of electron density upon moving from n-
heptane to PFMCH, reaction of 3CpV(CO), with PFMCH to form 'CpV(CO),(C,Fy,)

is remarkably slow (lifetime 7 = 320 (£30) ns) compared to previous results. TRMPS
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kinetic traces for this process are shown in Figure 2.44, and observed rate constants for
all processes observed following photolysis of CpV(CO), are given in Table 2.27. Snee
et al. reported a lifetime for growth of 'CpV(CO),(C,H,4) as 39 ps, while decay of
3CpV(CO) 3 was not complete. Results reported in triethylsilane showed complete decay
of the 16-electron intermediate, with a lifetime of 360 ps. It has been shown previously
in this Chapter that PFMCH can increase the lifetime of unsaturated intermediates
beyond that observed in alkanes and even some liquid or supercritical noble gases,
however the difference in this case is remarkably large, 4 orders of magnitude slower
than in n-heptane. Following this result, the experiment was repeated with the addition
of Xe and n-heptane dopants, however no change in either the rate of reaction or the
v(CO) band positions of 3CpV(CO), or 1CpV(CO),X could be observed, indicating

formation of the same photoproduct in all cases.

This result is somewhat surprising, however corresponding experiments performed
in PFH solvent, both pure and doped with Xe or n-heptane (0.5 M) show very different
behaviour. In pure PFH solution, the lifetime for the spin-forbidden reaction of
3CpV(CO), with the solvent to form PFH is observed to be slower than in PFMCH (7
= 700 (£50) ns), while addition of Xe and n-heptane to this solution does yield a change
in lifetime for this process, indicating formation of a new species, namely 1CpV(CO)3Xe
and 'CpV(CO);(C,H,4) respectively. The trend in rates of these reactions is as expected,
with PFH yielding the slowest rate of reaction, while Xe is faster (7 = 580 (£30) ns),
and n-heptane is faster still (7 = 380 (£30) ns). TRMPS kinetic traces for these
processes are shown in Figure 2.45, while a comparison of lifetime values with those in

the literature is given in Table 2.29.
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FIGURE 2.45: Kinetic traces from TRMPS spectra recorded following 266 nm ir-

radiation of CpV(CO), in PFH solution (black squares), as well as Xe doped (red

circles) and n-heptane doped (blue triangles) PFH solutions. Matching rates for the

decay of 3CpV(CO), and formation of 'CpV(CO),(CxF,,) are shown. Solid lines are
mono-exponential fits.

TABLE 2.29: Lifetimes (in ns) for the spin-forbidden reaction of 3CpV(CO), to form
1CpV(CO),X (X = solvent or dopant) following photolysis of CpV(CO), in a series
of PFMCH/dopant and PFH/dopant systems (all data recorded at 298 K). Literature
data for the same process in n-heptane and triethylsilane are given for comparison.

Solvent Dopant Lifetime 7 (ns) Reference
PFMCH 320 (£30) This work
PFH 700 (£50) This work
Xe 580 (£30) This work
n-heptane 380 (£20) This work
n-heptane 0.039 (£0.003) 147
Triethylsilane 0.36 (+0.01) 147

All three of these processes show a slower rate of reaction that that observed in
PFMCH, indicating that PFMCH may be binding to the metal more strongly than
expected in this case. While this is somewhat in agreement with the observation

that v(CO) band positions of 'CpV(CO);(C,F,,) lie lower in energy than those of
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1CpV(CO);(C,H,4) reported by Snee and co-workers, 47 it should be noted that the
v(CO) bands of *CpV(CO),(CyFy,) lie within ca. 2 cm™ of those of the PFMCH
adduct. It is also interesting to note that although a faster rate of reaction is observed
upon addition of n-heptane to a solution of CpV(CO), in PFH, the »(CO) band
positions for the product of spin-crossover do not match those reported previously for
1CpV(CO),4(C-Hg), and are in fact very close to those reported for the PFMCH and
PFH solvent adducts above. The reason for this discrepancy is currently unknown,
though theoretical studies are under way. Through these studies we hope to determine
the cause of the exceptionally long lifetime of 3CpV(CO)3 in PFMCH and PFH solutions,
and determine the source of the aforementioned disparity between our results and those

previously published.

2.3 Conclusions

In this Chapter, the photochemistry of a series of model transition metal carbonyl
complexes has been examined using time-resolved infrared spectroscopic techniques, as

well as ab initio calculations.

The photochemistry of Fe(CO), was examined in the perfluorinated alkane
solvent perfluoro(methylcyclohexane). Upon photolysis, formation of both *Fe(CO),
and 3Fe(CO), was observed, and possible reasoning behind the observed ratio of the
v(CO) bands of these complexes was discussed. 3Fe(CO), was observed to undergo a
spin-forbidden reaction, most likely with the solvent to form 'Fe(CO),X, at a rate much

slower than reported in the literature for weakly coordinating solvents e.g., alkanes.
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This rate is even observed to be slower than previous experiments performed using
the noble gas Xe as a solvent, and represents the slowest rate observed for this spin-
forbidden process in conventional solution at room temperature. It is proposed that
this slow rate is due to a weak interaction between the perfluorinated solvent and the
metal. A mechanism for this process, including final formation of the dimer Fe,(CO),q

is proposed.

Photolysis of CpMn(CO), was also carried out in a series of solvents, including
alkanes, perfluoro(methylcyclohexane), perfluoro(hexane) and perfluoro(triethylamine).
In agreement with results observed for Fe(CO),, the perfluorinated solvents greatly
extended the lifetime of a coordinatively unsaturated intermediate 3CpMn(CO),. DFT
calculations, carried out by Dr. Magnus Hanson-Heine were used to assign the structure
and spin-state of this intermediate. It was determined that this molecule is indeed
an unsaturated 16-electron triplet, and that it exists in a pyramidal structure in its
ground state. Addition of various weakly binding dopants to solutions of CpMn(CO),
in PFMCH, including the liquid alkane cyclopentane, and gaseous species C,Hy, Xe
and CO, was shown to cause a change in the rate of the spin-forbidden reaction to
form 1CpMn(CO)2X (X = dopant). This change in rate was also accompanied by small
changes in the ©(CO) band positions of the bound species, indicating binding of different
ligands in each case. These results represent the first instance of binding of many of
these ligands to CpMn(CO), in liquid solution at room temperature, and demonstrates
the utility of weakly coordinating solvents for generation of noble gas and alkane
complexes. Somewhat surprisingly, the perfluorinated amine perfluoro(triethylamine)

was found to react with *CpMn(CO), even more slowly than PFMCH, and some
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evidence for formation of the unsaturated singlet species 1CpMn(CO)2 was observed in
this solvent. Photolysis of (MeCp)Mn(CO), in PFMCH doped with methane showed
evidence for formation of a methane complex in room temperature solution, whereas
results observed for CpMn(CO), were inconclusive. Further preliminary DFT studies
by Prof. Jeremy Harvey and Dr. Zhen Liu showed some agreement with experimental
data, and suggested a weak interaction between the triplet species and the solvent in
each case. The possibility that interaction with the solvent or dopant affects not only
the potential energy surface of the singlet species, but also the ‘unsaturated’ triplet
species is considered, along with the subsequent effect on the minimum energy crossing

point between the two.

Finally, the photochemistry of CpCo(CO), and CpV(CO), were examined in
perfluorinated alkane solvents. CpCo(CO), was found not to coordinate to PFMCH,
or to any of the added weak ligand dopants, and simply formed the dimeric species
Cp2Co,(CO); through a reaction between the initial photoproduct *CpCo(CO) and
the parent CpCo(CO),. Upon photolysis in PFMCH, CpV(CO), was found to form a
coordinatively unsatured 16-electron species, which undergoes reaction with what is
presumed to be the solvent. Addition of alkane and noble gas dopants to this solution
did not change the rate of this spin-forbidden process. Photolysis in PFH solutions
with alkanes and noble gas dopants showed a change in rate similar to that observed
previously for CpMn(CO),. The timescale of this spin-forbidden reaction and the v(CO)
band positions of the resulting species were found not to match with those previously
published. The reason for the discrepancy is still unknown, however it is hoped that

further DFT calculations will allow us to determine the reason for this change.
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Chapter 3

Further Time-Resolved Studies
of Alkane and Noble Gas
Complexes in Room
Temperature Perfluoroalkane

Solutions

3.1 Introduction

Organometallic noble gas and alkane complexes have garnered much interest over the
past few decades. In particular, organometallic alkane complexes have attracted great

interest due to their identification as intermediates in transition metal mediated C-H
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3

activation processes.?741:56:225-235 Chemistry of this nature is particularly appealing

due to the possibility of converting methane or methanol, through the activation of

strong C-H bonds, to useful sources of energy and chemical feedstocks. 23

Organometallic noble gas complexes, while less desirable in the study of catalytic
processes, possess their own varied and interesting chemistry. Of the six noble gases,
only krypton, xenon and radon have been shown to form isolable compounds with other

atoms, usually the highly electronegative oxygen or fluorine. 237,238

Observation of a series of organometallic alkane and noble gas complexes was
described 40 years ago by Perutz and Turner.® In that study, M(CO), (M= Cr,
Mo, W) were photolysed in a series of cryogenic matrices, including frozen alkanes,
tetrafluoromethane, neon and xenon. Evidence for coordination of the matrix material
to the metal centre came in form of a shift in the Ay« following photolysis. While
this case is often cited as the first observation of an organometallic noble gas complex,
an earlier study of photolysis of Cr(CO), in an Ar matrix showed the possibility of
coordination of Ar to the Cr metal centre.?3 However, the potential importance of this

interaction was not discussed until several years later.

Early work on the chemistry of the organometallic noble gas and alkane complexes
was intrinsically tied together through the use of matrix isolation, flash photolysis and
UV /visible and IR absorption techniques. Later studies of these interesting classes
of organometallic complexes required very different tools and conditions. Further
introduction to organometallic noble gas and alkane complexes will be given separately,

below.
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3.1.1 Organometallic Alkane Complexes

In order to fully understand the desirable C-H activation chemistry of the organometallic
alkane complexes, an understanding of their structure, formation and reactivity is vital.
The aim of much of the work described in this introduction section was to generate

and characterise an organometallic alkane complex which is stable in solution at room

temperature.

/H _ ///H\ \H

L,M---H—C:"H LM Cy
H Ho M

a) b)

A, __----H

LMz--H"C—H LM==_____ |

X ~e_ / 'C\
H H - H

H

FIGURE 3.1: The various ways in which an alkane (CH, in this example) may bond
to a metal centre. a) n'-H mode, b) n?-H,H mode, c) 73-H,H,H mode d) n-C,H mode.
Adapted from ref 240.

Organometallic alkane complexes are generally very short-lived at room tem-
perature, due to the HOMO and LUMO orbitals of the C-H o-bond being poorly
suited to accept or donate electron density from or to the metal centre.?*0 The first
observation of an organometallic alkane complex in the solution phase was reported
following photolysis of Cr(CO)4 in room temperature cyclohexane solution.®! These
studies confirmed that the cyclohexane solvent coordinated to the metal centre within

50 ns of photolysis, and suggested that Cr(CO); is significantly stabilised in solution
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by interaction with the cyclohexane solvent. However during these studies it was found
that the alkane complex formed was particularly sensitive to impurities in the solution.
Upon photolysis of Cr(CO)4 in the perfluorinated alkane perfluoro(methylcyclohexane),
the generated Cr(CO); fragment was found to be shorter-lived, indicating the pefluo-
roalkane exhibits a weaker interaction with the metal centre compared to cyclohexane,
or possible no coordinative interaction at all.”®7 Further studies of the formation of
Cr(CO);(cyclohexane) in solution showed that solvation of the unsaturated Cr(CO);

by cyclohexane actually occurs within 1 ps of photolysis. '

The first IR spectrum of an organometallic alkane complex in room temperature
solution was reported by Grevels.?*' During this study, the authors photolysed Cr(CO)g
in cyclohexane, in the presence of a series of other solvents, known to form strong
coordination complexes with Cr, including acetone, benzene, methanol and water, as
shown in Figure 3.2. A shift in the position of the v¥(CO) bands corresponding to
the complex Cr(CO);X (X = cyclohexane, acetone, benzene, methanol, water) was
observed upon addition of the corresponding solvent, suggesting formation of a different
complex in each case. IR spectroscopy was shown to be a powerful tool for the study
of organometallic alkane complexes, particularly those which include carbonyl ligands,
due to the sensitivity of the v(CO) band frequencies to changes in coordination number,

geometry and electron density at the metal centre.

Additional studies of alkane complexes of the form M(CO);(alkane) (M = Cr,
Mo, W) have examined the strength of the M-alkane bond interaction. Initial studies
of utilised transient absorption spectroscopy of the photolysis of W(CO)4 in methyl-

cyclohexane. During this study, the rate of the reaction between the alkane complex
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A, arbitrary units

FIGURE 3.2: IR spectra recorded following photolysis of Cr(CO)y in CO-saturated

cyclohexane doped with other solvents. Showing Cr(CO);(cyclohexane) (bold line),

Cr(CO);(acetone) (narrow line), Cr(CO), (benzene) (dashed line), Cr(CO),(methanol)

(dotted line) and Cr(CO);(X) (unassigned, dot-dashed line). Reproduced from ref
241.

W(CO);(methylcyclohexane) with added pyridine has examined, and W-alkane bond
energy estimated to be 16 kJ/mol.?*? Further experiments have utilised TRIR to exam-

243-245 while

ine the reactions of M(CO),(alkane) with a variety of competing ligands,
photoacoustic calorimetry (PAC) has been used to determine the binding energy of a
series of Cr- and Mo- alkane complexes. 78246:247 Systematic studies of the reactivity of
a series of organometallic alkane complexes have shown that their reactivity decreases
across and down groups V, VI and VII. 185206224 T these studies, TRIR spectroscopy
has been used to examine the formation and reactivity of a series of organometallic
alkane complexes of the form Cp’M(CO),(alkane), (Cp’ = n°-C;R5, R = H, CH;,
C,H;) following photolysis of the parent Cp’M(CO), in an alkane solvent at room

temperature. The reactivity of the alkane complex formed in these cases is measured

through examination of the second-order rate constant ks for the reaction of the alkane
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complex with a competing ligand (e.g., CO). Through these studies, the reactivity of
Cp’Mn(CO), (heptane) (Cp’ = n°-C;Rs, R = H, CH,, C,H;) has been shown to vary
according to the substituent on the Cp ring, however it was found that the steric bulk
of the incoming ligand has the greatest effect on the stability of the alkane complex,
indicating that sterics rather than electronics controls this process. %3207 Such studies
have led to the identification of CpRe(CO),(heptane) an organometallic alkane complex
which has been shown to have a lifetime > 20 ms at room temperature in the absence
of CO.1™ This Re-alkane complex has been shown to 50,000 times less reactive than

the analogous vanadium complex CpV(CO),(heptane).?2*

24
. o W(CO)Ar
227 "~ CHCO)Kr
20 ] CpV(CO) (n-heptane) ~.._ —_— Mo(CO),Kr
18 ] CPMn(CO)(CH) ~ ™ —_— g’p(ﬁg()é%) "
- Cr(CO) (n-heptane) . ™. !
. . r(CO),(n-heptane) e Cr(CO).Xe
N - W(CO),(CH) - Mo(COJ.X
i‘/ 16 ] Mo(CO),(n-heptane) - e C OR (CCS))eK
< | CconNb(CO)(rheptane) - E— - CpND(CO) Xe
14 CpMn(CO)(CH) =" e CpTa(CO) Xe
. CpTa(CO),(n-heptane) /// i \\:: W(CO)_ Xe
12 ] W(CO),(n-heptane) - // O ~ CpMn(CO) Xe
4 e
. CpMn(CO),(n-heptane) - e
10 9 CpMn(CO),(cyclopentane) -~ P
] CpRe(CO)(CH) ~
8 CpRe(CO),(C,H,) CpRe(CO) Xe
] CpRe(CO),(n-heptane)
6 - CpRe(CO),(cyclopentane) -~ -

FIGURE 3.3: Plot of natural log of the rate constant (Inkg for the reaction of a series

of organometallic noble gas and alkane complexes with CO to reform their respective

parent species. Figure adapted from ref 34, original plot kindly provided by Dr. James
Calladine.

The high relative stabilities of the Re-alkane complexes have led to their subsequent

characterisation by NMR spectroscopy. CpRe(CO),(cyclopentane) was probed by Ball
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et al. at low temperature (180 K), and was found to persist for several hours following
initial formation.“? A study of the related complex CpRe(CO),(PF;) showed that this
compound not only formed the o-alkane complex as expected, there was also evidence
of formation of the C-H activated alkyl hydride species, in contrast to previous studies
of CpRe(CO);.4! A TRIR study comparing the stabilities of CpRe(CO),(heptane) and
CpRe(CO), (cyclopentane) found that the cyclopentane complex was almost twice as
stable as the heptane complex.*® The binding modes of a series of alkane solvents have
been investigated at room temperature. Photolysis of CpRe(CO)4 in cyclopentane
and cyclohexane results in binding of the alkane wvia the n?-C,H mode, with a rapid
equilibrium between the two H atoms of the CH, moiety. Experiments in the linear
alkanes have shown that although all C-H bonds are capable of binding to the metal
centre, the preferred mode of coordination is through the secondary C-H bonds.%4
NMR studies in cyclohexane have shown a slight preference towards binding of the
axial C-H to the metal.?*® A recent theoretical and experimental study undertaken
within our group examined the effect of increasing alkane chain-length on the rate
of C-H activation mediated by Cp'Rh(CO), (Cp’ = n°-CzH; or 1°-C;Me;).?* It was
found that a large increase in the lifetime of activation was observed upon moving
from cyclohexane to cycloheptane and cyclooctane. Theoretical studies confirmed that
migration of the Rh fragment along the different C-H units of the ring does have an
effect on the rate of the activation process. The lifetime of organometallic alkane
complexes has been found to be highly dependent on the nature of the alkane ligand
itself. Cyclic alkanes have been found to form more stable complexes than their linear

48,206,207,249

counterparts, while the shorter chain linear alkanes show weaker binding to

the metal centre than their longer chain analogues, with CH, showing the lowest binding
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energy. 249250 Degpite this, a TRIR study of the reactivity of alkane complexes of the
form (benzene)Cr(CO),(alkane) with CO was found to increase as the chain length of
the alkane solvent was increased. It was determined that this effect was due to entropic
factors caused by the increasing chain length, rather than a change in the activation
enthalpy.?%” NMR studies such as those described above have subsequently been
expanded and various other organometallic alkane complexes have been characterised in
this way. Ball et al. have reported NMR studies of Re-cycloheptane and Re-cyclooctane
complexes, facilitated by the use of lower melting point alkanes as solvents, to overcome
the high melting point of the larger cycloalkanes.?51252 Brookhart and Goldberg have
reported the formation of a rhodium-methane complex, formed through protonation of
a RhI-CH; resulting in the formation of [Rh(PONOP)(CH,)][BAr"4] (PONOP = 2,6-
bis(di-tert-butyl-phosphinito)pyridine, BArt'y = B[3,5-(CF;),C¢H;],). 23 Despite the
reduced stability compared to their Re analogues, '*> Mn-alkane complexes (alkane =
n-propane, n-butane, neopentane, cyclopentane) have also been observed by NMR, 46:47
as have W-alkane complexes (alkane = cyclopentane, n-pentane, isobutane, neohexane

and cycloheptane®® and even methane and ethane complexes of rhodium.2%3:254

In comparison to the relative wealth of NMR spectroscopic studies described
above, few x-ray crystallographic studies of transition metal alkane complexes have
been reported, with only two examples currently reported. The first of these examples
is the Fell-porphyin n-heptane complex [Fe(DAP)(C,H,4)] (DAP = double A-frame
porphyrin).2%® The reported interaction between the metal and alkane in this iron
species is ambiguous, with both the iron atom and heptane molecule exhibiting sig-

nificant disorder. The reported Fe-C distances (2.52 and 2.83 A) are, however within
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those expected for agostic interactions from calculated C-H-M angles.?*¢ Additional
evidence for coordination comes from slight displacement of the Fe atom out of the
porphyrin plane, as expected for some 5-coordinate iron species, in agreement with
calculated geometries for this complex. The second, and more compelling example of
an x-ray structure was reported by Weller et al.2°” The rhodium-norbornane complex
[Rh(P'Buy(CH,)P'Bu,)(C,H,,)][BArF4] was generated in the solid state by hydrogena-
tion of a Rh-diene complex precursor. In addition to crystallographic characterisation
of this species, Weller et al. utilised solid-state NMR spectroscopy to provide additional
characterisation of the interaction between metal and alkane, ultimately assigning it as

an 7%-C,H interaction.

Nitrogen donor ligands have also found an important role in the formation
and stabilisation of organometallic alkane complexes in recent times, expanding upon
previous work on Cp-ligated Re-alkane complexes. TpRe(CO),(cyclopentane) (Tp
= hydrotris(pyrazol-1-yl)borate) was found to have a shorter lifetime than its Cp

232

analogue. Later, Ball et al. characterised the first oxygen-supported Re-alkane

complex, KpRe(CO),(alkane) (Kp = cyclopentadienyltris(diethylphosphito)cobaltate),

(alkane = cyclopentane, cyclohexane or n-pentane).258

Organometallic complexes of the shortest chain alkanes methane and ethane have
been found to be the least stable to reaction with CO. Theoretical and experimental
studies have determined a link between the strength of the C-H bond of an alkane,
and the subsequent strength of the M-CH; bond following metal-mediated C-H ac-
tivation. 2?9262 Methane and ethane possess particularly strong C-H bonds, and the

Rh-CH4 bond formed following C-H activation of CH, has been shown to be very

143



Chapter 3. Further Time-Resolved Studies in Perfluoroalkane Solutions

strong. 252260 Theoretical studies have shown that the M-CH, bond has a particularly
low binding energy.?%3 This, along with the low barrier to C-H activation, makes the
study of short-chain alkane complexes more difficult, as they are predicted to be very
short-lived at room temperature. Previously, organometallic complexes of methane have

19,80,95,239,264,265 and in the

been characterised using low temperature matrix isolation,
gas phase. 296 More recently, organometallic methane complexes have been characterised
spectroscopically in room temperature solution. The first such observation characterised
formation of 'Fe(CO),(CH,) following photolysis of Fe(CO); in scCH,. Following for-
mation of the 16-electron unsaturated triplet species 3Fe(CO) 4» the methane complex
was observed to form on the nanosecond timescale.'% Further studies observed forma-
tion of W(CO);(CH,) following photolysis of W(CO)g4 in scCH, at room temperature.
The resulting methane complex was found to be very short lived and much more reactive
than its longer-chain alkane analogues.?”1?® Theoretical studies have examined the coor-
dination and subsequent activation of methane at transition metal centres. 232:263,267-269
A theoretical and experimental study undertaken by Cowan et al. examined the photoly-
sis of CpRe(CO), and Cp Re(CO), in scCH, and ligC,Hg, as shown in Figure 3.4.37:198
It was demonstrated that the initial methane or ethane complex formed within a few
nanoseconds of photolysis. The methane and ethane sigma complexes are then found
to enter an equilibrium with the resulting C-H activation product, the alkyl hydride of
the form Cp’Re(CO),(R)H. The ratio of alkane:alkyl hydride complex was found to
depend on both the nature of the organometallic fragment (i.e., the electron density

donated by the Cp ring), as well as the alkane itself, with Cp"Re(CO),(CH,) exhibiting

the largest amount of activated product, and CpRe(CO),(C,Hy) the smallest.
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FIGURE 3.4: TRIR difference spectra obtained following photolysis of CpRe(CO),

and Cp"Re(CO), in scCH, or ligC,Hg at room temperature. Striped bands indicate

the dicarbonyl solvent complex, solid filled bands indicate the C-H activated oxidative
addition products. Figure adapted from ref 37.

3.1.2 Organometallic Noble Gas Complexes Complexes

The chemistry of the noble gases is comparatively limited. As stated above, only Kr, Xe

and Rn have been shown to form stable compounds with other atoms.?3” The lack of

reactivity of the other noble gases can be attributed to the decreasing energy required

to promote the atom to a state with an unpaired electron, as well as reduced ionisation

energy, upon moving down the group.

In theory, radon should be the most reactive of the noble gases, however its

longest lived isotope (*22Rn) is highly radioactive, with a half-life of only 3.8 days. This

makes the chemistry of radon difficult to study. However, several compounds of radon
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have been reported, including RnF, and Rn03.237

The stable compounds of xenon and krypton have been more widely studied.
Krypton has been shown to form KrF,, as well as many different species containing the
krypton fluoride cation [KrF]+. The chemistry of Xe is comparatively rich. Bartlett
was the first to observe a stable noble gas complex in 1962, the orange/yellow solid
Xe+[PtF6]7. Since then, various different complexes of Xe with fluorine and oxygen have
been synthesised, with Xe oxidation states ranging from 42 to +8, and coordination
numbers and geometries ranging from simple linear XeF, to the trigonal bipyramidal
XeO3F, and the octahedron XeF6.184 More recently, there has been considerable
interest in the use of the noble gas fluorides as ligands for the formation of coordination
complexes and adducts.?™027 All of the compounds discussed above involve a bond
between a noble gas and a main group element, usually fluorine or oxygen. However,
there should be no reason why a noble gas atom cannot act as a ligand, and bond
coordinatively to a metal centre. Noble gas atoms do, after all have “at least one
pair of electrons that can donate”, thus filling the definition of a ‘ligand’ put forth
by Cotton and Wilkinson.23” Observation of these elusive and short-lived species has
remained largely spectroscopic in nature, with only a single x-ray crystal structure of a

274275 However,

metal-noble gas complex reported to date, that of [AuXe,](SbyF;),
with continued improvement in detector rise-time and gating technology in various fields
such as time-resolved crystallography, additional crystallographic determination of the
existence of such a species may only be a matter of time. The nature of the transition

metal-noble gas bond has been successfully modelled using DFT methods, and has

been shown to be highly dependent on orbital interactions between the noble gas and
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carbonyl ligands. 2"® Various methods have been utilised in the formation of these highly
reactive short-lived species. These methods hinge on the absence of competing ligands
in the reaction medium, and therefore usually utilise the noble gas itself as the solvent
or matrix. All of these methods involve initial UV photolysis of the parent complex to

277

remove a ligand, usually CO (though H™ has also been used), " creating an unsaturated

organometallic fragment with which the noble gas atom can react.

Following initial matrix isolation experiments by Perutz and Turner described

0 a wealth of spectroscopic observations of various organometallic noble gas

above, 8
complexes have been reported. Poliakoff et al. also used matrix isolation to characterise
Fe(CO),Xe following photolysis of a Fe(CO), in a Xe matrix. % EPR spectroscopy has
also been utilised to characterise noble gas complexes. The isoelectronic 17-electron
species [KrFe(CO);]" and KrMn(CO); were detected following y-radiolysis in krypton
matrices.2”® More recent examples of noble gas complexes formed using matrix isolation
techniques include: Ru(CO),(PMe;),X (X = Ar, Xe),?"" (dmpe)Ru(CO),X (X = Ar,
Xe; dmpe = Me,PCH,CH,PMe,),?™ and (dfepe)Cr(CO)4X (X = Ar, Xe; dfepe =
(C,F5)PCH,CH,P(C,Fy),). 289 Matrix isolation has proven to be an incredibly useful
technique for the characterisation of such complexes, however a need to understand the

subsequent reactivity and stability of such complexes has prompted a move towards gas

and solution phase studies, utilising both liquid and supercritical noble gas solvents.

The first solution phase observation of an organometallic noble gas complex was
reported by Simpson and co-workers. 23! Following photolysis of Cr(CO) in ligXe, as
well as ligKr doped with 5 % Xe at approx. 180 K. The characteristic v(CO) bands of

Cr(CO);Xe were observed in both solvent systems, and the complex was found to be
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remarkably long-lived (t; /5 = 2 s). Further studies utilised 5d metals to produce more
stable organometallic Xe complexes. An extensive rapid-scan IR study of the formation
of M(CO);X (M = Cr, W; X = Kr, Xe) was undertaken by Weiller.*? It was found
that the krypton complexes of both Cr and W have lifetimes ca. 0.1 s at 150 K in ligKr
solvent, while photolysis of W(CO); in ligXe was shown to produce W(CO);Xe, with
a lifetime of approx. 1.5 minutes at ca. 170 K. During this study, the rate of reaction
of the noble gas complex W(CO);Xe with CO to regenerate the parent W(CO), was
measured as a function of temperature (173-198 K). Application of the steady-state
approximation to this reaction predicted a linear dependence of the rate constant, kgps,
on the concentration of CO in the solution. From the resulting Arrhenius plot, an
estimate of the bond dissociation energy of W-Xe was reported as ca. 35 kJ/mol, much

lower than the W-heptane bond dissociation enthalpy (65 kJ/mol).252

In addition to the study of group 6 metal-noble gas complexes, Bergman et al.
have reported the formation of Cp " Rh(CO)X (X = Xe and Kr), following photolysis
of Cp*Rh(CO)2 in ligKr or ligXe in the presence of alkanes; cyclohexane 4228 and
neopentane.??% It was observed that the Kr complex decayed much more quickly than
the Xe complex, indicating a stronger M-Xe bond. Additional studies attempted
to measure the Rh-Xe bond energy of Cp Rh(CO)Xe in ligXe solution with TRIR
spectroscopy. 28 The reaction of this species with CO as found to be very fast, and

using the same method as the previous study above, also by Weiller et al., the Rh-Xe

bond enthalpy was calculated as ca. 12 kJ/mol, weaker than the W-Xe bond energy.

Studies of CpRe(CO)4 and its derivatives have been particularly interesting. Ini-

tial photolysis studies of CpRe(CO); in ligXe showed the Re-Xe complex CpRe(CO),Xe
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FIGURE 3.5: Proposed orbital interactions for the coordination of Xe to coordinatively
unsatured W(CO),. Electron flow from Xe to W is indicated by an arrow. Figure
adapted from ref2®3.

to be much longer lived than W(CO),Xe, with a lifetime of 3.5 minutes at ca. 170 K,
compared to 1.5 minutes for W(CO);Xe. This observation, along with the previously
reported NMR spectrum of the closely related CpRe(CO),(alkane),? led to the first
attempted NMR, characterisation of an organometallic noble gas complex. Due to the
poor solubility of CpRe(CO); in ligXe, CpRe(CO),(PF;) and (iPGC)Re(CO)Z(PFg)
were chosen as the materials of study for this NMR investigation. The addition of NMR
active 19F and 3!'P nuclei to the molecules also increased the breadth of NMR techniques
with which the resulting Xe complex could be detected.*? FTIR studies showed that

upon photolysis, two different Re-Xe photoproducts were produced, the monocarbonyl

149



Chapter 3. Further Time-Resolved Studies in Perfluoroalkane Solutions

Cp’Re(CO)(PF;)Xe, and the dicarbonyl Cp’Re(CO),Xe, with the monocarbonyl being

the longest lived.
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FIGURE 3.6: F spectra of (iPGC)Re(CO)Q(PFg) recorded during prolonged photol-
ysis in ligXe at 163 K. a) is an expansion of ¢) which shows the spectrum recorded in
unlabelled Xe. b) is an expansion of d) which shows the spectrum recorded in 12°Xe.
A small splitting due to 3Jxer coupling can be seen. Figure reproduced from ref 42.

NMR studies following photolysis of these complexes in ligXe at ca. 160 K showed
the first NMR spectroscopic evidence for formation of a transition metal-noble gas bond.
2D NMR experiments showed coupling constants of 3Jxcp = 5 Hz and 2Jxep = 42 Hz,
indicating that Xe may be acting as a ligand, and the interaction between the metal
and noble gas atom is not simply a weak solvation interaction. This study contains the

only published observation of an organometallic Xe complex by NMR to date.
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In recent years, as attention has turned towards formation of noble gas com-
plexes which are stable at room temperature, supercritical fluids have been heavily
exploited. Supercritical fluids allow the reactivity and stability of organometallic noble
gas complexes to be examined at room temperature, with the added advantage that
they exhibit a high capacity for dissolving CO gas. The first observation of one of
these complexes in room temperature solution was reported by Sun and co-workers. 28
TRIR spectroscopy was used to characterise W(CO);Ar and M(CO).X (M = Cr, Mo,
W; X = Kr, Xe) at room temperature in supercritical Ar, Kr or Xe. Temperature
dependence studies of the rate of reaction of W(CO),Xe were reported, along with a
calculated bond enthalpy for W-Xe of ca. 34 kJ/mol in agreement with work previously
published by Weiller*? and Wells.!4® Studies in scKr showed a small shift in the v(CO)
bands of W(CO);X to higher wavenumber, indicating weaker coordination to the metal
centre in the case of Kr compared to Xe. This observation was also echoed by the
comparative decay lifetimes of Xe and Kr complexes, with the Kr complexes reported to
be much shorter lived. Experiments utilising scKr solvent doped with 7 % Xe showed
that the v(CO) band positions of W(CO);Xe are consistent in both scXe and scKr.
Similar experiments in scAr doped with Kr also confirmed the coordination of Kr to
the metal centre. Further studies of Cr and Mo hexacarbonyl species showed weaker
coordination of the Cr and Mo metals to Kr and Xe compared to W. Subsequently,
these methods have been used to characterise a wide variety of organometallic noble
gas complexes, including CpM(CO);Xe (M = V, Nb, Ta),?8” Cp’Mn(CO),X (Cp’ =
n°-CHy, n5-CyMes, n°-C;Ets; X = Kr, Xe),!83 CpRh(CO)X (X = Kr, Xe),?®8 and

n"-Tp Rh(CO)Xe (n = 2, 3).289
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3.1.3 Aims

Expanding on the work presented in the previous Chapter, the aim of the work presented
within this Chapter was to examined the photochemistry of a series of model transition
metal carbonyl complexes in perfluorinated solutions at room temperature and near-

ambient pressure.

By utilising the weakly coordinating nature of the perfluoroalkane solvent, we
hoped to be able to observe organometallic Xe, methane and ethane complexes for a
variety of transition metals. Many of these target complexes have been characterised
previously in supercritical fluid solutions or cryogenic matrices, however we aimed
to characterise these complexes using milder conditions; room temperature and near-

ambient pressures.

By examining the rate of formation and subsequent decay of these complexes, an
organometallic complex, solvent and dopant system which would be suitable for future

study by either XAFS or NMR spectroscopy could potentially be found.

3.2 Results and Discussion

In the preceding Chapter, it was shown that photolysis of a solution of CpMn(CO),
in perfluorinated alkane or amine solvent, in the presence of an alkane or noble gas
dopant, can result in the formation of an organometallic noble gas or alkane complex
following a spin-forbidden reaction of an unsaturated 16-electron triplet intermediate.
In previous studies, various other transition metals have been shown to form long-lived

organometallic alkane and noble gas complexes at room temperature in noble gas or
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34 including 2nd and 3rd row transition metals (Re and Rh), and the

alkane solutions,
Group VI metals Cr, Mo and W. In these cases however, no spin-forbidden reaction has
been previously reported, therefore the changing rate of this process can not be used as
evidence for the formation of a new species. Previous time-resolved studies have utilised
supercritical or liquid xenon, krypton, alkanes as solvent to form these weakly-bound
complexes, many of which require harsh conditions of pressure or temperature. In this
Chapter, the photochemistry of a series of transition metal compounds which do not
exhibit spin-forbidden chemistry is reported. The photochemistry of these complexes

was examined in room temperature perfluoroalkane solution, at ambient or near-ambient

(1.5 bar) pressures.

3.2.1 TRIR Studies of CpRe(CO), in Perfluoroalkane Solvents

The photochemistry or CpRe(CO); in the presence of alkanes and noble gases is well
reported, and previous studies have shown the formation of remarkably stable alkane
and noble gas complexes.?* In order to attempt to characterise noble gas and alkane
complexes of rhenium in perfluorinated solvents, the photochemistry of CpRe(CO)4 in

PFMCH was examined.

A solution of CpRe(CO), in PFMCH under an Ar atmosphere was photolysed at
266 nm, and a series of TRIR difference spectra were recorded across the picosecond,
nanosecond and microsecond timescales. A selection of these difference spectra can be
seen in Figure 3.7. The difference spectrum recorded immediately following photolysis
shows two negative features at 2037 and 1948 cm™!, which persist throughout the

experiment. These features correspond to a bleaching of the parent CpRe(CO);. Also
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FIGURE 3.7: a) Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpRe(CO), in PFMCH. The

interchange between two dicarbonyl species on the fast nanosecond timescale can be
seen clearly. b) FTIR spectrum of the same solution.

present in the spectra on the fast picosecond timescale are large, broad features which
decay over the first 100 ps of the experiment concurrent with partial reformation of
the parent bleaches. Various previous studies have shown that vibrationally excited

electronic ground states of organometallic carbonyl complexes can be formed following
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photolysis, and decay on the picosecond timescale. %290 The broad features observed
during this study are therefore assigned to as vibrationally hot CpRe(CO),. Following
this process, two positive v(CO) bands are observed, at 1964 and 1895 cm™. These
v(CO) bands appear stable on the picosecond timescale, and the spectrum recorded
1 ns following photolysis shows only the presence of these two positive features. The
number and position of these v(CO) features are consistent with formation of a di-
carbonyl complex of the form CpRe(CO),X, by comparison with previous photolysis

studies, 37-4248,183,198,216

In most previous cases, this initially formed transient remains stable into the
microsecond timescale, and is assigned as the product of a reaction with the solvent,
CpRe(CO),(Sol). However, in this case the difference spectrum recorded 10 ns following
photolysis shows that the two initial (CO) bands have decayed, and two new v(CO)
features which appear at slightly lower frequency (1958 and 1889 cm™) have formed.
The difference in v(CO) frequency between the two bands of the 2nd transient species
is similar to those of the 1st transient species, indicating formation of two distinct
dicarbonyl species following photolysis of CpRe(CO);. The lower frequency of the
v(CO) bands of the 2nd transient compared to the 1st, suggests an increased amount

of electron density present on the metal.

The rate of decay of the 1st transient species matches the rate of growth of the
2nd, as shown in Figure 3.8, indicating direct formation of the 2nd dicarbonyl species
from the 1st. The lifetime of this process was measured as 7 = 3.5 (£0.5) ns. Difference
spectra recorded on the microsecond timescale following photolysis show only the two

v(CO) bands of the 2nd dicarbonyl species. These features do not decay fully on the
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FIGURE 3.8: Normalised, single-point kinetic traces from TRIR spectra recorded

following photolysis of CpRe(CO), in PFMCH under Ar, showing matching rates for

the decay of the 1st transient (1895 cm™, squares) and growth of the 2nd transient (1889

em™!, circles) on a nanosecond timescale. Solid black lines represent mono-exponential
fits.

timescale of the experiment (70 us), losing only 20 % of their maximum intensity over
this time. No recovery of the v(CO) bands of the parent complex is observed on this

timescale.

Attempting to assign these two dicarbonyl species presents several different
possibilities. Direct formation of the 2nd transient from the 1st, as well as the lower
frequency of the v(CO) bands of the 2nd transient suggests the 2nd transient is the
product of the reaction of the 1st with a solvent, parent complex or other ligand.
The sample solution in this case contains only CpRe(CO),, the PFMCH solvent, and
dissolved Ar gas. While a reaction of a dicarbonyl species of the form CpRe(CO),X has

been reported to undergo reaction with the parent CpRe(CO), to form CpyRe,(CO);
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in the absence of CO,!™ 1(CO) band positions for the dimeric species do not match
those observed for the 2nd transient in this case, and no increased bleaching of the
parent v(CO) bands is observed during the experiment.'5” Due to these observations,

formation of a dimeric species can be ruled out.

A further possibility involves a reaction of either a solvent complex or coordi-
natively unsaturated dicarbonyl species with Ar to form CpRe(CO),Ar, which has
previously been tentatively assigned following photolysis of CpRe(CO); in scAr.?1°
However, this species was found to be short lived in the presence of CO, and it is likely
due to the long-lived nature of the 2nd transient that this Ar complex is not formed
during these studies. The v(CO) bands of CpRe(CO),Ar were also found to appear to
higher energy than those of the 2nd transient, when compared with their respective
parent v(CO) frequencies, indicating a weaker mode of binding than observed in this
case. While CpRe(CO),Ar may appear to be a candidate for assignment of the 1st
transient which exhibits higher energy v(CO) bands, the low concentration of Ar in the

solution compared to the solvent makes formation of this species on a fast picosecond

timescale unlikely.

A further possibility is that the 1st transient complex represents a coordina-
tively unsaturated complex, which undergoes a reaction with the solvent to form
CpRe(CO)4(C;F4). This situation is similar to that observed for CpMn(CO), in
the previous Chapter as well as previously published work. 53118150 Ag stated above,
no unsaturated triplet intermediate has ever been observed following photolysis of
CpRe(CO),, however singlet unsaturated CpRe(CO), has been previously reported

in Nujol at 77 K.167 The authors reported v(CO) band positions for CpRe(CO)., of
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1947 and 1879 cm™, with parent CpRe(CO); v(CO) bands at 2029 and 1934 cm™.
Comparison with the »(CO) bands of the 1st observed dicarbonyl transient in this
experiment (1964 and 1895 cm™, parent bands 2037 and 1948 cm™) with those of
CpRe(CO), in Nujol at 77 K shows some agreement between for the difference between
the lower energy parent v(CO) band and lower energy transient v(CO) band (Av
= 55 and 53 cm™! for Nujol and PFMCH, respectively), while a comparison of the
higher energy bands is less convincing (Av = 82 and 73 cm™ for Nujol and PFMCH,
respectively). Coordinatively unsaturated complexes have also been previously assigned
following photolysis of M(CO)4 (M = Cr, Mo, W) in PFMCH, suggesting that the

non-coordinating nature of the solvent may allow for detection of such species. 7

An interchange of this nature has been previously observed following photolysis
of CpRe(CO); in scKr doped with Xe.?!® The author reported initial formation of
a Kr solvent complex, which underwent reaction with Xe to form the more stable
CpRe(CO),Xe. This change in the nature of the dicarbonyl complex was observed as a
shift to lower wavenumber on the nanosecond timescale upon reaction with Xe. This
result was reported in contrast to previous studies of photolysis of W(CO), in scKr
doped with Xe, in which preferential coordination of W(CO); by Xe was observed less
than 50 ns following photolysis.?®® In both of these cases, the interchange between
the two observed dicarbonyl species was observed on the long nanosecond timescale
(50-1000 ns) if it was observed at all. The 2nd dicarbonyl transient observed during
this study was seen to form on a fast nanosecond timescale (<10 ns). It is therefore
possible that further dicarbonyl species were present at earlier times in the previously

published studies discussed above, however they were not observed.
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A final possibility for the assignment of the 1st observed transient is fast for-
mation of a short-lived, weak binding mode of the PFMCH solvent, which undergoes
isomerisation to a more stable binding mode, or reaction with a trace impurity, resulting
in formation of the 2nd more stable transient species. An isomerisation mechanism
would likely be highly dependent on the structure of the solvent molecule. PFMCH
possesses multiple binding sites which are chemically different, including a CF; moiety,
attached to a CF centre, which is bound to a series of CF, groups which make up the
cyclohexyl ring. In order to test this hypothesis, it would be necessary to repeat the
above experiment in a perfluorinated solvent which possesses only one type of C-F
environment with which the Re metal centre can interact, e.g., non-branched cyclic per-
fluoroalkanes, to determine if this interchange between two different dicarbonyl species
is still present. Unfortunately, the low availability of unbranched cyclic perfluoroalkanes
(e.g., perfluoro(cyclohexane)) prohibits such studies, and the synthesis of perfluorinated
alkanes on a scale necessary for their use as a solvent is far beyond the scope of this
work. The possibility of the presence of a small amount of perfluoroalkene impurity
was also considered as a potential cause of the observed interchange. The presence
of C=C double bonds in solution would likely cause formation of a more strongly
bound coordination complex than a perfluoroalkane complex. In order to determine if
this was the case, a small amount of perfluoro(hexene) was doped into a solution of
CpRe(CO)4 in PFMCH. TRIR spectra recorded on the nanosecond timescale following
266 nm photolysis of CpRe(CO), in PFMCH doped with perfluoro(hexene) (0.5 M) is
shown in Figure 3.9. Photolysis resulted in initial bleaching of the two parent v(CO)
bands of CpRe(CO), and formation of two new v(CO) features at (1964 and 1895

em™) within 1 ns, in agreement with experiments in neat PFMCH. Decay of these two
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features is concurrent with formation of two new v(CO) features at which have not
been previously observed at 1990 and 2052 cm™!. These features are assigned to the
perfluoro(hexene) complex CpRe(CO),(C¢F,). The v(CO) bands of this species do not
match those of either of the dicarbonyl transient observed in neat PEMCH, indicating
that perfluoroalkene impurities are unlikely to play a role in the photochemistry of

metal carbonyls in PFMCH.
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FIGURE 3.9: Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpRe(CO), in PFMCH doped

with perfluoro(hexene) (0.5 M), showing initial formation of a dicarbonyl transient,
followed by growth of the perfluoro(hexene) complex CpRe(CO),(C4F ).
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In addition to experiments involving photolysis of CpRe(CO)4 in PFMCH, photol-
ysis of a solution of CpRe(CO)4 in perfluoro(hexanes) was also undertaken. Following
photolysis, the parent v(CO) bands (2038 and 1950 cm™) were bleached, resulting
in formation of two ¥(CO) bands corresponding to a carbonyl loss species (1965 and
1896 cm™). These features are stable on the picosecond timescale, however on the
nanosecond timescale they decay to form two new v(CO) features (1960 and 1890
cm™) to lower energy compared to the initial transient species, also consistent with
a dicarbonyl species. The rate of decay of the 1st transient was found to match the
rate of growth of the 2nd (lifetime 7 = 10 (1) ns). This interchange between the two
dicarbonyl species is consistent with that observed in PFMCH, however the rate of this

interchange is slower.

It is clear from this study that the rate of formation of the 2nd dicarbonyl species
in this case is dependent on the nature of the solvent. While this interchange behaviour
is not altered on changing the solvent from PFMCH to PFH, this does not rule out
the possibility of different binding modes of the solvent causing the formation of two
different dicarbonyl species, as PFH also possesses two different C-F environments
with which the metal centre can interact. Alternatively, the solvent may undergo a
change between an n!-F interaction with the metal, and an n?-C,F interaction. This
interchange behaviour was not observed in the previous Chapter following photolysis of
CpMn(CO); in perfluorinated solvents. This could be due to the shorter lived species
not being observed due to the presence of a long-lived coordinatively unsaturated triplet
intermediate. It is possible that the interchange between the triplet and singlet states

is slower than the decay of the shorter lived dicarbonyl transient initially observed
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following photolysis of CpRe(CO)s.

3.2.2 TRIR Studies of CpRe(CO), in Perfluoroalkane Solvents with

Noble Gas and Liquid Alkane Dopants

Following studies in pure PFMCH solvent, solutions of CpRe(CO)4 in PFMCH were
doped with cyclopentane and Xe, in order to attempt to characterise any resulting
organometallic noble gas and alkane complexes. These two dopant systems were chosen

due to high stability reported for xenon and cyclopentane complexes of CpRe(CO)2.34

The TRIR difference spectrum recorded 1 ps following 266 nm photolysis of
a solution of CpRe(CO); in PFMCH doped with cyclopentane (0.5 M) resulted in
bleaching of the two parent v(CO) bands at 2037 and 1948 cm™, accompanied by
broad, vibrationally excited features. Two distinct v(CO) bands are also present at
1952 and 1887 cm™!. These bands are consistent with a dicarbonyl complex of the form
CpRe(CO),X. These features were observed to be stable on the nanosecond timescale,
and the TRIR difference spectrum recorded 1 ns following photolysis shows only the
v(CO) bands of this species, shown in Figure 3.10. The v(CO) bands of the single
photoproduced species observed during this experiment lie closer to those of the 2nd,
more stable dicarbonyl observed following photolysis in PFMCH than to the 1st, less
stable dicarbonyl. It is possible that the 1st dicarbonyl species is present on the fast
picosecond timescale, however its presence may be obscured by the broad vibrationally

excited ground state features present at early time. This new species was observed to
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Ficure 3.10: TRIR difference spectra recorded 1 ns following photolysis of a solution

of CpRe(CO)4 in PFMCH doped with cyclopentane (0.5 M) (top, black), 1 ns following

photolysis of CpRe(CO), in PFMCH under 1.5 bar Xe (bottom, black), and 50 ns
following photolysis of CpRe(CO), in PEFMCH under 1.5 bar Xe (bottom, red).

decay only slightly over the course of the experiment, losing ca. 5 % of its maximum

intensity after 70 us.

Photolysis of a solution of CpRe(CO), in PFMCH under Xe (1.5 bar) resulted
in initial bleaching of the two parent v(CO) absorption bands (2037 and 1948 cm)
along with formation of vibrationally hot features. These new features cool over the

first 100 ps of the experiment to yield two v(CO) bands at 1964 and 1895 cm™. In
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Ficure 3.11: Kinetics traces from TRIR spectra recorded following photolysis of

a solution of CpRe(CO); in PFMCH under 1.5 bar Xe, showing decay of the 1st

dicarbonyl transient (squares) and growth of the 2nd dicarbonyl species (circles). Solid
lines show mono-exponential fits.

this case, this initial dicarbonyl transient species begins to decay on the picosecond
timescale, giving way to a second dicarbonyl species with v¥(CO) bands at 1959 and
1893 cm™. The TRIR difference spectrum recorded 1 ns following photolysis exhibits
some evidence of the first dicarbonyl transient, as a small shoulder on the higher energy
transient band of the final dicarbonyl species, as shown in Figure 3.10. The rate of
growth of the 2nd dicarbonyl and the rate of decay of the 1st were found to match, as
shown in Figure 3.11, indicative of direct formation of the second species from the first.
This observation is consistent with spectra recorded in pure PEFMCH (7 = 3.5 (£0.5)
ns), however in the case of the Xe doped solution, the rate of interchange between the
two transient species is faster (7 = 1.2 (£0.2) ns). This second transient was observed

to be stable on the nanosecond and early microsecond timescales, losing ca. 18 % of
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its maximum intensity over the course of the 70 us experiment. Addition of Xe to a
solution of CpRe(CO), in perfluoro(hexanes) also gave similar results. In this case, the
formation of the 2nd dicarbonyl species from the 1st occurred at a similar rate to that
observed in Xe doped PFMCH (7 = 1.3 (£0.2) ns). A summary of the lifetimes for this
process is given in Table 3.1, and associated rate constants are summarised in Table
3.3 The fact that this rate remains the same upon changing the solvent suggests that

in doped solutions, the solvent itself plays little or no role in this process.

TABLE 3.1: Lifetimes (in ns) for the interchange between the 1st and 2nd
CpRe(CO),X transients formed following photolysis of CpRe(CO),, Cp Re(CO),
and CpRe(CO),(N,) in a series of pure and Xe doped PFMCH and PFH solutions at

298 K.

Compound Solvent Dopant Lifetime 7 (ns)
CpRe(CO), PFMCH 3.5 (£0.5)
Xe 1.2 (0.2)
PFH 10 (£1.0)
Xe 1.3 (+0.2)
Cp"Re(CO), PFMCH 3.3 (£0.4)
Xe 1.1 (£0.2)
CpRe(CO),(N,) PFMCH 3.7 (£0.4)
Xe 1.3 (£0.2)

Figure 3.12 shows a comparison of the TRIR difference spectra recorded 5 us
following photolysis of CpRe(CO)4 in PFMCH, Xe doped PFMCH and c-pentane doped
PFMCH. In the case of the solution containing cyclopentane only a single photoproduct
is observed, the v(CO) bands of which appear to lower energy than those observed
during the other two experiments. By comparison with previous studies, this species
is assigned as the cyclopentane complex CpRe(CO),(CzH,,).*® Addition of Xenon to

the solution also results in a change of v(CO) frequency of the 2nd dicarbonyl complex
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Fi1cure 3.12: TRIR difference spectra recorded 5 us following photolysis of a solution

of CpRe(CO), in PFMCH (black), CpRe(CO), in PFMCH doped with c-pentane

(blue) and CpRe(CO), in PFMCH under 1.5 bar Xe (red). The effect of addition of

alkane and noble gas dopants on the v(CO) band positions of the second dicarbonyl
transient species can be seen clearly.

compared to experiments in pure PEMCH, while those of the 1st dicarbonyl complex
remain the same. The rate of interchange between these two species is also faster upon
addition of Xe when compared to pure PFMCH, indicating formation of a different
species. From this, as well as previously reported studies,*®174183 the 2nd dicarbonyl
species observed following photolysis of CpRe(CO); in PFMCH under Xe (1.5 bar)
is assigned as the Xe complex CpRe(CO),Xe. Due to its comparable stability and
similar »(CO) band positions to both CpRe(CO),(C;H,,) and CpRe(CO),Xe, it is
likely that the 2nd dicarbonyl transient produced following photolysis of CpRe(CO),

in pure PFMCH is CpRe(CO),(C,F,).
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FIGURE 3.13: Kinetics traces from TRIR spectra recorded following photolysis of

a solution of CpRe(CO), in PFMCH (black), CpRe(CO), in PFMCH doped with

c-pentane (0.5 M) (blue) and CpRe(CO), in PFMCH under 1.5 bar Xe (red). The
decay of the final dicarbonyl species in each case is shown.

Examination of the decay of the final dicarbonyl photoproduct in each case reveals
the remarkable stability of all three complexes, shown in Figure 3.13. As expected,
the decay of CpRe(CO),(C;H,,) appears to be the slowest, as expected due to the
high stability of this complex reported previously.?* Photoproducts formed following
photolysis of in pure PFMCH and PFMCH doped with Xe show similar stability on the
microsecond timescale, however both are less stable than CpRe(CO),(C;H;,). From
the studies presented above, it is clear that the formation, stability and v(CO) band
positions of the 2nd dicarbonyl species produced following photolysis of CpRe(CO),
in PFMCH are dependent on the nature of the solvent or dopant, while the v(CO)

frequencies of the 1st dicarbonyl transient species appears to be independent of it. This
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observations somewhat reflects the spin-crossover system observed for CpMn(CO) in
the previous chapter, in which a coordinatively unsaturated or weakly coordinated
intermediate undergoes a reaction with the solvent or dopant to produce a more
stable dicarbonyl species. In the case of CpMn(CO), however, there was considerable
precedent for the assignment of the triplet dicarbonyl intermediate, while in the case
of CpRe(CO),, this study represents the first observation of such an intermediate by
time-resolved spectroscopy. It seems likely considering the results presented above that
this species is either the coordinatively unsaturated species CpRe(CO),, or a more

weakly coordinated form of CpRe(CO),(C,F,).

3.2.3 TRIR Studies of CpRe(CO), Derivatives in Perfluoroalkane Sol-

vents

Following TRIR studies of CpRe(CO), in PFMCH and PFH, studies of the Cp-
substituted derivative Cp*Re(CO)3 (Cp" = pentamethylcyclopentadienyl) were also
undertaken, to examine any difference in photochemistry due to the addition of 5

electron donating substituents onto the Cp ring.

Figure 3.14 shows TRIR difference spectra recorded following 266 nm photolysis
of Cp*Re(CO)3 in PFMCH under Ar, as well as in PFMCH under Xe. Immediately
following photolysis, the parent ©(CO) bands of Cp Re(CO), (2018 and 1928 cm™) were
bleached, and new broad features were observed over the first 100 ps of the experiment,
consistent with vibrationally excited ground state features observed above. The spectra

also showed two distinct v(CO) bands at 1941 and 1871 ecm™!, consistent with formation
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FIGURE 3.14: TRIR difference spectra recorded 1 ns (red) and 100 ns (black) following

266 nm photolysis of a solution of Cp Re(CO), in PFMCH under 1.5 bar Ar (top)

and a solution of Cp Re(CO), in PFMCH under 1.5 bar Xe (bottom). The difference

in behaviour of the first dicarbonyl transient, and the difference in v(CO) frequency
of the second dicarbonyl transient can be seen.

of the 1st dicarbonyl transient observed for CpRe(CO), experiments above. v(CO)
band positions of this 1st transient species were consistent for both photolysis in pure
PFMCH and Xe doped PFMCH, suggesting formation of the same initial transient
species. In both cases, this dicarbonyl species was observed to decay to yield a 2nd
more stable species, with ©(CO) bands at 1936 and 1867 cm™, and 1937 and 1870 cm™

for pure PFMCH and Xe doped PFMCH, respectively. The difference spectra recorded
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100 ns following photolysis show only the presence of the 2nd dicarbonyl transient in

each case.

Normalised A Abs.

0 5 10 15 20 25 30 35 40
Time / ns

F1GURE 3.15: Normalised, single-point kinetic traces from TRIR difference spectra

recorded following photolysis of Cp Re(CO), in PFMCH under Ar, showing matching

rates for the decay of the first dicarbonyl species (1941 cm™, squares) and growth of

the second transient (1936 cm™, circles) on a nanosecond timescale. Solid black lines
represent mono-exponential fits.

As above, this difference in v(CO) frequencies of the 2nd dicarbonyl transient
species suggests formation of a different species upon addition of Xe to a solution of
Cp*Re(CO)3 in PFMCH. Further evidence is observed in the rate of the interchange
between these two species. In pure PFMCH solution, this process is observed to be
slower (lifetime 7 = 3.3 (£0.4) ns, Figure 3.15), than the same process observed in Xe
doped PFMCH (lifetime 7 = 1.1 (£0.2) ns, Figure 3.16). It should be noted that these

values are within error of those reported for analogous processes following photolysis of
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FI1GURE 3.16: Normalised, single-point kinetic traces from TRIR difference spectra

recorded following photolysis of Cp Re(CO), in PFMCH under Xe 1.5, showing

matching rates for the decay of the first dicarbonyl species (1941 cm™, squares) and

growth of the second transient (1937 cm™, circles) on a nanosecond timescale. Solid
black lines represent mono-exponential fits.

CpRe(CO)4 in PFMCH, indicating that the addition of methyl substituents onto the
Cp ring has little or no effect on the formation of this 2nd dicarbonyl species. Consistent
with observations reported for CpRe(CO), above, the 2nd dicarbonyl species does not
decay fully on the timescale of this experiment (70 us), with both species losing only
ca. 20 % of their maximum intensity. By comparison with results for CpRe(CO),
presented above, as well as the difference in their rates of formation and v(CO) band
positions, the 2nd dicarbonyl species formed during these experiments are assigned as
Cp Re(CO),(C,F,,) and Cp Re(CO),Xe, for pure PFMCH and Xe doped PFMCH,

respectively.

The photochemistry of an additional CpRe(CO)4 derivative, CpRe(CO),(N,),
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was also examined during these studies. This species is known to undergo facile loss of

43,291 Tt was hoped that this species would exhibit

N, following photolysis at 355 nm.
the same photochemistry in the presence of Xe in PFMCH solution as CpRe(CO),, but
at a longer photolysis wavelength. Initiating this chemistry with 355 nm rather than
266 nm irradiation would allow access to a broader range of cell window materials for
use in future TR-XAFS experiments. 355 nm photolysis of CpRe(CO),(N,) in PFMCH
resulted in bleaching of the parent v(CO) and v(NN) bands, and formation of the
same 1st dicarbonyl species observed previously following photolysis of CpRe(CO)s;,
which subsequently decayed to form CpRe(CO),(C,F,,) at a rate consistent with results

presented above. Addition of Xe to this solution resulted in formation of CpRe(CO),Xe,

as expected.
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TABLE 3.2: v(CO) absorption band frequencies of CpRe(CO),, Cp Re(CO), and

intermediates and photoproducts formed following photolysis of CpRe(CO), and

Cp*Re(CO)3 in a series of pure and doped PFMCH and PFH solutions. Experiments
performed in solution phase at 298 K unless otherwise stated.

Compound Solvent/Matrix Dopant v(CO) (cm™) Reference/Notes

CpRe(CO), PFMCH 2037, 1948 This work
c-pentane 2037, 1948 This work
Xe 2037, 1948 This work
PFH 2038, 1950 This work
Xe 2038, 1950 This work
Nujol 2029, 1934 167, 77 K

scAr 2040, 1954 216

scXe 2035, 1946 216

n-heptane 2031, 1940 216
1st transient PFMCH 1964, 1895 This work
Xe 1964, 1895 This work
PFH 1965, 1896 This work
Xe 1965, 1896 This work
CpRe(CO),X PFMCH 1958, 1889 This work
c-pentane 1952, 1887 This work
Xe 1959, 1893 This work
PFH 1960, 1890 This work
Xe 1961, 1983 This work
Nujol 1957, 1879 167, 77 K

scAr 1970, 1907 216

scXe 1957, 1894 216

n-heptane 1954, 1890 216
Cp*Re(CO)3 PFMCH 2018, 1928 This work
Xe 2018, 1928 This work
1st transient PFMCH 1941, 1871 This work
Xe 1941, 1871 This work
Cp*"Re(CO),X  PFMCH 1936, 1867 This work
Xe 1937, 1870 This work
CpRe(CO),(N,) PFMCH 1981, 1927 This work
Xe 1981, 1927 This work
1st transient PFMCH 1964, 1895 This work
Xe 1964, 1895 This work
CpRe(CO),X PFMCH 1958, 1889 This work
Xe 1959, 1893 This work
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TABLE 3.3: Observed rate constants (k,ps) for the reaction of the initial dicarbonyl
transient with solvent or dopant to form CpRe(CO),X or Cp Re(CO),X following
266 ns photolysm of CpRe(CO), in pure and Xe doped PFMCH and PFH solutions,

and Cp"Re(CO), and CpRe(CO), (N

») in pure and Xe doped PFMCH solutions. All
data recorded at 298 K.

V(CO) kobs
Compound Solvent (cm™t) Assignment (s
CpRe(CO), PFMCH 1964 1st transient 2.8 (£0.2) x 10°
1895 Ist transient 6 (£0.5) x 108
1958 CpRe(CO),(C,Fy,) 5 (+£0.3) x 10°
1889 CpRe(CO),(C,F,,) 0 (£0.6) x 108
1964 1st transient 8.4 (41) x 108
1895 1st transient 0 (+1.4) x 108
1959 CpRe(CO),Xe 6 (£+0.9) x 108
1893 CpRe(CO),Xe 3 (£1.5) x 108
PFH 1965 1st transient 1.1 (£0.1) x 108
1896 Ist transient 1.2 (+£0.2) x 10®
1960 CpRe(CO),(CeFyy) 1.0 (£0.1) x 10®
1890 CpRe(CO),(C4F1y) 9.1 (£1.5) x 107
1965 1st transient 8 (£1.2) x 108
1896 1st transient 3 (£1.6) x 10°
1961 CpRe(CO),Xe 3 (£1.2) x 108
1893 CpRe(CO),Xe 0 (£1.5) x 108
Cp"Re(CO), PFMCH 1941 1st transient 0 (£0.2) x 108
1871 Ist transient 7 (£0.4) x 10®
1936 CpRe(CO),(C,Fy,) 0 (£0.3) x 108
1867 CpRe(CO),(C,Fy,) 9 (£+0.4) x 108
1941 1st transient 9.1 (£1.2) x 108
1871 1st transient 1.0 (£0.2) x 10°
1937 CpRe(CO),Xe 9.4 (£1.0) x 108
1870 CpRe(CO),Xe 1.1 (£0.3) x 10°
CpRe(CO),(N,)  PFMCH 1964 1st transient 7 (£0.3) x 108
1895 Ist transient 5 (£0.3) x 108
1958 CpRe(CO),(C,Fy,) 6 (+£0.4) x 108
1889 CpRe(CO),(C,Fy,) 6 (+0.5) x 108
1964 1st transient 8 (£0.6) x 108
1895 1st transient 3 (£1.3) x 108
1959 CpRe(CO),Xe (il 0) x 108
1893 CpRe(CO),Xe 6 (£1.5) x 108
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3.2.4 DFT Studies of Transient Species Produced Following Photol-

ysis of CpRe(CO),

In order to aid our spectral assignment of the transient species produced following
photolysis of CpRe(CO), in perfluorinated solvents, DFT calculations of the vibrational
frequencies of a series of potential structures were undertaken. DFT has proven to be
an extremely useful tool for the study of organometallic alkane and noble gas complexes
in recent years.?3125:232,:267.292 A]] of the calculations reported below were carried out

using the Gaussian 03 software package, and Gaussview graphical user interface.293:294

In order to reduce computational cost, relativistic effective core potentials (RECPs)
were used for Re and Xe atoms. RECPs are known to reproduce experimental trends
well at lower computational cost than comparable calculations performed using all-
electron basis sets. Previous work within the group has utilised the B3LYP hybrid
functional along with the LANL2DZ RECP basis set for heavier atoms and the 6-311G**
basis set for all other atoms to calculate the vibrational frequencies of similar species,

t.41

with some success at modest computational cos These parameters have therefore

been selected for use herein, and will be denoted as BSLYP/LANL2DZ/6-311G**.

The calculated vibrational frequencies of a series of structures of the form
CpRe(CO),X (X = None, CO, Ar, Xe, C,F, cyclopentane and PFMCH) are given
in Table 3.4, along with experimentally obtained values in PFMCH, some of which
are tentatively assigned. The reported calculations returned no negative frequencies,
indicating that structures had reached the minimum on the potential energy surface.

The calculations systematically overestimate the v(CO) frequencies of all of the studied
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TABLE 3.4: Experimental and theoretical v¥(CO) absorption band frequencies of

CpRe(CO)jand intermediates and photoproducts formed following photolysis of

CpRe(CO),. DFT calculations were carried out on energy minimised structures

in the gas phase at 298 K, using the B3LYP/LANL2DZ/6-311G** method described

above. Experimental v(CO) band positions were obtained following photolysis in pure

PFMCH solution, cyclopentane doped PFMCH solution, or PEFMCH solution in the
presence of 1.5 bar Ar or Xe, all at 298 K.

v(CO) (cm™)

Compound Calculated Experimental
CpRe(CO), 2111, 2035 2037, 1948
CpRe(CO), 2049, 1998 1964, 1895
CpRe(CO),Ar 2046, 1994

CpRe(CO),Xe 2045, 1993 1959, 1893
CpRe(CO),(C H,,) 2038, 1988 1952, 1887
CpRe(CO),(C,Fy) 2044, 1991

CpRe(CO),(C,F,,) (CF3-bound) 2044, 1991 1958, 1889
CpRe(CO),(C,F,,) (CF,-bound) 2045, 1992

complexes. However, despite this difference interesting trends can be observed in the

calculated frequencies.

The calculated frequencies were shown to reproduce the trend in v(CO) band
positions of the final photoproduct observed following photolysis of CpRe(CO); in pure
PFMCH, and Xe and cyclopentane doped PFMCH. The v(CO) band positions increase
in the order CpRe(CO),(C;H,,) < CpRe(CO),(C;F,) < CpRe(CO),Xe, matching
the trend observed in experimental studies, and indicating that our assignment of these

three species is likely correct.

Calculation of the v(CO) band positions of CpRe(CO), resulted in v(CO) fre-
quencies which were approximately 5-7 cm™ higher in energy than those of the PFMCH
solvent complex CpRe(CO),(C,F,,). This difference in #(CO) frequency matches the
difference between the observed bands of the PFMCH complex and the first dicarbonyl

transient observed in all experiments, giving a further indication that the first dicarbonyl
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transient observed following photolysis is the coordinatively unsaturated CpRe(CO)s,.
Calculations of the v(CO) frequencies of the argon complex CpRe(CO),Ar show did
not show such a large difference in v(CO) frequency when compared to the PFMCH
complex, presumably due to a weak but favourable interaction with the Ar atom. Again,

it is concluded that the presence of this species in solution is unlikely.

In order to determine whether the two distinct dicarbonyl species observed
following photolysis represent different binding modes of the PFMCH solvent, two
different structures of the PFMCH complex were considered. In the first structure
the metal interacts with one of the CF, units in the perfluoro(cyclohexyl) ring, and
another in which the metal interacts with the CF; moiety. The difference between
the v(CO) bands of these two species was found to be slight (1-2 cm™). This is in
contrast to experimental studies, which showed a difference in v(CO) band position
between the two dicarbonyl species of 5-7 cm™'. Binding enthalpies were calculated by
subtracting the minimised energies of the individual components of the solvated species
(CpRe(CO), and PFMCH) from that of the PFMCH complex CpRe(CO),(C,F ).
The binding energy of the CF5-bound species was found to be larger than that of the
CF,-bound structure (28 and 25 kJ/mol, respectively). It is therefore possible that
the PFMCH complex observed experimentally is the CF5-bound structure, and the

CF,-bound structure is not observed.

In order to aid future computational studies of such species, the structure
CpRe(CO),(C,F) was also calculated, to determine if this species represents a rea-
sonable computational model of CpRe(CO),(C,F,,), with fewer atoms and therefore

lower computational cost. The calculated v(CO) frequencies of this species were found
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to match well with those of the CF;-bound PFMCH complex, and was found to have
a similar binding enthalpy (27 kJ/mol), indicating that this may indeed by a useful
computational model for future calculations at higher levels of theory. In all of these
cases, the perfluoroalkane was found to bind to the metal centre through a lone pair
located on an F atom. Attempts to calculate structures involving an 7% interaction
between the C-F bond and the metal, as observed for alkanes, resulted in either rear-
rangement to the F-bound geometry, or breaking of the C-F bond and the return of
negative frequencies, indicating that the complex is not at an energy minimum. Despite
this, an isomerisation mechanism still represents a possible explanation for the presence
of two different dicarbonyl species following photolysis. The errors present in such

calculations mean that these results cannot be taken as definitive.

3.2.5 TRIR Studies of C-H Activation at Re in Perfluoro(methyl-

cyclohexane)

An array of different organometallic methane and ethane complexes have been previously

37,103,198,249,250 as well

examined by matrix isolation,8%:9%:265 time-resolved techniques,
as computational studies.220:232:263,268,269 Of particular interest are the methane and
ethane complexes produced following photolysis of CpRe(CO), and Cp*Re(CO)3, due
to the observed ability of the Re centre to activate the C-H bonds of methane and ethane

following formation of the initial alkane o-complex.3"198

Previous room temperature
TRIR studies of the formation of methane and ethane complexes of Re have been

undertaken using scCH, or ligC,Hg as a solvent. The use of these alkanes as a solvent
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requires high pressure conditions (>100 bar), which is not only energy intensive, but

requires the use of specially designed high-pressure spectroscopic cells. 22
3.2.5.1 Characterisation of CpRe(CO),(alkane) (Alkane = Methane, Ethane)

in Room Temperature Perfluoroalkane Solution

In the following studies, characterisation of methane and ethane complexes of Re in
room temperature perfluoroalkane solution, at near-ambient (1.5 bar) pressure, using a

conventional TRIR transmission flow cell was attempted.

Figure 3.17 shows a series of selected TRIR difference spectra, recorded following
266 nm photolysis of CpRe(CO); in PFMCH under 1.5 bar CH,. Within 1 ps of
photolysis, the two parent v(CO) bands of CpRe(CO); (2036 and 1948 cm™) are
bleached and new broad features were observed. Over the first 100 ps of the experiment,
these new features are observed to sharpen and blue-shift, yielding two distinct v(CO)
bands at 1964 and 1895 cm™. These bands match those observed previously for the 1st
dicarbonyl transient species formed following photolysis of CpRe(CO), in pure PFMCH.
These two v(CO) bands are observed to partially decay on the early nanosecond
timescale, along with the formation of four new v(CO) bands at 2010, 1960, 1937 and
1893 cm™!. This is in stark contrast to previous studies, in which the two v(CO) bands
of the 1st transient species were found to decay completely resulting in formation of a
further dicarbonyl solvent or dopant complex of the form CpRe(CO),X, with only two

v(CO) bands.
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FIGURE 3.17: Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpRe(CO), in PFMCH under

1.5 bar CH,. Initial formation of two dicarbonyl species, followed by subsequent C-H
activation can be seen.

In this case, it appears that there is more than one species produced following the
decay of the 1st dicarbonyl transient. The v(CO) band positions of these species so not
match those reported previously for a dimeric species. 171" Two of the v(CO) bands
(1960 and 1893 cm™!) closely match those assigned previously to both CpRe(CO),(C.Fy,)
and CpRe(CO),Xe, suggesting coordination of a weak-binding ligand to the metal centre,

possibly methane or the PFMCH solvent. Previous studies have reported the v(CO)
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bands of CpRe(CO),(CH,) in scCH, as 1963 and 1902 cm™,1% in agreement with
previous matrix isolation, TRIR and NMR studies. %48 These values appear at higher
energy than those observed in this case, however this shift down in frequency may be
partially accounted for by the change in solvent from scCH, to PFMCH, which also

causes the parent v(CO) bands of CpRe(CO); to shift down in energy by 3-5 cm™.

The two additional v(CO) bands observed at 2010 and 1937 cm™, are shifted
to higher energy compared to the expected position of CpRe(CO),(CH,) or related
dicarbonyl complexes. This shift is consistent with oxidation of the metal centre
from Re! to Re!l, due to oxidative addition of an alkane. This process has not been
observed during photolysis studies of CpMn(CO), in perfluorinated solvent presented
in the previous Chapter, or in the above studies of CpRe(CO)4 in PFMCH. Activation
of C-H bonds by a Re metal centre has been observed previously.?”?3* and v(CO)
bands positions of the activated species CpRe(CO),(CH4)H have been reported as
2012 and 1942 cm™, which closely match those observed in this case. The two v(CO)
bands observed at 2010 and 1937 cm™ are therefore assigned to the C-H activated
alkyl hydride complex CpRe(CO),(CH;)H. Previous DFT studies have reported that
CpRe(CO),(CH,) and CpRe(CO),(CH,)H lie very close in energy, with a low activation

barrier between the two species (approx. 28 kJ/mol).?32

Figure 3.18 shows kinetic traces from TRIR showing the decay of the 1st transient
species (lifetime 7 = 2.4 (£0.2) ns) and growth of bands tentatively assigned to
CpRe(CO),(CHy) (7 = 2.9 (£0.2) ns) and CpRe(CO),(CH3)H (7 = 3.8 (£0.3) ns). It
should be initially noted that decay of the 1st transient species in this case is faster

than that observed previously for pure PFMCH solvent (7 = 3.5 (£0.5) ns), but slower
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FIGURE 3.18: Normalised single-point kinetic traces from TRIR difference spectra

recorded following 266 nm photolysis of CpRe(CO); in PFMCH under CH, (1.5

bar), showing decay of the 1st dicarbonyl transient species (squares), formation of

CpRe(CO),(CH,) (circles) and formation of CpRe(CO),(CH,)H (triangles). Solid
lines are mono-exponential fits.

than that observed for PFMCH doped with 1.5 bar Xe (7 = 1.2 (£0.2) ns). Growth
of the transient species assigned as CpRe(CO),(CH,) appears slightly slower than the
decay of the 1st transient. Formation of CpRe(CO),(CH;)H was observed to be slower

than both of these processes.

It would be expected that CpRe(CO), (CH;)H would form directly from the alkane
complex, CpRe(CO),(CH,). Indeed this has previously been directly observed by TRIR
following photolysis of Cp Re(CO) 5 in scCH, along with subsequent establishment of an
equilibrium between Cp Re(CO),(CH,) and Cp Re(CO),(CH;)H.?” The unequivocal
observation of a C-H activated species, CpRe(CO),(CHg4)H, would indeed suggest the

presence of CpRe(CO),(CH,) in solution. While the 1st observed dicarbonyl transient
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species may decay on the same timescale as the formation of CpRe(CO),(CH;)H, the
rates of decay and formation of these species, respectively do not match, making it
unlikely that the activated species forms directly from this 1st transient. Harris et al.
have previously described the ability of 16-electron unsaturated triplet species (e.g.,
3CpMn(CO), and 3CpCo(CO)) to directly activate the Si-H bond of a silane, without a
Si-H-bound o-complex intermediate being observed spectroscopically. 144147:150 However,
the authors also reported that second and third row transition metals do not exhibit
this phenomenon due to the lack of a long-lived triplet intermediate.?%19 The small
difference between the rate of decay of the 1st transient and rate of growth of the 2nd
observed above raises the possibility of contribution from another process, possibly
formation of a low concentration of CpRe(CO),(CH;)H, contributing to the growth of
this second transient, tentatively assigned to CpRe(CO),(CH,). However, a contribution
of this type would be expected to cause the growth of this species to deviate from
simple behaviour. Additionally, the incomplete decay of the 1st transient raises the

possibility of an equilibrium between the 1st transient and CpRe(CO),(CH,).

In addition to photolysis of CpRe(CO)5 in PFMCH under a CH, atmosphere,
this study was expanded to examine photolysis of CpRe(CO),; in PFMCH under C,H.
Immediately upon photolysis, the parent v(CO) bands (2037 and 1948 cm™) were
observed to bleach. The TRIR difference spectra recorded on the picosecond timescale
show the presence of two v(CO) bands at 1965 and 1895 cm™, similar to those observed
previously for the 1st dicarbonyl transient formed following photolysis of CpRe(CO); in
PFMCH under a CH, atmosphere. However, in this case, this species decays fully on a

fast nanosecond timescale, along with the formation of four new v(CO) features at 2009,
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FiGurE 3.19: Single-point kinetic traces from TRIR difference spectra recorded

following 266 nm photolysis of CpRe(CO), in PFMCH under C,Hg (1.5 bar), showing

decay of the 1st dicarbonyl transient species (squares), formation of CpRe(CO),(C,Hy)

(circles) and formation of CpRe(CO),(C,H;)H (triangles). Solid lines are mono-
exponential fits.

1960, 1936 and 1893 cm™. The two v(CO) bands at 2009 and 1936 cm™ are consistent
with formation of a small amount of the C-H activated species CpRe(CO),(C,H;)H.
The other two v(CO) features observed on this timescale are shifted to lower energy
compared to the v(CO) bands of the 1lst transient, suggesting addition of electron
density to the metal centre through coordination of a weak ligand. This species is

tentatively assigned as CpRe(CO),(C,Hg).

Figure 3.19 shows TRIR kinetic traces for the decay of the 1st dicarbonyl tran-
sient (lifetime 7 = 0.5 (£0.1) ns) and the formation of CpRe(CO),(C,Hy) (7 = 0.6
(£0.1) ns) and CpRe(CO),(C,Hy)H (7 = 1.1 (£0.2) ns). The rate of decay of the

Ist transient species and the rate of growth of CpRe(CO),(C,Hy) were observed to
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match, indicating direct formation of the latter from the former. The growth of the C-H
activated species CpRe(CO),(C,H;)H is slower than both of these rates. In contrast
to studies under a CH, atmosphere, the 1st dicarbonyl transient was shown to decay
completely, eliminating the possibility of an equilibrium between this transient and
CpRe(CO),(CyHy). In this case it seems likely that CpRe(CO),(C,H;)H is forming
directly from CpRe(CO),(C,Hy), and not from the 1st transient. The faster rate of
formation of CpRe(CO),(C,H;) compared to its CH, analogue, as well as the complete
decay of the 1st transient are consistent with previous observations of the increased

stability of CpRe(CO),(C,Hg) compared to CpRe(CO),(CH,).1%

3.2.5.2 Characterisation of Cp"Re(CO),(alkane) (Alkane = Methane, Ethane)

in Room Temperature Perfluoroalkane Solution

The C-H activation chemistry observed in the above experiments following photolysis
of CpRe(CO)4 in PFMCH under CH, or C,H, was further investigated by repeating
these experiments with Cp Re(CO)s, in order to examine the effect of the increased
electron density on the metal centre afforded by the addition of electron donating

methyl substituents onto the Cp ring.
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TABLE 3.5: Observed rate constants (kops) for the C-H activation of CH, and C,Hj
by CpRe(CO), and Cp*Re(CO)g, in PFMCH solvent. All data recorded at 298 K.

v(CO) (cm™) Assignment kops (s1)

2010 CpRe(CO),(CH,)H 2.6 (£0.2) x 108
1937 CpRe(CO),(CH,)H 2.7 (£0.3) x 10°
2009 CpRe(CO),(C,H;)H 8.6 (£0.7) x 108
1936 CpRe(CO),(C,H;)H 9.1 (£1.0) x 10®
1995 Cp Re(CO),(CH,)H 2.7 (£0.4) x 10®
1919 Cp Re(CO),(CH,)H 2.8 (£0.5) x 10®
1993 Cp Re(CO),(C,H;)H 7.1 (£1.4) x 10®
1917 Cp Re(CO),(C,H)H 7.5 (£1.5) x 10®

TRIR spectra recorded following 266 nm photolysis of Cp*Re(CO)3 in PFMCH
under CH, (1.5 bar) showed very similar results to those observed for CpRe(CO),. Pho-
tolysis resulted in immediate bleaching of the two v(CO) parent bands of Cp Re(CO),
(2018 and 1928 cm™) and formation of two initial #(CO) bands (1941 and 1870 cm™)
consistent with the unassigned dicarbonyl transient species observed above. As above,
these v(CO) features decay partially, giving way to four new v(CO) features at 1995,
1936, 1919 and 1870 cm™. The two v(CO) bands at 1995 and 1919 cm™ are con-
sistent with a C-H activated species, as observed above, and are therefore assigned
as Cp Re(CO),(CH,)H. The two additional »(CO) bands are consistent with a di-
carbonyl species, similarly to those tentatively assigned to CpRe(CO),(CH,) and
CpRe(CO),(C,H) above. These v(CO) features are assigned as Cp Re(CO),(CH,).
As above, the rate of decay of the 1st dicarbonyl (7 = 2.6 (£0.3) ns) and the rate of
growth of Cp"Re(CO),(CH,) (7 = 3.0 (+0.8) ns) are similar, while the rate of growth
of Cp Re(CO),(CH,)H (7 = 3.7 (+£0.5) ns) is slower. It would once again be expected
that direct formation of Cp Re(CO),(CH,)H from Cp Re(CO),(CH,) would introduce

some deviation from simple behaviour into the growth of Cp Re(CO),(CH,). The large

186



Chapter 3. Further Time-Resolved Studies in Perfluoroalkane Solutions

(<25 %) error reported for the lifetime of this growth process may be due to such a
contribution, however the processes occurring here have very similar rates, making

determination of kinetic behaviour difficult.

Normalised A Abs.

Cp*Re Methane

0o 20 40 0 20 40
Time / ns

Cp*Re Ethane

FIGURE 3.20: Single-point kinetic traces from TRIR difference spectra showing C-H
activation following photolysis of a solution of CpRe(CO), in PFMCH under 1.5
bar CH, (top left), under 1.5 bar C,Hg (top right), Cp"Re(CO), in PFMCH under
1.5 bar CH, (bottom left) and under 1.5 bar C,Hy (bottom right). Solid lines are
mono-exponential fits.
Photolysis of Cp Re(CO), in PFMCH under C,Hy (1.5 bar) resulted in the
bleaching of the parent v(CO) bands (2018 and 1928 cm™) and initial formation of two

v(CO) bands consistent with the unassigned transient observed above (1941 and 1871
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cm™). This species was shown to decay fully on a fast nanosecond timescale, resulting
in four new v(CO) bands. The rate of formation of Cp Re(CO),(C,H)H (7 = 1.4
(£0.6) ns) was observed to form faster than Cp Re(CO),(CH,)H, as expected. Two of
these new v(CO) bands (1937 and 1870 cm™) are assigned to the dicarbonyl ethane
complex Cp*Re(CO),(C,Hy), while the final two (1993 and 1917 cm!) are assigned as
the C-H activation product Cp Re(CO),(C,H;)H. Figure 3.20 shows a comparison of

the rate of C-H activation for the systems examined in this study.

Figure 3.21 shows a comparison of TRIR difference spectra recorded 100 ns
following 266 nm photolysis of CpRe(CO), and Cp Re(CO), in PFMCH under CH,
or C,Hy atmospheres. A comparison of the ratio of the intensity of the »(CO) bands
of the o-alkane complex to those of the C-H activated alkyl hydride (alkane:alkyl
hydride) shows that the increased amount of electron density on the metal in the case
of Cp*Re(CO)3 results in a greater amount of the C-H activated alkyl hydride forming
following photolysis. Previous studies have reported that the strength of the C-H bond
in the alkane is correlated with the strength of the resulting metal-carbon bond.260-262
In this case, the nature of the alkane also affects the amount of the C-H activated alkyl
hydride produced, with methane resulting in more C-H activation than ethane. The
ratio of alkane:alkyl hydride formed was observed to vary in the order: CpRe(CO),
with ethane > Cp*Re(CO)3 with ethane > CpRe(CO); with methane > Cp*Re(CO)3

with methane. This result is in agreement with previously published studies.!?®
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FIGURE 3.21: Nanosecond TRIR difference spectra recorded 100 ns following 266 nm
photolysis of a solution of CpRe(CO), in PFMCH under 1.5 bar CH, (top left), under
1.5 bar C,Hg (top right), Cp"Re(CO), in PFMCH under 1.5 bar CH, (bottom left)

and under 1.5 bar C,Hg (bottom right). v¥(CO) bands of the C-H activated species
can be seen in all cases.

3.2.6 TRIR Studies of CpRh(CO), in Perfluoroalkane Solvents

Noble gas and alkane complexes formed following photolysis of CpRe(CO), have been

37,40-42,48,174,183

shown to be remarkably stable, noble gas complexes of rhodium are also

well reported, 96:226,285,288,289,295 a11q have also shown high stability to reaction with CO

in some cases, albeit less than analogous Re complexes.
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TABLE 3.6: v(CO) absorption band frequencies of CpRe(CO),, Cp Re(CO), and

intermediates and photoproducts formed following photolysis of CpRe(CO), and

Cp Re(CO), in a series of pure PFMCH and PFMCH doped with 1.5 bar CH, or
C,Hg. Experiments performed in solution phase at 298 K unless otherwise stated.

Compound Solvent/Matrix Dopant v(CO) (cm™) Reference/Notes

CpRe(CO), PFMCH 2037, 1948 This work
CH, 2036, 1948 This work
C,Hg 2037, 1948 This work

scAr CH, 2040, 1950 198
1st transient PFMCH 1964, 1895 This work
CH, 1964, 1895 This work
C,Hy 1965, 1895 This work
CpRe(CO),X PFMCH 1958, 1899 This work
CH, 1960, 1893 This work
C,Hg 1960, 1893 This work

scAr CH, 1966, 1905 198
CpRe(CO),(R)H PFMCH CH, 2010, 1937 This work
C,Hg 2009, 1936 This work

scAr CH, 2018, 1943 198
Cp*Re(CO), PFMCH 2018, 1928 This work
CH, 2018, 1928 This work
C,Hg 2018, 1928 This work

scCH, 2020, 1933 198
1st transient PFMCH 1941, 1871 This work
CH, 1941, 1871 This work
C,H, 1941, 1871 This work
Cp*Re(CO),X PFMCH 1936, 1867 This work
CH, 1936, 1870 This work
C,Hg 1937, 1870 This work

scCH, 1943, 1883 198
Cp"Re(CO),(R)H PFMCH CH, 1995, 1919 This work
C,Hg 1993, 1917 This work

scCH, 1998, 1923 198

In continuation of the work presented above, studies on the photochemistry
of CpRh(CO), were undertaken in perfluoroalkane solutions, and subsequently in
Xe-doped perfluoroalkane solutions in an attempt to characterise CpRh(CO)Xe in
room temperature solution at near-ambient pressure. CpRh(CO), is a liquid at room

temperature, and exhibited relatively high miscibility with both PFMCH and PFH.
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TABLE 3.7: Lifetimes (in ns) for the growth of C-H activated alkyl hydride species
formed following photolysis of CpRe(CO), and Cp Re(CO), under CH, or C,Hj.

Compound Lifetime 7 (ns)
CpRe(CO),(CH,)H 3.8 (£0.3)
CpRe(CO),(C,H,)H 1.1 (+0.2)
Cp"Re(CO),(CH,)H 3.7 (£0.5)
Cp"Re(CO),(C,H,)H 1.4 (£0.6)

The ability to attain higher concentrations of this material in perfluorinated solvents
when compared to CpRe(CO)4 could make the solution phase chemistry presented in
this Thesis more versatile, and assist us in achieving our ultimate goal of characterising

an organometallic noble gas complex with TR-XAFS.

CpRh(CO),, was photolysed at 266 nm in PFMCH solution under Ar. Figure 3.22
shows a selection of TRIR difference spectra recorded at various time delays following
photolysis. TRIR spectra recorded on the picosecond timescale showed that photolysis
resulted in immediate bleaching of the two v(CO) parent bands of CpRh(CO), (2054,
1990 cm™!) and formation of three broad features (2048, 2028 and 1978 cm™) which
decay over the first 200 ps of the experiment along with concurrent reformation of the
parent complex. These broad features likely represent a transient excited state, much
like the one observed previously following photolysis of CpRe(CO)s;. 150,290 Following
the decay of this excited state species, a single v¥(CO) transient band remained at 1968
cm™, the spectrum recorded 1 ns following photolysis shows only this v(CO) feature.
By comparison to previously published photolysis studies, this #(CO) band is assigned
as a monocarbonyl species of the form CpRh(CO)X.?235%288:295 This species is assigned

as the PFMCH solvent complex CpRh(CO)(C,F,).
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FIGURE 3.22: a) Selected nanosecond TRIR difference spectra recorded at a series
of time delays following 266 nm photolysis of a solution of CpRh(CO), in PEFMCH
under Ar (1.5 bar). The decay of a monocarbonyl species, as well as growth of a dimer
and oxidative addition product can be seen b) FTIR spectrum of the same solution.

Decay of the monocarbonyl solvent complex was observed to occur on a mi-
crosecond timescale, and was accompanied by the formation of two new positive v(CO)
features, as well as increased bleaching of the higher energy parent band, and apparent

recovery of the other parent v(CO) band. One of the these new positive v(CO) features
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(1841 cm™!) appears at very low energy in the bridging carbonyl region of the spectrum.
The appearance of this band could suggest formation of a dinuclear species, and indeed
a dinuclear species has been observed previously following photolysis of CpRh(CO), in
alkane solvent.% The authors observed v(CO) bands at 1837 and 1984 cm™ in cyclo-
hexane solution, assigned to the dimer trans-Cp,Rhy(CO),. The low energy bridging
band observed in our study closely matches the band at 1837 cm™ reported by Belt
et al., and it is likely that the higher energy band expected for this dimer (1984 cm™)
appears at slightly higher energy in PFMCH. An increase of 4-6 cm™ compared to
the higher energy band reported by Belt and co-workers, consistent with the shift
observed in the bridging band upon changing from cyclohexane to PFMCH solution,
would place the higher energy dimer band at approximately the same frequency as the
lower energy parent band (1990 cm™). This is consistent with the apparent decrease of
this parent bleach on the same timescale as growth of the dimer band at 1841 cm™.
The two competing processes occurring at ca. 1990 cm™ make the kinetics difficult to
deconvolute. However, the apparent increased bleaching of the higher energy parent
band is also consistent with formation of trans-Cp,Rh,(CO),, through a reaction of
CpRh(CO)X with parent CpRh(CO),. The lifetime of this increased bleaching (7 =
550 (480) ns) is consistent with the growth of the bridging carbonyl band at 1841 cm™

(7 = 600 (£60) ns).

The final v(CO) feature observed following the decay of the monocarbonyl comes
at 2026 cm™. The appearance of this band at higher wavenumber compared to the
monocarbonyl complex is suggestive of a decrease in electron density at the Rh centre.

Such a shift has been observed previously following photolysis of CpRh(CO), in alkane
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F1cURE 3.23: Single-point kinetic traces from TRIR difference spectra recorded fol-

lowing 266 nm photolysis of CpRh(CO), in PFMCH under Ar (1.5 bar), showing decay

of the monocarbonyl transient species CpRh(CO)(C,F,,) (squares), and formation of

the major decay product tentatively assigned as CpRh(CO)(C,F5)F (circles). Solid
lines are mono-exponential fits.

solutions, and have been assigned as C-H activation of the alkane through oxidative
addition to the rhodium metal.?33235 Figure 3.23 shows kinetic traces from this TRIR
study. The lifetime values for the decay of the monocarbonyl species and growth of this
new v(CO) band are observed to be within error of each other (7 = 960 (£50) and 850
(+80) ns, respectively), with both being slower than the observed rate for formation of

the dimer species.

The presence of a small amount of alkane impurity was considered as a possible
source for this apparent oxidative activation product. Any alkane would likely be in
very low concentration, and the lack of any change in the v(CO) band position of

the monocarbonyl complex assigned to CpRh(CO)(C,F,,), even on the picosecond

194



Chapter 3. Further Time-Resolved Studies in Perfluoroalkane Solutions

timescale, suggests that only a single monocarbonyl complex is present following
photolysis in PFMCH. The rate of formation of this oxidative addition product is also

233

much slower than would be expected for C-H activation of a linear?33 or cyclic alkane?3°

by CpRh(CO),, which has been reported to occur between 10-100 ns.

An additional possibility for the assignment of the v(CO) band at 2026 cm™ is a
C-F activation product. C-F activation would result in the same oxidation state change
as C-H activation, leading to a ¥(CO) band which would appear at lower wavenumber
compared to the monocarbonyl product. C-F activation by CpRh(CO),, derivatives has
been observed previously. Photolysis of Cp*Rh(nQ—C2H4)(PMe3) in perfluorobenzene
resulted in the formation of Cp Rh(F)(C4F5)(PMe,).2? While a matrix isolation study
reported formation of CpRh(F)(Cy4F5)(PMey) in small quantities following photolysis
of CpRh(n*-C,yH,)(PMe,).?" A recent study has even suggested that in some cases,
C-F activation may occur alongside C-H activation in cases where both bonds are
present. 2% No observations of C-F activation of a perfluoroalkane by CpRh(CO), have
been reported however, and therefore no comparisons of the kinetics of this activation
can be drawn. The v(CO) band at 2026 cm™ will be very tentatively assigned to a C-F
activation product CpRh(CO)(C,F,5)F, however additional studies will be required to
confirm this assignment, as the presence of a small amount of impurity which contains

C-H bonds is still a possibility.

Following the study reported above in pure PFMCH, the experiment was repeated
under 1.5 bar of Xe to examine any differences caused by addition of the noble gas.
Figure 3.24 shows a series of TRIR spectra recorded following photolysis of this solution.

Immediately following photolysis, the two parent v(CO) bands (2054 and 1990 cm™)
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F1GURE 3.24: Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpRh(CO), in PEMCH under

Xe (1.5 bar), showing decay of the monocarbonyl species and formation of a dimeric
species as the major photoproduct.

are bleached. Similarly to the above case, the spectrum recorded 1 ns following
photolysis shows only a single ©¥(CO) band, consistent with a monocarbonyl of the
form CpRh(CO)X. In this case, the v(CO) band of this monocarbonyl (1970 cm™)
appears at slightly higher energy than the one observed above, assigned to the solvent
complex (1968 cm™). This small shift in band position is indicative of a change in

electron density present on the metal centre, and is consistent with the small positive
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shift in v(CO) frequency observed upon addition of Xe to a solution of CpRe(CO)4 in

PFMCH, reported earlier in this Chapter.

Normalised A Abs.
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F1GURE 3.25: Single-point kinetic traces from TRIR difference spectra recorded

following 266 nm photolysis of CpRh(CO), in PFMCH under Xe (1.5 bar), showing

decay of the monocarbonyl transient species CpRh(CO)Xe (squares), and formation

of the major decay product assigned as Cp,Rh,(CO), (circles). Solid lines are mono-
exponential fits.

This monocarbonyl species is observed to decay, resulting in formation of a single
positive #(CO) band at 1841 cm™. This band is consistent with the dinuclear species
assigned above, Cp,Rhy(CO);. The growth of this ¥(CO) band is concurrent with
increased bleaching of the higher energy parent band and decreased bleaching of the
lower energy parent band. This observation is once again consistent with formation of the
dimeric species assigned above. The higher energy v(CO) band observed in the previous
experiment, very tentatively assigned to the C-F activation product is not observed

following addition of Xe to the solution. The rate of decay of the monocarbonyl species
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in this case (7 = 24.0 (£3) ps) matches the rate of growth of the bridging carbonyl
band of the dimeric species CpyRhy(CO)4(7 = 25.5 (£2) pus), as shown in the TRIR
kinetics traces presented in Figure 3.25. The increase in lifetime of the monocarbonyl
complex, the slight shift in its ¥(CO) band position following addition of Xe to the
solution suggests preferential formation of an Xe complex. The monocarbonyl species
in this case is therefore assigned as CpRh(CO)Xe. This observation of preferential
binding of Xe in solution also bolsters the previous assignment of CpRh(CO)(C-F,)
following photolysis in pure PEFMCH, as any alkane complex formed due to impurities

in the solution would be expected to form preferentially over the Xe complex.

TABLE 3.8: Observed rate constants (k,ps) for processes observed following photolysis
of CpRh(CO), in PFMCH and PFH solutions. All data recorded at 298 K.

Solvent v(CO) (cm1) Assignment kops (s71)

C,F,, (PFMCH) 1968 CpRh(CO)(C,F,,) 1.0 (£0.1) x 10°
2026 CpRh(CO)(C,F,5)F 1.1 (£0.1) x 106
1970 CpRh(CO)Xe 4.1 (+0.3) x 10*
1841 Cp,Rh,(CO), 3.9 (£0.3) x 10*

C¢F,, (PFH) 1970 CpRh(CO)(C4Fy) 7.6 (+£1.0) x 10°
2030 CpRh(CO)(CyF,5)F 8.3 (£1.0) x 10°
1971 CpRh(CO)Xe 3.6 (£0.5) x 10*
1842 Cp,Rh,(CO), 3.7 (£0.5) x 10*

The above experiments were subsequently repeated in PFH solution. As above,
formation of a single monocarbonyl species was initially observed, following by forma-
tion of CpyRh,(CO);, as well as the oxidative addition product CpRh(CO)(CF4)F.
Addition of Xe to the solution resulted in formation of only the dimeric species following
decay of the monocarbonyl, with no observation of any activated species. In the case
of photolysis in pure PFH, the oxidative addition product is observed to form much

faster than in PFMCH (7 = 120 (£20) ns), suggesting formation of a different activated
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TABLE 3.9: v(CO) absorption band frequencies of CpRh(CO),, and intermediates and

photoproducts formed following photolysis in a series of pure and Xe doped PFMCH

and PFH solutions. Literature values recorded in scXe, scKr and cyclohexane are
given for comparison. Experiments performed in solution phase at 298 K.

Compound Solvent/Matrix Dopant v(CO) (cm™) Reference
CpRh(CO), PFMCH 2054, 1990 This work
Xe 2054, 1990 This work
PFH 2055, 1992 This work
Xe 2055, 1992 This work
scXe 2051, 1988 288
scKr 2056, 1994 288
CpRh(CO)X PFMCH 1968 This work
Xe 1970 This work
PFH 1970 This work
Xe 1971 This work
scXe 1967 288
scKr 1975 288
Cp,Rh,(CO), PFMCH 1990, 1841 This work
Xe 1990, 1841 This work
PFH 1992, 1842 This work
Xe 1992, 1842 This work
Cyclohexane 1837, 1984 56
CpRh(CO)(RF)F  PFMCH 2026 This work
PFH 2030 This work

species. Following addition of Xe to the solution, the decay of the monocarbonyl (7 =
28 (+4) ps) and growth of the dimer species (7 = 27 (£3) us) are observed to occur on
the same timescale as the previous experiment in PFMCH, suggesting formation of the
same species in both cases. A summary of all (CO) band positions of CpRh(CO), and
intermediates produced following photolysis is given in Table 3.9. A proposed reaction

mechanism, as discussed throughout this section, is presented in Scheme 3.1

The above experiments were also attempted for the Cp-substituted derivative
of CpRh(CO),, Cp*Rh(CO)Z. However, this compound was found to be insufficiently

soluble in perfluoroalkanes solvent to yield spectra with an acceptable signal-to-noise
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SCHEME 3.1: Proposed reaction mechanism following 266 nm photolysis of CpRh(CO),
in PFMCH and PFH, with and without Xe dopant. Dashed lines show minor pathways.

3.2.7 Spectroscopic Studies of M(CO), (M = Cr, Mo, W) in Perflu-

oroalkane Solvents

The first photolysis studies resulting in the formation of an organometallic noble
gas or alkane complex involved irradiation of matrix isolated group-6 metal carbonyl
species. 39239 The first identification of an organometallic alkane complex in solution

81 and

was also reported following photolysis of Cr(CO)y in cyclohexane solution,
subsequent work used perfluoroalkanes as a solvent, characterising an interaction

between the metal centre and the perfluoroalkane which was weaker than that observed

in alkane solution.”®7 The group-6 metal hexacarbonyls are still used today as a model
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photochemical system, and have recently been used to examine the effectiveness of a
new time-resolved technique which is utilised within this Thesis, TRMPS.3? Tt is for
these reasons that the study presented within this Chapter was expanded to incorporate

photolysis of M(CO)y4 (M = Cr, Mo, W) in perfluoroalkane solutions.

Figure 3.26 shows a series of TRIR difference spectra recorded following photolysis
of W(CO)4 in PFMCH solution under Ar (1.5 bar). Within 1 ps of photolysis, the
parent v(CO) band of W(CO); (1989 cm™) was observed to bleach, and new broad
v(CO) features were observed. These features were seen to sharpen and blue-shift,
yielding two new v(CO) bands after ca. 100 ps (1966 and 1930 cm™). These bands are
consistent with loss of a carbonyl ligand following photolysis to form a pentacarbonyl
complex of the form W(CO) 5X.49 This species is not stable, however, and gives way to
a further two v(CO) bands (1961 and 1935 cm™) which are slightly shifted compared
to the initial transient. The number of ¥(CO) bands and their band positions are also
consistent with formation of a pentacarbonyl complex of the form W(CO),X. The rate
of decay of the initial pentacarbonyl species (7 = 6.4 (£0.4) ns) and the rate of growth
of the second (7 = 6.2 (£0.5) ns) were observed to be within error, indicating direct

formation of one species from the other.

This second pentacarbonyl species was observed to decay on the microsecond
timescale, leading to formation of a further complex with v(CO) bands at 1977, 1940
and 1918 em™. This complex is stable on the timescale of this experiment (70 us). This
species has been observed previously on the microsecond timescale following photolysis of

W(CO)g in n-heptane solution, and assigned to the water complex W(CO);(H,0), due
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F1GURE 3.26: Selected nanosecond TRIR difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of W(CO), in PFMCH under Ar

(1.5 bar), bleaching of the parent v(CO) band and subsequent formation and decay of
two different pentacarbonyl transients can be seen.

to reaction between the transient alkane complex and a small amount of water impurity
in the solution.3%?4! Despite taking every precaution to avoid contamination with

water in this case, it appears that the final photoproduct formed following photolysis
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Figure 3.27: Kinetic traces from TRIR difference spectra recorded following pho-
tolysis of W(CO)4 in PFMCH under Ar (1.5 bar) showing a) decay of the first
pentacarbonyl transient (circles) and growth of the second (squares) and b) subsequent
decay of the second pentacarbonyl species (squares), and finally formation of the water
complex W(CO);(H,O) (triangles). Solid lines show mono-exponential fits.

of W(CO)4 in PFMCH was the water complex W(CO),(H,0), and the v(CO) bands

at 1977, 1940 and 1918 cm™! are assigned to this species.

The rate of growth of the water complex (7 = 11.5 (£1) us) and the rate of decay
of the second pentacarbonyl transient species (7 = 12.0 (£1) us) were observed to
match, indicating direct formation of the former from the latter, and the reaction path
following photolysis is A — B — C in nature. Kinetic traces from TRIR difference

spectra showing these processes are shown in Figure 3.27.

The spectra presented above in Figure 3.26 are representative of those obtained
following photolysis of Mo(CO), and Cr(CO)g, with only slight differences in the v(CO)
band positions of each of the photoproduced species. The v(CO) band positions of
all observed species are summarised in Table 3.11. In all cases, initial formation of a

pentacarbonyl transient is observed which decays to form a second, which in turn decays
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F1GURE 3.28: Kinetic traces from TRIR difference spectra recorded following photoly-
sis of a series of solutions of M(CO), (M = Cr (top left), Mo (top right), W (bottom))
in PFMCH under Ar (1.5 bar) or Xe (1.5 bar), showing growth of bands assigned
as M(CO)5(C,F,,) (black squares), and M(CO).Xe in each case. Solid lines show

mono-exponential fits.

to form the water complex, in the same A — B — C mechanism observed above.

The main observed difference between the three metals is the rates at which these

reactions occur. The rate of formation of both the second pentacarbonyl transient and

the water complex is found to increase in the series W < Mo < Cr. This observation is

consistent with the relative stabilities of alkane and noble gas complexes of these three
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metals to reaction with CO, with W forming the most stable complexes and Cr the

lease stable.34

. Mo
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FI1GURE 3.29: Kinetic traces from TRIR difference spectra recorded following photoly-
sis of a series of solutions of M(CO)s (M = Cr (top left), Mo (top right), W (bottom))
in PEMCH under Ar (1.5 bar) or Xe (1.5 bar), showing decay of bands assigned

as M(CO);(C,F,,) (black squares), and M(CO),Xe in each case. Solid lines show
mono-exponential fits.

Experiments were repeated following the addition of Xe (1.5 bar) to each solution.
266 nm photolysis of the resulting solutions resulted in initial formation of the same

pentacarbonyl transient species as in pure PFMCH, which decayed to form a second
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pentacarbonyl transient, as above. However, upon addition of Xe the v(CO) band
positions of the second pentacarbonyl species were observed to be different to those
seen in pure PEFMCH. The observed shift to higher energy indicates a differing amount
of electron density on the metal centre. While the same A — B — C reaction
mechanism is observed in each case following the addition of Xe, with all experiments
resulting in the ultimate formation of the water complex, the rates of each step in
the reaction are altered upon addition of Xe. The rate of formation of the second
pentacarbonyl transient from the first is increased upon addition of Xe (Figure 3.28),
while the rate of decay of this second transient to form the water complex is slowed
(Figure 3.29), indicating increased stability of the second transient. The increased
rate of formation, slowed rate of decay and change in v(CO) frequency of the second
pentacarbonyl species indicate that the structure of this species was altered upon

addition of Xe, and possibly indicated formation of an Xe complex in solution in each

case.

TABLE 3.10: Observed rate constants (kops) for growth and decay processes of solvent
or Xe complexes observed following photolysis of M(CO), (M = Cr, Mo, W) in
PFMCH and PFH solutions. All data recorded at 298 K.

kobs (s7)

Solvent v(CO) (cm™) Assignment Growth Decay

C.F,, (PFMCH) 1962 Cr(CO),(C,Fyy) 2.6 (£0.2) x 108 6.7 (£0.6) x 10°
1966 Cr(CO);Xe 1.3 (£0.1) x 10% 2.7 (£0.2) x 10°
1971 Mo(CO)(C,Fy,) 2.9 (£0.2) x 10 9.1 (£0.8) x 10°
1973 Mo(CO) Xe 5.6 (£0.5) x 10° 2.0 (£0.2) x 10°
1961 W(CO),(C.Fy,) 1.6 (£0.1) x 108 8.3 (£1.0) x 10°
1963 W(CO);Xe 3.3 (£0.2) x 108 3.3 (+0.3) x 10*

C4F,, (PFH) 1964 Cr(CO),(CgFyy) 3.0 (£0.3) x 108 3.3 (£0.4) x 10°
1968 Cr(CO),Xe 1.5 (£0.1) x 10° 2.5 (£0.4) x 10°

While assignment of the final photoproduct as the water complex in each case
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may be straightforward by examining previously published work, assignment of the two
pentacarbonyl species observed prior to formation of this final product is less trivial.
The appearance of two different transients which interchange on a nanosecond timescale
is similar to the regime observed previously following photolysis of CpRe(CO); in
PFMCH. Similarly, the rate of this interchange is altered by the addition of Xe, and
is no longer seen upon addition of a small amount of cyclopentane to the solution.
Addition of cyclopentane to a solution of W(CO), in PFMCH in this case was also
observed to result in the formation of a single transient species with v(CO) bands at
1959 and 1934 cm™ (parent: 1989 cm™), which was stable on the timescale of the
experiment, similar to those previously reported following photolysis of W(CO), in
liquid Kr in the presence of cyclohexane (1959 and 1935 cm™, parent: 1988 cm™).4?
The v(CO) bands of the second transient species observed following photolysis of
W(CO)4 in PFMCH under Xe (1963 and 1937 cm™) also closely match those reported
by Weiller following photolysis of W(CO)4 in scKr doped with Xe (1963 and 1936 cm™),
which is assigned as the Xe complex W(CO);Xe. As observed following photolysis of
CpRe(CO), in PEFMCH and PFH, the »(CO) band positions of the second, more stable
transient species are more akin to those of the cyclopentane complex, as well as the
previously reported cyclohexane complex, indicating coordination of a weak ligand to
the metal centre. It seems likely therefore due to its ¥(CO) band positions and its
changing rate of growth and decay upon addition of Xe, that the second pentacarbonyl
transient in this case is the solvent complex M(CO),(C.F,,) following photolysis in

pure solvent, or the Xe complex M(CO);Xe upon addition of Xe to the solution.

As in the case of CpRe(CO);, there are several candidates for assignment of
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FIGURE 3.30: Selected nanosecond TA difference spectra recorded 1 ns (black), 200

ns (red) and 20,000 ns (blue) following 266 nm photolysis of a solution of Cr(CO)4 in

PFMCH under Ar (1.5 bar), formation of three different transient absorption bands
can be seen over time.

the initial carbonyl loss product. The most likely candidates are a coordinatively
unsaturated species of the form M(CO);, or a weak complex with the PFMCH solvent.
A short lived, and possibly coordinatively unsaturated species of this type has been
observed previously by Kelly et al. following photolysis of M(CO)g in perfluoro(methyl-
cyclohexane), by transient absorption (TA) UV /visible spectroscopy. > In addition
to the TRIR experiments presented above, TA spectra were also recorded following
photolysis of M(CO)4 in PFMCH solution. Figure 3.30 shows TA difference spectra on
the nanosecond timescale recorded following 266 nm photolysis of Cr(CO)4 in PFMCH
under Ar. The spectrum recorded 1 ns following photolysis showed a single broad

absorption band with Apax ca. 610 nm. This band was observed to decay on the fast
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F1GURE 3.31: Nanosecond TA difference spectra recorded 200 ns following 266 nm
photolysis of a solution of Cr(CO), in PFMCH under Ar (1.5 bar) (blue) and Cr(CO),
in PFMCH under Xe (1.5 bar) (red).

nanosecond timescale, consistent with TRIR studies, to yield a further absorption band
with Apax ca. 490 nm. It is clear that this absorption band at ca. 610 nm represents
the first pentacarbonyl transient observed during our TRIR experiments. These results
show good agreement with the work of Kelly et al., who report an initial transient
following photolysis of Cr(CO)g with a Apax ca. 620 nm. Studies of Mo(CO), and
W(CO)g are also in agreement with previous work, exhibiting initial absorption bands
at Amax ca. 470 nm and 475 nm respectively (Kelly et al.: 460 and 475 nm). Kelly
and co-workers assigned this band as coordinatively unsaturated M(CO); following
photolysis in PFMCH. Photolysis in cyclohexane was shown to yield a single product,
which was assigned as the cyclohexane complex M(CO);(CzH,5). In all cases, decay

of this initial absorption band was accompanied by growth of a further absorption
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at higher energy. Matrix isolation studies by Perutz and Turner have indicated that
a shift to higher energy may indicate stronger coordination of a ligand to the metal
centre.®® Photolysis of Cr(CO); in a Ne matrix resulting in a Amax at 624 nm, while
repeating the experiment in a CH, matrix increased the energy of Apax to 489 nm. This
previous observation is somewhat in agreement with our TA and TRIR observations,
with both techniques presenting evidence for binding of a weak ligand (PFMCH or
Xe) following initial formation of a coordinatively unsaturated species. Based on the
assignment by Kelly and co-workers, the initially formed pentacarbonyl species formed
following photolysis of M(CO)g (M = Cr, Mo, W) is tentatively assigned as M(CO),. A
comparison of the difference spectrum recorded 200 ns following photolysis of solutions
of Cr(CO), in PFMCH under Ar or Xe, shows a small change in the Ayax of the second
transient species, shown in Figure 3.31. In neat PFMCH, Ajax = 490 nm, and this
species is assigned as the solvent complex Cr(CO),(C-F,,), while upon addition of Xe
Amax = 500 nm, suggesting a small change in the binding interaction between metal

and ligand upon addition of Xe, possibly indicating formation of Cr(CO);Xe.
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TABLE 3.11: v(CO) absorption band frequencies and Ayax of M(CO)y (M = Cr, Mo,

W) and intermediates and photoproducts formed following photolysis in a series of

pure and Xe doped PFMCH and PFH solutions. Experiments performed in solution
phase at 298 K unless otherwise stated.

v(CO) Amax Reference/

Compound Solvent Dopant (cm™t) (nm) Notes
Cr(CO)q PFMCH 1993 This work
Xe 1993 This work
PFH 1995 This work
Xe 1995 This work
CI‘(CO)5 PFMCH 1967, 1936 610 This work
Xe 1967, 1936 This work
PFH 1968, 1938 This work
Xe 1968, 1937 This work
Cr(CO) X PFMCH 1962, 1937 490  This work
Xe 1966, 1939 500  This work
PFH 1964, 1939 This work
Xe 1968, 1940 This work
ligXe 1960, 1934 49,140 K
ligKr CH,, 1961, 1939 49, 140 K
Cr(CO),(H,0) PFMCH 1980, 1969, 1950(br), 1917 451  This work
Xe 1980, 1969, 1950(br), 1917 This work
PFH 1983, 1970, 1950(br), 1920 This work
Xe 1983, 1970, 1950(br), 1920 This work
Mo(CO), PFMCH 1995 This work
Xe 1995 This work
Mo(CO), PFMCH 1975, 1930 470  This work
Xe 1975, 1931 This work
Mo(CO) X PFMCH 1971, 1935 435  This work
Xe 1973, 1937 This work
Mo(CO),(H,0) PFMCH 1983, 1967, 1950(br), 1917~ 403  This work
Xe 1983, 1967, 1950(br), 1918 This work
W(CO), PFMCH 1989 This work
Xe 1989 This work
W(CO)5 PFMCH 1966, 1930 475 This work
Xe 1966, 1930 This work
W(CO)SX PFMCH 1961, 1935 420 This work
Xe 1963, 1937 This work
C;H,, 1959, 1934 This work
ligKr Xe 1963, 1936 49, 183 K
CH,, 1959, 1935 49,180 K
W(CO),(H,0) PFMCH 1977, 1940(br), 1918 This work
Xe 1977, 1940(br), 1918 This work
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3.2.8 DFT Studies of Transient Species Produced Following Photol-

ysis of M(CO), (M = Cr, Mo, W)

In addition to the DFT study of the transients produced following photolysis of
CpRe(CO),4 reported above, calculations were also carried out to aid assignment of
the v(CO) band of species produced following photolysis of M(CO), (M = Cr, Mo,
W). As above, all calculations were carried out using Gaussian 03 and the Gaussview
interface. 23294 The B3LYP functional was used, along with the LANL2DZ RECP

basis set for W and Xe atoms, and the 6-311G** basis set for all other atoms.

TABLE 3.12: Experimental and theoretical ¥(CO) absorption band frequencies of
M(CO)4 and intermediates and photoproducts formed following photolysis of M(CO)g
(M = Cr, Mo, W). DFT calculations were carried out on energy minimised structures
in the gas phase at 298 K, using the B3LYP/LANL2DZ/6-311G** method described
above. Experimental v(CO) band positions were obtained following photolysis in pure
PEFMCH solution, or in the presence of 1.5 bar Ar or Xe at 298 K.

v(CO) (cm1)

Compound Calculated Experimental
Cr(CO)q 2083 1993
Cr(CO)g 2066, 2047 1967, 1936
Cr(CO) Xe 2062, 2045 1966, 1939
Cr(CO),(C,Fy) 2060, 2043

Cr(CO),(C,F,,) (CF3-bound) 2060, 2043 1962, 1937
Cr(CO),(C,F,,) (CF,-bound) 2061, 2043

Mo(CO), 2081 1995
Mo(CO), 2067, 2037 1975, 1930
Mo(CO) Xe 2063, 2038 1973, 1937
Mo(CO),(C,Fg) 2062, 2037

W(CO), 2076 1989
W(CO), 2059, 2033 1966, 1930
W(CO) Xe 2054, 2035 1961, 1935
W(CO),(C,Fy) 2044, 1991

Calculated vibrational frequencies for a series of possible transient species pro-

duced following photolysis of M(CO)4 (M = Cr, Mo, W) are given in Table 3.12.
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Calculations returned no imaginary frequencies, indicating that the structures had
reached a minimum on the potential energy surface. As with the calculations for various
rhenium complexes reported previously in this Chapter the calculations systematically
overestimate the v(CO) frequencies of all species studied, however interesting trends

still emerge upon comparison of the calculated frequencies.

An interesting trend which arose from experimental studies was the difference in
Av between the two v(CO) bands of the initially formed dicarbonyl species, tentatively
assigned as M(CO), (Av = 31, 45 and 36 cm™ for M = Cr, Mo and W respectively)
compared with those of the other assigned pentacarbonyl species, assigned as M(CO);X,
where X is the solvent or dopant of interest (Av = 26, 36 and 26 cm™ for M = Cr,
Mo and W respectively). The calculated vibrational frequencies were observed to
reproduce this trend, with the coordinatively unsaturated M(CO), exhibiting a larger
Av than any of the coordinatively saturated structures studies, which all exhibited
very similar Av values. In all cases, the calculated highest energy v(CO) absorption
band of species of the form M(CO),X and M(CO); were observed to exhibit a general
shift down in wavenumber compared to the #(CO) band of the parent M(CO)y. The
trend observed in the magnitude of this shift is in agreement with that observed in
experimental studies, following the order M(CO),(C,F,,) > M(CO);Xe > M(CO);.
This observation is further indication that that initially formed transient species may be
the coordinatively unsaturated species M(CO),, which undergoes a reaction with the
solvent or dopant on a nanosecond timescale to form M(CO),X, though the calculations

presented herein are far from conclusive.

Similar to calculations reported previously in this Chapter, two different structures
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of Cr(CO);(C,F,,) were calculated, one in which the metal is bound to a CF, moiety,
and one in which the metal is bound to the CF; unit. Calculations showed only a
small difference between the v(CO) bands of the two structures, while a comparison
of the binding enthalpies of the two structures showed, as above, that the CF;-bound
structure (37 kJ/mol) is likely to be favoured over the CF,-bound (35 kJ/mol). As
above for complexes of Re, all interactions between metal and perfluoroalkane were
found to occur through the lone pair of an F atom, and not through the C-F bond, as
would be expected for the C-H bond of alkanes. Attempts to calculate species bound
in an 7? fashion through the C-F were not successful, leading to either a change in
geometry or the return of imaginary frequencies, indicating that the structure was
not at a minimum on the potential energy surface. Isomerisation between different
binding modes of the solvent still represents a possible explanation for the presence
of two distinct pentacarbonyl species in solution, and the true binding mode of the
perfluoroalkane solvent is still unknown. C,Fy was once again found to be a reasonable
computational model for the CF4-bound PFMCH complex Cr(CO);(C,F,,), producing
calculated v(CO) frequencies in good agreement with those of Cr(CO);(C,F,). In
order to reduce computational cost, C,Fg was used as a computational model for
calculations of the v(CO) band positions of Mo(CO),(C,F,,) and W(CO),(C,F,,). In
these studies, the C,Fg complex was found to satisfactorily reproduce experimental
trends in v(CO) band positions and Av, indicating that this model may be useful for

future calculations of transition metal perfluoroalkane complexes.
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3.3 Conclusions

In this Chapter, the photochemistry of a series of model transition metal complexes has
been examined using various time-resolved spectroscopic techniques in the perfluorinated
solution phase. It has been demonstrated that addition of various dopants, including
noble gases and gaseous alkanes, alters the photochemistry of such complexes in the
perfluorous phase, indicating formation of a series of weakly-bound organometallic

noble gas and alkane complexes in room temperature solution.

The photochemistry of CpRe(CO); and its derivatives, Cp*Re(CO)3 and
CpRe(CO),(N,), has been examined using TRIR spectroscopy following photolysis in
perfluoroalkane solvents. Upon photolysis, these compounds were observed to undergo
carbonyl loss, resulting in formation of a dicarbonyl species, likely to be either the
coordinatively unsaturated species CpRe(CO),, or a weakly-bound solvent complex.
This dicarbonyl species was found to be unstable, decaying to yield a second dicarbonyl
species of the form CpRe(CO),X on the fast nanosecond timescale. Kinetic studies
showed that this second dicarbonyl species is formed directly from the first. The
v(CO) bands of the second dicarbonyl species were observed to be shifted to lower
energy compared to the first, indicating an increase of electron density on the Re metal
centre. The direct formation of the second dicarbonyl from the first, and the shift in
v(CO) band positions suggested direct reaction of the first dicarbonyl transient with
the solvent or dopant to form a more strongly bound species. In all cases, the second
dicarbonyl species was found not to decay on the timescale of the experiment. Addition
of cyclopentane to a solution of CpRe(CO), in PFMCH resulting in the formation of

only a single dicarbonyl intermediate, while addition of Xe (1.5 bar) to the solution
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was found to increase the rate of formation of the second dicarbonyl transient, as well
as subtly altering its ¥(CO) band frequencies. This change is suggestive of formation
of an organometallic Xe complex in room temperature solution. DFT calculations
were undertaken, and were found to reproduce trends in experimental v(CO) band
positions well, offering further indication that the initially formed dicarbonyl may indeed
be the coordinatively unsaturated CpRe(CO),. Photolysis studies of CpRe(CO), and
Cp Re(CO), were conducted using 266 nm irradiation, while studies of CpRe(CO),(N,)
were conducted using 355 nm excitation. Results obtained following 355 nm photolysis
of CpRe(CO),(N,) in PEMCH were comparable to those obtained following photolysis
of CpRe(CO), at 266 nm, and suggest that careful choice of the leaving ligand may

allow this interesting chemistry to be accessed at various photolysis wavelengths.

Doping of methane or ethane into solutions of CpRe(CO), and Cp Re(CO); in
PFMCH resulted in initial formation of the same dicarbonyl species as seen in pure
PFMCH, following by formation of a o-alkane complex which went on to undergo
oxidative addition to the metal centre to form an alkyl hydride complex of the form
CpRe(CO),(R)H. The observation of oxidative addition unequivocally proves binding
of methane and ethane to the metal centre in room temperature perfluoroalkane solution.
The ratio of alkane:alkyl hydride formed was observed to vary in the order: CpRe(CO),
with ethane > Cp Re(CO), with ethane > CpRe(CO), with methane > Cp Re(CO),

with methane. This result is in agreement with previously published studies.37

The above study was expanded to examine the photochemistry of CpRh(CO),
in PFMCH and PFH, with and without the presence of Xe in solution, using TRIR

spectroscopy. Photolysis at 266 nm in the pure solvent resulted in initial formation
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of a monocarbonyl species assigned as CpRh(CO)(C;F,,). Decay of this species is
accompanied by formation of a small amount of the dimeric species CpyRh,(CO)s;,
confirmed by further consumption of the parent complex. The major product of the
decay of the monocarbonyl solvent complex is a species with a single v(CO) band
shifted to higher energy compared to the monocarbonyl. This band is very tentatively
assigned as an oxidative addition product, CpRh(CO)(R")F. Addition of Xe to the
solution resulted in formation of a monocarbonyl complex with (CO) bands at slightly
higher energy than those assigned to CpRh(CO)(C,F,,). No evidence of the tentatively
assigned C-F activated species was observed, instead the dimeric species was observed to
be the only product. A reaction mechanism was proposed, including different reaction
pathways with and without Xe. The monocarbonyl species formed following addition

of Xe to the solution was assigned as CpRh(CO)Xe.

The photochemistry of M(CO)g (M = Cr, Mo, W) was also examined by TRIR
spectroscopy in PFMCH. Following photolysis as 266 nm in all case, a single pentacar-
bonyl product of the form M(CO), was observed to form. Similarly to the above case
of CpRe(CO)y,, this initial carbonyl loss product was found to be unstable, decaying on
the fast nanosecond timescale, at a rate matching the formation of a second, more stable
pentacarbonyl species. This second product was also found to be unstable, decaying on
the microsecond timescale to form a complex with a trace water impurity. Addition
of cyclopentane to a solution of W(CO), in PFMCH resulted in the formation of only
a single pentacarbonyl species. Addition of Xe to each of the solutions resulted in
formation of the same initial pentacarbonyl transient, however the rate of decay of this

species and formation of the second pentacarbonyl transient were found to increase.
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The rate of decay of the second pentacarbonyl transient was also observed to slow
upon addition of Xe. Due to the increased rate of formation, decreased rate of decay
and change in ¥(CO) band positions upon addition of Xe, the second pentacarbonyl
species formed following photolysis was assigned as the Xe complex M(CO) Xe. In
addition to TRIR studies, TA spectroscopic study of M(CO), in PFMCH was also
undertaken. Three different transient absorption bands were observed in each case,
in agreement with TRIR results. The first of these absorption bands, corresponding
to the initially formed pentacarbonyl species, was found to match absorption bands
reported previously in PFMCH solution, assigned as the coordinatively unsaturated
species M(CO),. DFT calculations were again utilised to aid in the assignment of
v(CO) bands, and were shown to produce experimental trends well, further indicating
initial formation of M(CO); following photolysis. The initially formed pentacarbonyl
transient formed following photolysis of M(CO)4 in PFMCH was therefore assigned as

M(CO)..

In the previous Chapter, perfluorinated solvents were shown to be able to extend
the lifetime of highly reactive, coordinatively unsaturated 16-electron triplet species
compared to liquid alkane solvents, and even some noble gases. In this Chapter, perflu-
orinated solvents have further shown their potential as solvent systems for formation of
weakly-bound organometallic complexes in room temperature solution. Formation of
such complexes in solution requires a solvent which will bind to the metal even less
strongly than the weak ligand of interest, be it a gaseous alkane or noble gas. Per-
fluorinated solvents appear to form very weak complexes with organometallic species,

evidenced by the changing chemistry, changing kinetics and changing v(CO) band
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positions of transient species upon addition of alkane or noble gas dopants to sample
solutions. When coupled with pump-probe spectroscopic techniques incorporating fast
detection, perfluorinated solvents may allow the detection of such species by a variety

of techniques, potentially including TR-XAFS and pump-probe NMR spectroscopy.
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Chapter 4

Time-Resolved Spectroscopic
Studies of Organometallic

Triethylsilane Complexes

4.1 Introduction

The chemistry of o-complexes formed through 7? interaction between a transition metal
and an X-H bond (X = H, C, Si etc.) has been a source of much interest throughout
the past few decades.?? Much of this interest centres around their identification as

227,236,300-302 Te interaction between

intermediates in the activation of such X-H bonds.
a hydrosilane and a transition metal can range from a weak o-interaction, to formation

two full formal bonds, one between the metal and the hydrogen, and the other between
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the metal and the silicon atom. This oxidative addition process results in a change in

both the oxidation state and coordination number at the metal centre. 303

H H
LM + | — LM — L

H

—_—

I Ll
| "
SiRs SiR,

SCHEME 4.1: Steps in the activation of a hydrosilane Si-H bond by a transition metal
centre. Reproduced from ref 300.
Scheme 4.1 shows the various stages of Si-H activation by a metal centre. The
nature of the n? o-interaction of the Si-H bond with the metal centre has been inves-

301,304-308 a1 d has been described as a nonclassical

tigated in great detail previously,
3-centre/2-electron bond, arising from interaction between the Si-H o-bonding orbital
and an empty metal d-orbital. Silane o-complexes were first identified in 1969,307
and are often studied as a model for similar complexes, e.g., C-H o-complexes. % In
comparison with similar o-complex systems (e.g., H-H and C-H), the increased basicity
of the Si-H bond makes the unit a superior electron donor, creating a strong interaction
between o-bond and metal centre. Additionally, interactions between the Si-H bond
and other ligands attached to the metal centre have also been observed.304:305:310 The
o*-antibonding orbital of the Si-H bond is a better m-acceptor than the comparable

C-H and H-H antibonding orbitals, leading to increased back-bonding from the metal

centre, and ultimately more facile oxidative addition of the Si-H to the metal.

The coordinatively unsaturated 16-electron transition metal species required is
usually generated through loss of a carbonyl or phosphine ligand, by photochemical or
thermal means. Structural investigations of silane o-bonded complexes have mostly

utilised x-ray diffraction, with a small number of studies using other techniques such as
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308,311,312 and NMR spectroscopy. 312313 Vibrational spectroscopic

neutron diffraction
techniques have also been widely utilised in the study of such o-complexes, as well as
any subsequent activation chemistry. These techniques are well suited to the study of
Si-H interactions with transition metal carbonyl complexes due to the high sensitivity
of the ¥(CO) absorbance frequency to the electron density at the metal centre. The

remainder of this Introduction will focus on infrared spectroscopic investigations of

transition metal hydrosilane interactions.

4.1.1 IR Spectroscopy of Transition Metal Hydrosilane Complexes

While the use of metal carbonyl species as precursors for silane activation may not be
as extensive as that of their phosphine analogues, there is still a wealth of evidence
for the use of IR spectroscopic techniques to characterise both Si-H o-complexes and
Si-H activated species. Much of the work presented herein was undertaken by the
Harris group, who have amply demonstrated the power of TRIR spectroscopy for

characterisation of such species.

Harris and co-workers used TRIR spectroscopy to examine the photochemistry of
CpMn(CO), following photolysis in triethylsilane solution, providing the first reported
study of silicon-hydrogen bond activation using ultrafast infrared spectroscopy. 120,186
Initially, two transient species were reported, which were assigned to the silane o-complex
CpMn(CO),(EtSiHEt,), and the unsaturated 16-electron intermediate CpMn(CO),.
A single confirmed v(CO) band of this intermediate was observed in this case, while

152

the other, lower energy band observed previously by Zheng et al.*°* lay outside of the

spectroscopic window of the instrument. Later studies attempted to give further insight
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into the mechanism of Si-H bond activation at manganese carbonyl centres using a

combination of TRIR spectroscopic studies and density functional theory calculations.

C n,
I O ¢ "EuSiH
I 1Ib Qo /
El E C S e— \dissocialivc
o Triplet OC'@'\(CO D rearrangement
gl & \(177 ns)
D 16% 84%
Mn---H
e s
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I: initial solvation through the Si~H bond, coordination / spin-crossover (~100 ps)
@ IIa: initial solvation of singlet species through the ethyl moirty (a few ps)
IIb: coordination / spin-crossover to form an ethyl solvate (~100 ps)

SCHEME 4.2: Proposed reaction mechanism following UV irradiation of CpMn(CO),

in triethylsilane solution. Proposed structures (C and D*) for the triplet and singlet

16-electron species >CpMn(CO), and 'CpMn(CO),, are also shown. Reproduced from
ref 150.

Based on the findings of this study, a reaction mechanism was proposed, shown
in Scheme 4.2. Initial formation of the Si-H ‘activated’ species was proposed to occur
directly through the triplet unsaturated intermediate *CpMn(CO),, while further acti-
vation was shown to occur through formation of the o-complex CpMn(CO),(EtSiHE®,,)
from a singlet unsaturated intermediate, which was not observed spectroscopically. In
this case, the ‘activated’ species did not show conclusive evidence for breaking of the
Si-H bond. While the shift in the v(CO) bands to higher energy were shown to be

consistent with a reduction in electron density at the Mn centre, the length of the Si-H
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bond is such that activation was not confirmed, in agreement with the work of Schubert
et al.3!! This species was designated as an n? Si-H o-complex, CpMn(CO), (n*-H-SiEt;),
which exhibits significant CpMn(CO),H(SiEt;) character, designated as the ‘partially
activated” CpMn(CO),(H~SiEt;) for the remainder of this Chapter. The ratio of the
triplet and singlet complexes initially formed was found to be dependent on the excita-
tion wavelength selected, with the longer wavelength (325 nm) resulting in increased
formation of the triplet 3CpMn(CO),. Spin-forbidden reaction of the triplet to form the
solvated singlet state in this case was found to occur on the picosecond timescale ( ca.
100 ps) in triethylsilane solution. Photolysis of CpRe(CO), in triethylsilane resulted
in only the formation of a singlet species, which was preferentially solvated by the
ethyl moiety of the silane molecule to give CpRe(CO),(EtSiHEt,), which was identified
spectroscopically. This ethyl-bound species was then shown to undergo a rearrangement-
activation reaction to form the Si-H activated species CpRe(CO),(SiEt;)H on the fast
microsecond timescale. The interaction between the Si-H bond and the metal centre
in the final photoproduct (the Si-H ‘activated’ species) was assigned as a nonclassical
interaction for CpMn(CO),(H--SiEt,), while its Re analogue exhibited full oxidative
addition. This difference was assigned due to a shorter Si-H bond lengths in reported

ab initio calculations for the Mn species.

The solution phase photochemistry of CpV(CO), in the presence of HSiEt,,
HSiEtCl, or HSiCl; was studied at low and room temperatures by George et al. using
TRIR spectroscopy.??* Photolysis in the presence of HSiEtCl, or HSiCl; resulted is
observation of ¥(CO) bands which were shifted to higher wavenumber than those of the

parent CpV(CO),, indicating oxidation at the metal centre. In the presence of HSiEt,,
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however, photolysis resulted in formation of a species with v(CO) which appear to
lower energy compared to those of CpV(CO),. This species was assigned as the n? Si-H
complex CpV(CO)4(HSiEt;). The authors conclude that oxidative addition is arrested
in the case of HSiEt;. A later study by Snee et al. also examined the photochemistry
of CpV(CO), in triethylsilane using TRIR spectroscopy. 4" The reaction of CpV(CO),
and HSiEt; was found to be similar to that described above with CpMn(CO),. Initial
formation of an unsaturated 16-electron complex 3CpV(CO)3 was observed, followed
by coordination of the silane solvent through a concerted spin-crossover/solvation mech-
anism, forming the ethyl-bound silane complex CpV(CO)4(EtSiHEt,). An additional
product was observed to form on the picosecond timescale, with v(CO) bands at lower
energy compared to the parent complex, in agreement with results reported by George
et al.,?** described above. With reference to photolysis of CpMn(CO); in HSiEt,, 159186
this species is assigned as a n? Si-H o-complex, CpV(CO)3(n2—H—SiEt3), which exhibits
some CpV(CO);H(SiEt,) character. As above for CpMn(CO);, ab initio calculations
suggested an elongated Si-H bond when compared with free silane, however this bond

length was not consistent with full oxidative activation at the V centre.

Harris and co-workers have also investigated the photochemistry of Fe(CO); in
triethylsilane. '8 The 16-electron coordinatively unsaturated species 3Fe(CO), was
observed in triethylsilane as the first photoproduct, however it was found to be unstable
on the picosecond timescale, decaying completely to form the silyl activated complex

1Fe(CO),H(SiEt;) within 1.2 ns.

Lomont, Nguyen and Harris highlighted the ability of 16-electron triplet species

to directly or partially activate Si-H bonds in their recent review.!?? The authors draw
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Singlet Silane Activation Kinetics
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SCHEME 4.3: Silane activation by singlet and triplet photoproducts following photolysis
of CpRh(CO), and CpCo(CO), in HSiEt,. Reproduced from ref 190.

an interesting comparison between the cases of CpRh(CO), and CpCo(CO),, shown

in Scheme 4.3 In the case of CpRh(CO),, photolysis in HSiEt, results in formation of

a singlet coordinatively unsaturated species, which is not observed spectroscopically,

which goes on to react with the solvent via two different pathways within 10 ps of

photolysis. Direct activation of the Si-H activated species is observed, along with

formation of the ethyl-bound o-complex. Subsequently, this o-complex then undergoes

slow activation on the microsecond timescale.? In contrast, CpCo(CO), shows fast

Si-H activation on the picosecond timescale, directly from the 16-electron intermediate

3CpCo(CO), which is observed spectroscopically. 144

While all of the studies reported above involve formation of an Si-H activated or
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partially activated species, with either a nonclassical interaction or formal oxidative
addition to the metal centre, this scenario is not universal among the transition metal
complexes. A 2000 study by Harris and co-workers, reported photolysis of M(CO)g
(M = Cr, Mo, W) in triethylsilane and triisopropylsilane.3* Following photolysis and
subsequent carbonyl loss, the unsaturated species M(CO), was observed to be rapidly
solvated through the ethyl-moiety of the silane to form a o-complex. This species is
not stable however, giving way to the Si-H bound o-complex on the picosecond to
nanosecond timescale. A dissociative rearrangement mechanism is proposed, with the
silane solvent dissociating from the metal centre, before re-coordinating in a different

orientation to allow bonding through the Si-H moiety.

4.1.2 Aims

The initial aim of the work presented in this Chapter was to study silane coordination
and activation using time-resolved XAFS spectroscopy. Initially, TRMPS spectroscopy
was used to examine the photochemistry of a series of model transition metal complexes
in HSiEt;. The transition metal complexes selected for study herein have previously
shown strong evidence for formation of transition metal noble gas and alkane complexes

in room temperature perfluoroalkane solution (Chapters 2 and 3 of this Thesis).

By replicating the solution concentration, solvent conditions and photoexcita-
tion wavelength that will be utilised in future TR-XAFS experiments, hydrosilane
photochemistry was used as a model system to test the methodology for formation
of transition metal noble gas and alkane complexes described in previous Chapters.

Hydrosilane chemistry, particularly Si-H bond activation offers an interesting test case

228



Chapter 4. Time-Resolved Studies of Organometallic Triethylsilane Complexes

for TR-XAFS due to the change in oxidation state which occurs at the metal centre.
Changes in oxidation state are known to result in changes in the near-edge and edge
regions of the XAFS spectrum, while the change from coordination of a CO ligand to
coordination through an Si-H bond should also result in changes to the EXAFS region
of the spectrum, potentially allowing structural identification of a silane o-complex,

and observation of activation kinetics.

4.2 Results and Discussion

As stated above, the photochemistry of transition metal carbonyl species in neat
triethylsilane solvent has been studied in great detail previously by the Harris group,
and much of the TRIR work presented in this Chapter will begin by repeating the work
of Harris and co-workers. Repeating the work of Harris and co-workers has allowed
us to examine known chemistry under conditions which may be conducive to future
TR-XAFS studies. Despite the wealth of previously published work, there is still
much to examine in this field, and the advent of techniques such as TRMPS allow for
kinetics observations to be made across the picosecond, nanosecond and microsecond
timescale in a single experiment. The work presented in this Chapter represents a
major step towards our ultimate aim of characterising organometallic noble gas and

alkane complexes in room temperature solution using TR-XAFS.
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4.2.1 TRMPS Studies of CpMn(CO); in Neat Triethylsilane

The photolysis of CpMn(CO), in neat triethylsilane has been previously studied in
detail by Harris and co-workers, utilising 295 and 325 nm photolysis. 159186187 A]]

studies presented within this Chapter are undertaken using 266 nm photolysis, which is

selected due to its wide availability.

Figure 4.1 shows a series of TRMPS difference spectra recorded following 266
nm photolysis of CpMn(CO), in pure HSiEt; under an Ar atmosphere at 298 K.
Immediately following photolysis the two parent v(CO) bands of CpMn(CO), (2027
and 1945 cm™) were observed to bleach, along with formation of four vibrationally
hot v(CO) features. These features were observed to narrow and blue-shift over the
first 30 ps following photolysis, to yield four distinct »(CO) bands, the lowest energy
of which appears very broad (2001, 1959, 1892 and 1840 cm™). Yang et al. assign
two initially formed v(CO) bands following photolysis of CpMn(CO), in HSiEt; as
the triplet unsaturated dicarbonyl *CpMn(CO),. However, the v(CO) bands of the
species assigned by Yang (ca. 2000 and 1883 cm™) do not match those observed here.
Recent matrix isolations studies have indicated that the ¥(CO) band reported at ca.
1883 cm™ by Yang et al. may not be due to the triplet species 2CpMn(CO),,? and
that a further v(CO) at lower energy is expected, which was not observed by Yang
due to experimental constraints on the spectroscopic window. The observation of two
v(CO) bands at 2001 and 1840 cm™!, assigned to 3CpMn(CO),, is in agreement with

previous matrix isolation studies, as well as work presented in Chapter 1 of this Thesis.

In addition to the presence of 3CpMn(CO),, the TRMPS difference spectra
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FIGURE 4.1: Selected ps and ns TRMPS difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of CpMn(CO), in HSiEt; under

an Ar atmosphere. Initial formation of 3CpMn(CO),, followed by direct partial Si-H

activation from *CpMn(CO), to form CpMn(CO),(H-SiEt,), and indirect partial

Si-H activation through formation of the silane o-complex CpMn(CO),(HSiEt;) can
be seen.
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recorded on the picosecond timescale following photolysis shows two v(CO) bands at
1959 and 1892 cm™. These two bands correspond to formation of a solvated singlet
complex of the form leMn(CO)QX, in agreement with previous studies. ®3-150,173,186,187
The v(CO) band positions of this species agree with those reported by Yang et al.,

who assign this species as a triethylsilane o-complex, bound through an ethyl moiety

CpMn(CO), (EtSiHEt,). 150,186,187

Two additional ©(CO) bands are observed in the spectra recorded 7, 100 and
1000 ns following photolysis. These v(CO) bands (1977 and 1914 cm™) appear at
higher energy relative to those of the silane o-complex, suggestive of a decrease in
electron density present on the metal centre. Two similar v(CO) bands (1979 and

ca. 1915 cm™) were assigned by Yang et al. as the Si-H partial activation product

CpMn(CO),(H~SiEt,).

Examination of the growth and decay of the three species involved in this reaction
reveals two different pathways for formation of the final partially activated species
CpMn(CO),(H-SiEt,). Figure 4.2 shows kinetic traces from TRMPS difference spectra
recorded on the picosecond timescale following 266 nm photolysis of CpMn(CO); in
HSiEt;. The decay of the triplet dicarbonyl species *CpMn(CO), (7 = 100 (£10) ps)
is accompanied by the growth of both CpMn(CO), (EtSiHEt,) (7 = 85 (£10) ps) and
the initial growth of the partially Si-H activated product CpMn(CO),(H--SiEt,) (7 =
90 (£15) ps). The good agreement between the experimental lifetimes of these three
processes is indicative of direct formation of both the silane solvent complex and the

Si-H partially activated species from the unsaturated 16-electron triplet species. These
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results show good agreement with Yang et al., who also observed a correlation between

the decay of 3CpMn(CO)2 and the growth of the partially activated species.
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FIGURE 4.2: Single-point kinetic traces from TRMPS difference spectra recorded
on the picosecond timescale following 266 nm photolysis of CpMn(CO), in
HSiEt; under Ar, showing decay of *CpMn(CO), (2001 ¢cm™, circles), formation
of CpMn(CO),(EtSiHEt,) (1959 cm™, squares) and initial direct formation of
CpMn(CO),(H-SiEt;) (1977 cm™, triangles). Solid lines are mono-exponential fits.

Examination of the nanosecond kinetics from TRMPS difference spectra shows
the second pathway through which CpMn(CO),(H--SiEt,) is formed. Figure 4.3 shows
kinetic traces from difference spectra recorded on the nanosecond timescale, showing
the decay of the silane solvent complex (7 = 155 (£15) ns) and further formation of
CpMn(CO),(H~SiEts) (7 = 145 (10) ns). The matching rates of formation and decay
of these two species is indicative of direct formation of CpMn(CO),(H--SiEty) from the
ethyl-bound silane o-complex. Again, this observation is in agreement with the work

of Yang et al., who proposed a reaction mechanism based on their photolysis studies,

233



Chapter 4. Time-Resolved Studies of Organometallic Triethylsilane Complexes

Normalised A Abs.

0 200 400 600 800 1000

Time / ns

FIGURE 4.3: Single-point kinetic traces from TRMPS difference spectra recorded on the

nanosecond timescale following 266 nm photolysis of CpMn(CO), in HSiEt; under Ar,

showing decay of CpMn(CO), (EtSiHEt,) (1959 cm™, squares) and further formation

of CpMn(CO),(H--SiEt;) (1977 cm™, triangles), which is the final photoproduct.
Solid lines are mono-exponential fits.

shown in Scheme 4.2.150 The ratio of the two initially formed species, *CpMn(CO),
and CpMn(CO),(EtSiHEt,) was observed to be ca. 1:1 (assuming the same extinction
coefficient), in agreement with observations following short-wavelength photolysis
experiments by Yang et al., while the ratio of CpMn(CO),(H--SiEt,) formed directly
from the triplet to CpMn(CO),(H~SiEt;) formed through the singlet solvent complex

is ca. 4:1, again in good agreement with previously published work.

Changing the excitation wavelength from 295 to 266 nm appears to results in
very little change in the observed chemistry following photolysis. 295 nm resides in a
well between two electronic absorption bands of CpMn(CO),, leading Yang et al. to

conclude that two different reaction mechanisms can be accessed dependent upon the
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excitation wavelength selected. 266 nm resides on the shoulder of the higher energy of
these two absorption bands. Excitation at 266 nm should therefore, according to the
reported hypothesis, result in increased initial formation the solvated singlet compared
to the unsaturated triplet species. No significant different in the triplet:singlet ratio
is observed following 266 nm photolysis in this study, compared to previous studies
using longer excitation wavelengths. However, the observed ratio of these two species
is difficult to determine accurately at shorter excitation wavelengths due to increased

formation of vibrationally hot species on the fast picosecond timescale.

TABLE 4.1: v(CO) absorption band frequencies of CpMn(CO),, CpRe(CO),,
Cp*Re(CO)S, intermediates and photoproducts formed following photolysis in pure
triethylsilane. All experiments performed in solution phase at 298 K.

Compound v(CO) (cm™) Reference
CpMn(CO), 2027, 1945 This work
2029, 1946 150
3CpMn(CO), 2001, 1840 This work
2000, 1883 150
CpMn(CO), (EtSiHEt,) 1959, 1892 This work
1960, 1892 150
CpMn(CO), (H-SiEt;) 1977, 1914 This work
1979, 1915 150
CpRe(CO), 2029, 1939 This work
2030, 1939 150
CpRe(CO), (EtSiHEt,) 1949, 1885 This work
1948, 1887 150
CpRe(CO), (SiEt;)H 1989, 1918 This work
1990, 1918 150
Cp*Re(CO), 2009, 1945 This work
Cp*Re(CO), (EtSiHEt,) 1925, 1863 This work
Cp"Re(CO),(SiEt,)H 1966, 1897 This work
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TABLE 4.2: Observed rate constants (k,ps) for growth and decay processes of triplet

intermediates, solvent complexes and Si-H activation or partial activation products

observed following photolysis of CpMn(CO),, CpRe(CO), and Cp*Re(CO)3 in pure

HSiEt,. All data recorded at 298 K. a = Formation from a triplet intermediate. b =
Formation from a silane complex intermediate.

kobs (S'l)

Compound Growth? Growth? Decay
3CpMn(CO), 1.0 (£0.1) x 100
CpMn(CO), (EtSiHEt,) 1.2 (£0.1) x 10%° 6.5 (£0.6) x 106
CpMn(CO), (H-SiEt,) 1.1 (£0.1) x 101 6.9 (£0.5) x 106

CpRe(CO), (EtSiHEt,) 1.3 (£0.1) x 10°
CpRe(CO),(SiEt,)H 1.4 (£0.1) x 10°

Cp"Re(CO), (EtSiHEt,) 4.2 (£0.3) x 10°
Cp*Re(CO),(SiEt,)H 4.2 (£0.3) x 10°

4.2.2 TRMPS Studies of CpRe(CO), and Cp"Re(CO), in Neat Tri-

ethylsilane

Further to the studies presented above, TRMPS difference spectra were also recorded
following photolysis of CpRe(CO)4 in neat HSiEt;. As above, this experiment has been
previously reported by the Harris group,®%!87 however once again these experiments
were performed using 295 nm as a photolysis wavelength to induce carbonyl loss. In

this study, 266 nm irradiation was utilised.

Figure 4.4 shows a series of selected TRMPS difference spectra recorded following
266 nm photolysis of CpRe(CO), in HSiEt,. Following photolysis, the two parent
v(CO) absorptions (2029 and 1939 cm™) bands were observed to bleach within 1 ps,
followed by formation of three broad v(CO) features which have been previously assigned
as absorption due to the vibrationally excited electronic ground state of the parent

CpRe(CO),4 observed in Chapter 3 of this Thesis, as well as in previously published

236



Chapter 4. Time-Resolved Studies of Organometallic Triethylsilane Complexes

1 s

A Abs.

A Abs. = 0.001

b)

g

2040 2000 1960 1920 1880
Wavenumber / cm’”

Abs.

FIGURE 4.4: Selected ns TRMPS difference spectra recorded at a series of time

delays following 266 nm photolysis of a solution of CpRe(CO), in HSiEt; under an

Ar atmosphere. Initial formation of CpRe(CO),(EtSiHEt,), followed by direct Si-H
activation to form CpRe(CO),(SiEt,)H can be seen.

work. 190290 Following decay of this vibrationally excited state on the picosecond
timescale, four new v(CO) bands were observed at 1989, 1949, 1918 and 1885 cm™.

Two of these v(CO) bands (1949 and 1885 cm™) are consistent with formation of
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a dicarbonyl intermediate of the form CpRe(CO),X, assigned by Yang et al. as the
ethyl-bound silane o-complex CpRe(CO),(EtSiHEt,). The two remaining v(CO) bands
observed at 1989 and 1918 cmare shifted to higher wavenumber compared to those
of the silane o-complex, indicative of an Si-H activation product. These two v(CO)
bands are therefore assigned to CpRe(CO),(SiEt)H, in accordance with previous
studies. 199187 Appearance of a small amount of the Si-H activation product on the
picosecond timescale is indicative of fast formation small concentration of the Si-H

bound o-complex CpRe(CO),(H—-SiEt,), which then undergoes fast activation.

Normalised A Abs.

0 20 40 60 80 100
Time / ps

FIGURE 4.5: Single-point kinetic traces from TRMPS difference spectra recorded on

the nanosecond timescale following 266 nm photolysis of CpRe(CO), in HSiEt; under

Ar, showing decay of CpRe(CO),(EtSiHES,) (1949 cm™, circles) and formation of
CpRe(CO),(SiEt;)H (1989 cm™, squares). Solid lines are mono-exponential fits.

The two v(CO) bands corresponding to the CpRe(CO),(EtSiHELt,) were observed

to decay on the same timescale as additional formation of CpRe(CO),(SiEt4)H. Kinetic
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traces from TRMPS difference spectra showing this process are shown in Figure 4.5.
The rates of decay of CpRe(CO),(EtSiHEt,) (7 = 7.6 (+0.8) us) and growth of
CpRe(CO),(SiEtg)H (7 = 7.3 (£1.2) pus) were observed to match, indicating direct
Si-H activation from the ethyl-bound complex via the same rearrangement-activation
mechanism observed for CpMn(CO),. This observation is in agreement with previously

reported photolysis experiments. 1°°

[] il 1
»
e
<
<
ao)
Q
7))
:,_‘—1
<
S
—
S
Z.
P K J |

0 3000 6000 9000 12000 15000 18000
Time / ns

FIGURE 4.6: Single-point kinetic traces from TRMPS difference spectra recorded on

the nanosecond and microsecond timescale following 266 nm photolysis of Cp Re(CO) 3

in HSiEt; under Ar, showing decay of Cp"Re(CO),(EtSiHEt,) (1925 cm™, circles)

and formation of Cp Re(CO),(SiEt;)H (1966 cm™, squares). Solid lines are mono-
exponential fits.

The photochemistry of Cp*Re(CO)3 in HSiEt, following 266 nm irradiation was
also examined as part of this study. As above for CpRe(CO);, photolysis resulted in
bleaching of the parent v(CO) bands (2009 and 1945 cm™) and formation of vibrationally

hot ground state v¥(CO) bands, which decay on the picosecond timescale to yield
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four »(CO) bands assigned to Cp Re(CO),(EtSiHEt,) (1925 and 1863 cm™) and
CpRe(CO)4(SiEt;)H (1966 and 1897 cm™). Decay of the silane o-complex (7 = 2.4
(£0.2) us) is accompanied by growth of the Si-H activation product (7 = 2.4 (+0.3)
us), as observed above. Kinetic traces from TRMPS spectra showing this process are
shown in Figure 4.6. The rate of this process is observed to be faster than for the
unsubstituted CpRe(CO);. It is possible that this increased rate of activation is a result
of the increased electron density on the metal centre due to the addition of electron

donating methyl groups to the Cp-ring.

The reaction mechanism observed following photolysis of CpRe(CO); and
Cp Re(CO)s, is less complex that that observed for CpMn(CO), due to the absence of
formation of a 16-electron intermediate. However, there are still two possible routes
to the final photoproduct, the Si-H activated species. Scheme 4.4 shows the observed
reaction mechanism following 266 nm photolysis of CpMn(CO);, CpRe(CO); and

Cp Re(CO),, in agreement with the work of Harris and co-workers. 1°0:187

4.2.3 TRMPS Studies of CpMn(CO), and CpRe(CO), in Triethylsilane-

Doped Perfluoro(methylcyclohexane)

Any future TR-XAFS studies on the room temperature formation of organometallic
noble gas, methane or ethane complexes will necessitate the use or perfluorinated
solvents, in order to ensure formation of the desired coordination complex, in accordance
with the methodology outlined in Chapters 2 and 3 of this Thesis. In this Thesis, as

well as in previously reported studies,”” ™ perfluoro(methylcyclohexane) (PFMCH)
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SCHEME 4.4: Reaction mechanism observed following 266 nm photolysis of
CpMn(CO),, CpRe(CO), and Cp*Re(CO)S. Reaction pathways concerning only by
CpMn(CO), are shown in blue, while reaction pathways concerning only CpRe(CO),
and Cp"Re(CO), are shown in red. a) Direct formation of Si-H activated or partially
activated species through Si-H bound o-complex. b) Spin-crossover to form ethyl-
bound o-complex. c) Rearrangement-activation of the ethyl-bound o-complex. d)
Direct Si-H activation from the triplet species. The structure of the final activated or
partially activated species is shown with a formally broken Si-H bond for simplicity.

has been shown to be an incredibly useful solvent environment for the formation of
weakly coordinated organometallic complexes. It is to this end that the photolysis of
CpMn(CO)4 and CpRe(CO)4 will be reexamined in PEMCH doped with triethylsilane,

to determine if the activation chemistry described above is still accessible.

Figure 4.7 shows a series of TRMPS difference spectra recorded on the nanosecond
timescale following 266 nm photolysis of CpMn(CO), in PEFMCH doped with 0.5 M
HSiEt,; under an Ar atmosphere. Immediately following photolysis, the two parent bands
of CpMn(CO); (2033 and 1953 cm™') were observed to bleach. Following vibrational
cooling processes on the picosecond timescale, four new v(CO) bands were observed

to form within 1 ns following photolysis at 2007, 1966, 1897 and 1849 cm™. Two
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of these bands (2007 and 1847 cm™) are assigned to the 16-electron triplet species
3CpMn(CO)2, in accordance with previous work reported in this Chapter, as well as
Chapter 2 of this Thesis and previously published studies.?® The other two v(CO)
bands (1966 and 1897 cm™) are indicative of formation of a singlet dicarbonyl solvent
complex of the form 'CpMn(CO),X. The spectrum recorded 8 ns following photolysis
shows two additional v(CO) bands at 1985 and 1919 ecm™!, appearing to lower energy
compared to the v(CO) bands of the singlet dicarbonyl species, indicating formation of
an Si-H partial activation product. These v(CO) bands are therefore assigned as the

silyl hydride CpMn(CO),(H-SiEt,).

Similarly to studies presented above in neat triethylsilane, CpMn(CO),(H--SiEts)
appears to form through two different pathways. The decay of the 16-electron triplet
species 3CpMn(CO), (7 = 4.3 (£0.2) ns) is accompanied by both initial growth
of the partially activated species (1 = 4.7 (£0.5) ns), as well as growth of the
singlet dicarbonyl complex (7 = 4.2 (£0.4) ns). The growth of this dicarbonyl
species from the unsaturated species is observed to be faster than the growth of
1CpMn(CO)4(C,F,,) from 3CpMn(CO), as observed in Chapter 2 of this Thesis (7 =
18 (£2) ns). This dicarbonyl species is therefore assigned as the ethyl-bound silane o-
complex CpMn(CO), (EtSiHEt,). The growth of this silane complex is slower than that
observed in pure HSiEt;, however this can be attributed to the decreased concentration

of HSiEt, in this solvent system.

Figure 4.8 shows kinetic traces from TRMPS spectra recorded following 266 nm

photolysis. In addition to initial formation of the partially Si-H activated species
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FIGURE 4.7: Selected ns TRMPS difference spectra recorded at a series of time
delays following 266 nm photolysis of a solution of CpMn(CO), PFMCH with 0.5 M
HSiEt; under an Ar atmosphere. Decay of *CpMn(CO),, accompanied by direct Si-H
activation to form CpMn(CO),(H-SiEt,) and formation of CpMn(CO), (EtSiHE#,),
followed by additional formation of CpMn(CO),(H-SiEt;) can be seen.

from 3CpMn(CO)2, further formation is observed on the nanosecond timescale through
decay of CpMn(CO),(EtSiHEt,). The rate of decay of CpMn(CO),(EtSiHEt,) (7 =

135 (£15) ns) and further growth of CpMn(CO),(H--SiEt;) (7 = 155 (+20) ns) were
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FIGURE 4.8: Single-point kinetic traces from TRMPS difference spectra recorded on
the nanosecond timescale following 266 nm photolysis of CpMn(CO), in HSiEt; doped
PFMCH under Ar, showing decay of 2*CpMn(CO),, (circles), formation and subsequent
decay of CpMn(CO),(EtSiHEt,) (squares) and formation of CpMn(CO),(H--SiEt;)
(triangles). Solid lines are mono-exponential or bi-exponential fits.

observed to be within error of each other, and are also in agreement with lifetime
values reported above in pure HSiEt, as well as previously published values. 150,187 Fyrom
this study it can be concluded that Mn-mediated silane activation chemistry is still

accessible upon doping of HSiEt; into PFMCH.
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TABLE 4.3: Observed rate constants (k,ps) for growth and decay processes of triplet

intermediates, solvent complexes and Si-H activation or partial activation products

observed following photolysis of CpMn(CO),, CpRe(CO), in PFMCH doped with
HSiEt, (0.5 M) under Ar. All data recorded at 298 K.

kobs (S'l)
Compound Growth Decay
3CpMn(CO), 2.3 (+0.1) x 108
CpMn(CO), (EtSiHELt,) 2.4 (+0.2) x 108 7.3 (£0.7) x 106
CpMn(CO),(H-SiEt;) 2.1 (£0.2) x 108
6.5 (£0.7) x 106
CpRe(CO), (EtSiHEt,) 9.9 (£1.0) x 10°

6.7 (+0.6) x 10*
CpRe(CO),(SiEt;)H 9.6 (£1.0) x 10°
7.4 (£0.6) x 10*

In neat HSiEt;, the photochemistry of CpRe(CO); was found to be relatively
uncomplicated when compared to CpMn(CO),, due to lack of a coordinatively unsat-
urated intermediate. Upon photolysis of CpRe(CO); in PFMCH doped with 0.5 M
HSiEt,, however, this chemistry becomes more complex. Figure 4.9 shows a series
of TRMPS difference spectra recorded on the nanosecond timescale following 266 nm
photolysis of CpRe(CO)4 in HSiEt; doped PFMCH. Immediately following photolysis,

the two parent #(CO) bands of CpRe(CO); are bleached (2037 and 1948 cm™).

The spectrum recorded 1 ns following photolysis shows several v(CO) features.
A broad v(CO) feature is observed at 1964 cm™, along with additional features at
lower wavenumber (1895 and 1889 cm™). Over the first few nanosecond following
photolysis, the higher energy broad feature is observed to blue-shift and sharpen, while
the small feature at 1889 cm 'decays completely, concurrently with additional formation
of the v(CO) band at 1895 cm™. This scenario is reminiscent of the interchange

between two different dicarbonyl transients of the form CpRe(CO),X observed in neat
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FIGURE 4.9: Selected ns TRMPS difference spectra recorded at a series of time delays

following 266 nm photolysis of a solution of CpRe(CO); in PFMCH doped with

HSiEty (0.5 M) under an Ar atmosphere. Decay of CpRe(CO),X, accompanied by
Si-H activation to form CpRe(CO),(SiEt;)H can be seen.

perfluoroalkane solvents, reported in Chapter 3 of this Thesis. In those studies, the

initial dicarbonyl intermediate was tentatively assigned as the singlet unsaturated
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intermediate CpRe(CO), by examination of both experimental and calculated v(CO)
band frequencies. It is concluded that the dicarbonyl intermediate initially observed in

this case is likely to be the same as that observed in neat PFMCH, reported in Chapter

3.
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FIGURE 4.10: Single-point kinetic traces from TRMPS difference spectra recorded on

the nanosecond timescale following 266 nm photolysis of CpRe(CO), in PFMCH doped

with HSiEt, (0.5 M) under Ar, showing decay of CpRe(CO), (EtSiHEt,) (circles), and
formation of CpRe(CO),(SiEt,)H (squares). Solid lines are bi-exponential fits.

As in pure HSiEt, solvent, Si-H activation is observed to occur on the microsecond
timescale. Figure 4.10 shows kinetic traces from TRMPS spectra showing the decay
of the second dicarbonyl intermediate and the growth of the silyl hydride product
CpRe(CO),(SiEt;)H, which exhibits #(CO) bands at 1999 and 1926 cm™'. Unlike

studies in pure HSiEt; however, both the growth and decay processes appear to consist

of two components. The two components of the growth of the silyl hydride species (7
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= 1.1 (£0.1) and 13.5 (£1.5) us) were observed to match those of the decay of the

dicarbonyl species (7 = 1.0 (£0.1) and 15 (£1.5) ps).
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SCHEME 4.5: Proposed reaction mechanism observed following 266 nm photolysis of

CpMn(CO), and CpRe(CO), in HSiEt;-doped PFMCH. a) Formation of ethyl-bound

silane o-complex. b) Direct, fast Si-H activation or partial activation. ¢) Slow Si-H

activation or partial activation through rearrangement-activation of the ethyl-bound

o-complex. d) Formation of a PFMCH solvent complex. The structure of the final

activated or partially activated species is shown with a formally broken Si-H bond for
simplicity.

The presence of CpRe(CO),(SiEt;)H in solution suggests the presence of
CpRe(CO),(EtSiHEt,), while the slowed rate of activation when compared with studies
in neat HSiEt, 199187 suggests possible formation of CpRe(CO)y(C,F,,) as an interme-
diate. Indeed, the v¥(CO) bands of the second dicarbonyl intermediate match those
reported in Chapter 3 of this Thesis for CpRe(CO),(C,F,,). It is proposed that following
initial formation of CpRe(CO),, the PFMCH solvent binds to form CpRe(CO),(C,F,,).
The initial fast component of the growth of CpRe(CO),(SiEt4)H is proposed to be due
to direct activation of the Si-H bond from the PFMCH solvent complex. It is also

possible that this fast component contains some contribution from silane o-complexes

which are formed directly from the coordinatively unsaturated intermediate. The slower

248



Chapter 4. Time-Resolved Studies of Organometallic Triethylsilane Complexes

component may be due to Si-H activation through the ethyl-bound silane o-complex
CpRe(CO),(EtSiHEt,), which also forms from the solvent complex CpRe(CO),(C,F,,).
The experiment was repeated using n-heptane as the solvent, in place of PFMCH. In
this case the spectra showed only formation of a dicarbonyl n-heptane complex with no
evidence of Si-H activation, indicating that the alkane solvent is much more strongly
binding than the silane. While the results exhibited here may resemble those reported
in Chapter 3 following photolysis of CpRe(CO); in cyclopentane-doped PFMCH in
which no PFMCH complex is observed, the slowed rate of Si-H activation upon moving
from neat HSiEt; to HSiEt;-doped PFMCH is suggestive of some interaction with
the solvent. Scheme 4.5 shows the proposed reaction mechanisms observed following
photolysis of CpRe(CO); and CpMn(CO), in HSiEts-doped PEMCH. As above, while
PFMCH may alter the chemistry observed following photolysis of CpRe(CO); in the
presence of triethylsilane, Re-mediated Si-H activation is still observed, indicating that

this may be a useful test system for future TR-XAFS experiments.

TABLE 4.4: v(CO) absorption band frequencies of CpMn(CO),, CpRe(CO), and
intermediates and photoproducts formed following photolysis in HSiEt, doped PFMCH
under Ar. All experiments performed in solution phase at 298 K.

Compound v(CO) (cm™)
CpMn(CO), 2033, 1953
3CpMn(CO), 2007, 1849
CpMn(CO), (EtSiHEt,) 1966, 1897
CpMn(CO), (H-SiEt,) 1985, 1919
CpRe(CO), 2036, 1948
CpRe(CO), 1964, 1895
CpRe(CO), (EtSiHE,) 1958, 1889
CpRe(CO), (SiEt,)H 1999, 1926
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4.2.4 TRMPS Studies of W(CO), in Neat Triethylsilane

The high stability of tungsten alkane and noble gas complexes reported previously 34
makes W(CO), an exciting prospect for future TR-XAFS studies of these species. In
addition to this, W(CO)4 exhibits relatively high solubility in perfluoroalkane solvents,
allowing access to higher sample solution concentrations which are not possible for

compounds such as CpMn(CO),; and CpRe(CO)s;.

W(CO)4 does not exhibit Si-H activation chemistry, however photolysis of
W(CO)4 in HSiEt; may still present an interesting model system for future stud-
ies of alkane o-complexes, as well as noble gas complexes. The large expected change
in the XAFS difference spectra upon activation due to the change in oxidation state at
the metal centre will not be observed, however finer differences in the EXAFS region of
the spectrum due to removal of a carbonyl ligand and addition of the silane solvent
will still be evident. It is with this in mind that the work of Kotz et al., who undertook
an extensive TRIR study on the 295 nm photolysis of M(CO)4 (M = Cr, Mo, W) in

triethylsilane, 34 is repeated herein.

Figure 4.11 shows a series of TRMPS spectra recorded following 266 nm photolysis
of W(CO)g in HSiEt; under an Ar atmosphere. The spectrum recorded 1 ps following
photolysis shows bleaching of the parent v(CO) band at 1983 cm™, and formation of
a broad v(CO) feature to lower wavenumber. This broad feature sharpened over the
following 30 ps to yield two distinct v(CO) bands at 1954 and 1940 cm™. With reference
to the work of Kotz et al. 3* these (CO) bands are assigned to the ethyl-bound silane

o-complex W(CO), (EtSiHEt,). This species is not stable, however, decaying to yield
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FIGURE 4.11: Selected ps and ns TRMPS difference spectra recorded at a series of

time delays following 266 nm photolysis of a solution of W(CO)4 in HSiEty under

an Ar atmosphere. Formation of the ethyl-bound W(CO),(EtSiHEt,), following by
rearrangement of the HSiEt, ligand to form W(CO),(H—SiEt;) can be observed.

another pentacarbonyl species with a single resolvable v(CO) feature at 1950 cm™. This
shift to lower wavenumber is consistent with increased donation of electron density from

ligand to metal, consistent with binding of an Si-H compares to a C-H moiety in an 7?
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fashion. This species is assigned to the Si-H bound silane o-complex W(CO),(H—SiEt;).
An additional v(CO) band is expected at lower wavenumber, however this feature is
expected to be weak and is therefore not observed. This is in agreement with previous

studies. 314
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FIGURE 4.12: Single-point kinetic traces from picosecond and nanosecond TRMPS

difference spectra recorded following 266 nm photolysis of W(CO)4 in HSiEt; under Ar,

showing decay of W(CO),(EtSiHEt,) (circles) and formation of W(CO),(H—SiEt;)
(squares). Solid lines are bi-exponential fits.

The rates of growth of W(CO),(H—SiEt,) and the decay of W(CO),(EtSiHEt,,)
were observed to match, indicating direct formation of the former from the latter. Figure
4.12 shows kinetic traces from TRMPS spectra showing this process. Both the growth
and decay processes shown in Figure 4.12 appear to be composed of a fast component

and a slow component. The fast component of this process (7 = ca. 70 ps) occurs on

approximately the same timescale as vibrational cooling of the initially formed species,
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which may have some bearing on the observed kinetics. The slower component is
observed to occur on the fast nanosecond timescale, and shows a clear link between the
decay of W(CO),(EtSiHEt,) (7 = 2.0 (+0.3) ns) and the growth of W(CO),(H—SiEt,)
(1 = 2.5 (£0.4) ns). In general, the kinetics of these process are in good agreement with
previous studies, in which the authors cite the formation of vibrationally hot species,
the v(CO) bands of which overlap with the species of interest, as a possible reason for
the observed bi-exponential behaviour for this solvent rearrangement process. Kotz et
al. conclude that the rearrangement of the solvent occurs via the Dobson mechanism of
dissociative rearrangement.3!'# The results presented herein are not inconsistent with
this conclusion. A comparison of the observed rate constants and v(CO) band positions

presented in this work with those presented by Kotz et al. is shown in Table 4.5.

TABLE 4.5: v(CO) absorption band frequencies of W(CO),, W(CO),(EtSiHEt,) and

W(CO),(H—-SiEt5) formed following photolysis in HSiEt; under Ar. Observed rate

constants (kops) for are also given, taken from the most intense v(CO) band in each

case. All experiments performed in solution phase at 298 K. Literature values are
provided for comparison.

v(CO) kops (s71)

Compound (cm™) Fast Slow Reference
W(CO), 1983 This work
W(CO), (EtSiHEt,) 1953, 1940 1.4 (£0.2) x 101 5.0 (+£0.5) x 108  This work
W(CO),(H-SiEty) 1950 1.6 (£0.2) x 10'® 4.0 (+0.5) x 108  This work
W(CO), 1983 314
W(CO), (EtSiHEt,) 1953, 1935 2.1 (£0.2) x 100 4.2 (+0.6) x 10° 314
W(CO),(H-SiEty) 1950 4.5 (£1.9) x 101 5.0 (£4.0) x 108 314
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4.2.5 Preliminary TR-XAFS Studies of CpRe(CO), and W(CO), in

Neat HSiEt,

Following TRIR and TRMPS studies described above, preliminary TR-XAFS spectro-
scopic studies of both CpRe(CO); and W(CO); in triethylsilane were undertaken, to

determine the viability of future studies of organometallic and alkane complexes.

4.2.5.1 TR-XAFS Spectroscopy of CpRe(CO), in Neat HSiEt,

XAFS studies of CpRe(CO); in neat HSiEt, were performed at the Advanced Photon
Source (APS), Argonne National Laboratory, Illinois, USA. Studies were undertaken
in collaboration with Drs. Xiaoyi Zhang and Qingyu Kong of the APS, Dr. Andrew
Dent of the Diamond Light Source, Drs. Stuart Bartlett and Michelle Hamilton of the
Rutherford Appleton Laboratory, Dr. Raphael Horvath of the University of Nottingham

and Prof. John Evans of the University of Southampton.

Figure 4.13 shows the ground state x-ray absorption spectrum of CpRe(CO), in
neat triethylsilane, along with XAFS difference spectra recorded at two different time
delays following 266 nm photolysis of CpRe(CO), in HSiEt; under Ar. The ground
state spectrum shows a large absorption edge at 10.539 keV, with no resolvable pre-edge
features. The higher energy region of the spectrum shows small oscillations in absorbance
indicative of the coordination geometry and nature of the coordinated ligands. The
difference spectrum recorded 150 ns following 266 nm photolysis of CpRe(CO); in
HSiEt,, shows significant noise. This is likely due to the low concentration of any

transient species produced in solution. However, despite this the spectrum does show
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FIGURE 4.13: Ground state Re Ls-edge XAFS spectrum of CpRe(CO), in neat HSiEty

(black), and XAFS difference spectra recorded 150 ns (red) and 1500 ns (blue) following

266 nm photolysis of a solution of CpRe(CO), in HSiEt; under an Ar atmosphere. A

small shift in the absorption edge following photolysis can be seen, as well as decay of
a transient on the microsecond timescale.

some changes compared to the ground state spectrum. A negative feature at 10.536
keV and positive feature at 10.540 keV can be observed, indicating a small shift in the
absorption edge following photolysis. This change is possibly indicative of a change in

the electron density at the metal centre.

Examination of the higher energy region of the spectrum shows similar oscillations
to those observed in the ground state spectrum. From the TRMPS data reported

above, we would expect to observe CpRe(CO),(EtSiHELt,) in solution following 266 nm
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photolysis, along with a small amount of the Si-H activated species CpRe(CO),(SiEt4)H.
It is not clear from these spectra alone which of these species, if any, are observed
during the XAFS studies presented here. There is, however, a clear change in the
intensity of the observed features upon comparison of spectra record 150 ns and 1500
ns following photolysis. Both the negative and positive features observed in the 150
ns spectrum appear to have decreased in intensity after 1500 ns, indicating the decay
of a transient species. The timescale of this decay is similar to the observed decay
of CpRe(CO),(EtSiHEt,) to form CpRe(CO),(SiEt,)H, as reported above. However,
no additional positive features are observed to form concurrently with this decay
process, which would be expected for the chemistry observed during TRMPS studies.
Computational modelling and DFT studies are currently underway to aid in our

assignment of these XAFS spectra.

4.2.5.2 TR-XAFS Spectroscopy of W(CO), in Neat HSiEt,

XAFS studies of W(CO) in neat HSiEt; were performed at the Swiss Light Source
(SLS), Paul Scherrer Institut, Villigen, Switzerland. Studies were undertaken in col-
laboration with Drs. Grigori Smolentsev and Maarten Nachtegaal of the SLS, Drs.
Andrew Dent and Sofia Diaz-Moreno of the Diamond Light Source, Dr. Stuart Bartlett
of the Rutherford Appleton Laboratory, Dr. Raphael Horvath of the University of

Nottingham and Prof. John Evans of the University of Southampton.

As above for CpRe(CO),, the ground state XAFS spectrum of W(CO), in HSiEt,
shows a large absorption edge (10.208 keV), as well as some smaller oscillations to higher

energy of the absorption edge, indicating the nature of the coordination environment
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FIGURE 4.14: Ground state W Lz-edge XAFS spectrum of W(CO)4 in neat HSiEty

(black), and XAFS difference spectrum recorded 10 us (red) following 266 nm photolysis

of a solution of W(CO)4 in HSiEt; under a He atmosphere. A small shift in the

absorption edge, as well as subtle changes in the higher energy region of the spectrum
can be observed following photolysis.

around the metal centre. The XAFS difference spectrum recorded 10 us following 266
nm photolysis of W(CO) in neat HSiEt; under a He atmosphere shows a small shift
in the absorption edge to 10.207 keV. The direction of this shift following photolysis
is in contrast to that observed for CpRe(CO)4 above. In addition to this edge-shift,
the smaller features to higher energy of the edge also appear to shift to lower energy
compared to the ground state spectrum. Both of these features are potentially indicative

of a change in the coordination environment around the W metal. From TRMPS studies
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presented above, as well as those reported previously,'4

we would expect to observe
a single transient species W(CO),(H—SiEt5) 10 us following photolysis. However, as

above, these spectra cannot be conclusively assigned without computational modelling

and DFT studies, which are currently underway.

4.3 Conclusions and Future Outlook

In this Chapter, TRMPS has been utilised to examine the photochemistry of a series
of model transition metal carbonyl complexes in neat triethylsilane, as well as the

perfluorinated alkane perfluoro(methylcyclohexane) doped with HSiEt,.

266 nm photolysis of CpMn(CO), in pure HSiEt; was shown to produce a
variety of transient species. Initially, formation of both the 16-electron complex
3CpMn(CO), and the ethyl-bound silane complex CpMn(CO),(EtSiHEt,) were ob-
served. Direct Si-H activation on the picosecond timescale through a spin-forbidden
reaction of HSiEt; with 3CpMn(CO)2, is accompanied by a further spin-forbidden
interaction which results in additional formation of CpMn(CO),(EtSiHEt,). Fur-
ther Si-H activation on the nanosecond timescale was then observed through a con-
certed rearrangement-activation step to form CpMn(CO),(H--SiEts) from the ethyl-
bound complex CpMn(CO),(EtSiHEt,). Studies of CpRe(CO), and its derivative,
Cp*Re(CO)3 exhibited a simpler reaction mechanism, with initial formation of both
the Si-H activated species (CpRe(CO),(SiEty)H or Cp Re(CO),(SiEt;)H) and the

ethyl-bound silane o-complexes CpRe(CO),(EtSiHEt,) and Cp Re(CO),(EtSiHE,).
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Additional formation of the Si-H activated species is then observed on the microsec-
ond timescale. These observations are in good agreement with previously published

studies. 150,186,187

Addition of triethylsilane to a solution of CpMn(CO), in PFMCH was also
undertaken, to examine what changes, if any, the perfluoroalkane makes to the Si-
H activation chemistry observed in pure HSiEt;. 266 nm photolysis of CpMn(CO),
in PFMCH doped with triethylsilane resulted in initial formation of *CpMn(CO),
and CpMn(CO),(EtSiHEt,), with 3CpMn(CO), undergoing spin-forbidden reactions
with HSiEt, to form both the Si-H activation product CpMn(CO),(H~SiEt;) and the
ethyl-bound silane o-complex CpMn(CO),(EtSiHEt,) on the nanosecond timescale (7
= ca. 4.5 ns). Further Si-H activation through the ethyl-bound silane complex was
subsequently observed to occur with a lifetime of ca. 140 ns, matching observations in
pure HSiEt,, indicating that PFMCH has little effect on the Si-H activation chemistry of
CpMn(CO), while changes in the rate of the initial spin-forbidden reaction with HSiEt,
are slowed due to lowering the concentration of HSiEt, in solution. Additional of HSiEt,
to a solution of CpRe(CO), in PFMCH was shown to slow the Si-H activation chemistry
observed following 266 nm photolysis. This slowed rate of activation was attributed to
formation of CpRe(CO),(C,F,) in solution, which was proposed to undergo reaction
with HSiEt, to produce CpRe(CO),(SiEt4)H, as well as CpRe(CO),(EtSiHEt,), which
was observed to undergo Si-H activation itself. While PFMCH appears to slow the

formation of CpRe(CO),(SiEt4)H in solution, Si-H activation was still observed.

266 nm photolysis of W(CO), in neat HSiEt, was found to result in the initial

formation of a single pentacarbonyl species, assigned to the ethyl-bound silane o-complex
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W(CO),(EtSiHEt,), which was observed to decay on the nanosecond timescale to form
the Si-H bound complex W(CO),(H—SiEt;). These results appear in good agreement

with previously published work. 3

Finally, preliminary TR-XAFS results were presented, recorded following the 266
nm photolysis of CpRe(CO); and W(CO)g in neat triethylsilane under an inert atmo-
sphere. XAFS difference spectra recorded following photolysis of CpRe(CO), shows a
small shift in the absorption edge compared to the ground state spectrum, indicating the
possible formation of a transient species. This possible transient species was observed to
decay on the microsecond timescale, possibly indicating decay of CpRe(CO),(EtSiHE,)
as observed in TRMPS studies. XAFS difference spectra recorded following photolysis
of W(CO)g in HSiEt, also showed a small shift in absorption edge, as well as changes
in small features at higher energy, possibly indicative of changes in the coordination
environment around the W centre. The XAFS spectra presented could not be conclu-
sively assigned, and it is hoped that ongoing computational studies will allow us to

gain more insight into the reasons for the observed spectral changes.

While the TR-XAFS spectra presented in this Chapter are by no means conclusive,
future outlook for these studies remains positive. These preliminary results show that
it is possible to record XAFS spectra at the low (1-2 mM) solution concentrations
obtainable for metal carbonyl species in perfluoroalkane solvents, and that the low
conversion from ground state to the species of interest (1-10 %) does not prevent
us from observing spectral changes following photolysis. Future XAFS studies will
likely involve the use of a bespoke enclosed flow setup, currently being developed,

rather than the open jet system used in the investigations presented above. Use of an
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enclosed system with allow the addition of gases to the solution (e.g., Xe, methane etc.)
and decrease the likelihood of the sample solution being exposed to air or moisture.
It is hoped that computer modelling of the TR-XAFS spectra reported above will
allow us to determine whether the chemistry we have observed is in agreement with
previous TRMPS studies. From the studies performed so far there is no indication that
observation of organometallic alkane and noble gas complexes using the methodology
discussed in Chapter 2 and 3 is an impossible task, however it is clear from the studies
performed so far that some changes to the experimental setup will be required in order

to achieve this ultimate goal.

261






Chapter 5

Experimental

All of the instrumentation used to perform the experiments outlined in this Thesis has

24,38,39,315 This Chapter will present an overview

been described in detail elsewhere.
of the various time-resolved spectroscopy facilities that have been utilised throughout
the course of this PhD, including apparatus both at the University of Nottingham and
the Rutherford Appleton Laboratory, Harwell Oxford. The remaining sections of this

Chapter will detail the other apparatus and materials used during the work described

in this Thesis.

5.1 Time-Resolved Spectroscopic Measurements

Time-resolved spectroscopic measurements on the picosecond to microsecond timescale
were performed on apparatus at the University of Nottingham and the Rutherford Ap-
pleton Laboratory. Time-resolved infrared experiments at Nottingham were performed

in collaboration with Dr. Xue-Zhong Sun. A description of each of the instruments
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used in this Thesis is given below, including a description of how the spectroscopic data

were recorded and analysed in each case.

5.1.1 Nottingham TRIR Apparatus

The University of Nottingham ultrafast TRIR (time-resolved infrared) apparatus is
based on the PIRATE ultrafast infrared apparatus, previously located at the Rutherford
Appleton Laboratory, which is described in detail elsewhere.?* Laser pulses at 800
nm (2.3 mJ, 1 kHz, 140 fs) are produced by a Ti:sapphire oscillator (MaiTai, Spectra
Physics) in combination with a regenerative amplifier (Spitfire Pro, Spectra Physics).
These pulses are split into two beams. The first is used to pump a TOPAS-C optical
parametric amplifier (Light Conversion), followed by a difference frequency generator
to produce tunable mid-IR pulses (180 cm™ fwhm, ca. 2 pJ at 2000 cm™). These pulses
are split by a Germanium beam splitter, with a portion of the pulse aligned to a single
element MCT (mercury cadmium telluride) detector (Kolmar Technology) and acting
as a reference beam. The other half of the IR pulse is used as the probe beam, and
is directed to the sample area. The second part of the initial 800 nm pulse is used to
generate a pump pulse of 267 or 400 nm by harmonic generation (TimePlate Tripler,
Minioptic Technology Inc.). In order to study a specific time delay, the pump beam
is delayed using a translation stage (LMA Actuator, Aerotech). Using this technique,

time delays of up to ca. 2 ns become accessible.

For TRIR spectra on the nanosecond to microsecond timescale, the output of a
Q-switched Nd:YVO laser (1064 nm, 600 ps, Advanced Optical Technology) is frequency

quadrupled to produce a pump pulse at 266 nm. The pump and probe pulses are
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synchronised and the delay is set by a pulse generator (DG535, Stanford Research
Systems). This method allows time delays between pump and probe of 0.5 ns to 100 us

to be obtained.

After passing through the sample, the transmitted portion of the IR probe beam
is dispersed by a 250 nm IR monochromator (DK240, Spectra Physics) with a 150
L/mm grating, onto a 128-element MCT detector (Infrared Associates Inc.), giving

! resolution. For both picosecond and nanosecond timescale experiments, the

ca. 4 cm”
diameter of the pump beam (ca. 500 pum) is larger than that of the probe beam (ca. 200
pum). The signal is amplified by a 144-channel amplifier (Infrared Associates Inc.), then
digitised by a 16-bit analog to digital converter (IR0144, Infrared Systems Development

Corp.).

The ratio between pump-on and pump-off IR intensity measurements is used to
determine the change in absorbance (AAbs). Pump-off measurements are generated
using an optical chopper (500 Hz) which blocks every second pump pulse. In order to
avoid sample degradation and overheating, and to ensure that fresh sample is probed
with each laser pulse, the sample is rastered in the x and y planes, relative to the

incident probe pulse.

5.1.2 TRIR Apparatus at the Rutherford Appleton Laboratory

Picosecond and nanosecond TRIR measurements were performed at the ULTRA ultra-
fast infrared absorption facility at the Rutherford Appleton Laboratory, Harwell Oxford.
The ULTRA system has been described in detail elsewhere,?® so only a brief summary

is given. A pulse of 50 fs duration and 0.8 mJ output is produced by a Ti:sapphire
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dual output amplifier (Thales Laser) with a repetition rate of 10 kHz, at 800 nm. This
800 nm beam is then split into two. The first section is used to generate a 266 nm
UV pump pulse by third harmonic generation. The second is passed through optical
parametric amplifiers (TOPAS, Light Conversion) to produce the tunable mid-IR probe
beam. The IR probe beam is split into two to form probe and reference beams. After
passing through the sample, the IR probe is dispersed onto two linear 128-element MCT
array detectors (Infrared Associates). The 267 nm pump beam is focussed to a spot
size of ca. 100 pm, and overlapped at the sample position with the mid-IR probe beam,
which is focussed to ca. 80 pm. A small portion of the IR probe beam is dispersed onto

a 64-element MCT array detector (Infrared Associates), acting as a reference.

Pump-on pump-off infrared absorption difference spectra were recorded at high
speed (10 kHz). The two spectral windows were calibrated separately using the
characteristic absorption lines of cis-stilbene. The overlapping spectral windows were
interleaved using overlapping parent bleach signals recorded at the same delay time.

The sample was rastered in the z and y directions during data acquisition.

5.1.3 TRMPS Apparatus at the Rutherford Appleton Laboratory

Time-resolved multiple probe spectroscopy (TRMPS) was utilised for some of the
experiments outlined in this thesis. The TRMPS apparatus at the Rutherford Appleton
Laboratory is described in detail elsewhere.?? In brief, two laser amplifiers (Thales
Laser and Spectra Physics) are used as the pump and probe, operating at 1 and 10

kHz respectively. These two amplifiers are then synchronised to afford a data recording
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scheme which incorporates multiple probe pulses per pump pulse, as outlined in Chapter

1 of this Thesis.

5.1.4 Transient Absorption Apparatus at the Rutherford Appleton

Laboratory

For transient absorption (TA) spectroscopic measurements, the UV pump beam is
generated in the same way as for TRIR and TRMPS experiments described above.
Additional details of the TA spectroscopy apparatus are described in the literature.3!®
In the case of TA measurements the probe pulse is a white light continuum (WLC) which
is generated by focussing pulses of 800 nm light into CaF,. As above, the pump-probe
delay time was controlled through use of an optical delay line and electronic delay
generator, for picosecond and nanosecond timescales respectively. For TA measurements,
the probe beam was ca. 50 pm in diameter. Probe wavelengths were calibrated against

a variety of optical band-pass filters.

5.1.5 TRIR, TRMPS and TA Data Analysis

Time delays recorded for each time-resolved experiment were selected to be appropriate
to the process of interest. For each single-probe experiment ca. 40 time delays were
selected. TRMPS allows picosecond, nanosecond and microsecond timescales to be
studied in the same experiment, so in this case ca. 80 time delays were selected. Signal-
to-noise was improved through the use of averaging, with ca. 5 seconds of averaging on
each time delay producing good signal-to-noise. In addition to averaging, the time delay

cycle was repeated up to 5 times, and all cycles averaged together to further improve
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signal-to-noise. Owing to the faster repetition rate of the ULTRA system, experiments
performed on that apparatus usually required only ca. 3 seconds of averaging per time

delay.

Data processing on all TRIR, TRMPS and TA data was performed using custom
software designed by M. R. Pollard and G. M. Greetham. Decay fitting was performed
using OriginPro version 9.0. Monoexponential or biexponential fitting models were
applied to single wavenumber points at band maxima to produce kinetic traces, or to
fitted band area where applicable. Reported errors were obtained from the deviation of

experimental data from the exponential fit function.

5.1.6 Time-Resolved XAFS Spectroscopy at the Swiss Light Source

Tungsten Ls-edge XAFS spectroscopic measurements were performed at the Swiss Light
Source, Paul Scherrer Institut (PSI), Villigen, Switzerland. Data were obtained using
a Si(111) crystal monochromator on the SuperXAS beamline. Avalanche photodiode
(APD) detectors were used for fast detection in fluorescence mode, on an open jet
sample system under a He atmosphere. Pump-probe measurements were collected
using synchrotron radiation in multi-bunch mode giving ca. 200 ns per photon bunch.
Each data point was averaged over 30 seconds. The reported data are an average of
40 individual scans over 10 us, which is then normalised to Iy and smoothed using a
moving average smoothing function. Liquid samples were prepared under standard
Schlenk conditions, using dry, degassed solvents. Sample solutions were flowed through

an open jet sample system with an aperture of ca. 300 pm at a flow rate of 1 mL/s.
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5.1.7 Time-Resolved XAFS Spectroscopy at the Advanced Photon

Source

Rhenium Ls-edge XAFS spectroscopic measurements were conducted at the Advanced
Photon Source, Argonne National Laboratory (ANL), Argonne, IL, USA. Data were
recorded using a Si(111) monochromator on the 11-ID-D x-ray beamline. APD detectors
were used for fast detection in fluorescence mode on an open jet liquid sample system
under an Ar atmosphere. Pump-probe measurements were collected using synchrotron
radiation in 24-bunch mode giving 153 ns between photon bunches. Each data point is
averaged over 10 seconds, and the final presented data is an average of 50 individual
scans for each 153 ns time slice, normalised to Iy and smoothed using a moving average
smoothing function. Liquid samples were prepared under standard Schlenk conditions,
using dry, degassed solvents. Sample solutions were flowed through an open jet sample

system with an aperture of ca. 200 ym at a flow rate of 0.5 mL/s.

5.2 Other Spectroscopic Measurements

5.2.1 FTIR and UV-visible Spectroscopy

FTIR (Fourier Transform Infrared) spectra were recorded on a variety of Nicolet FTIR
spectrometers, with a resolution of 2 cm™'. UV-Visible spectra were recorded on various
Perkin-Elmer UV spectrophotometers, with a data spacing of 1 nm, and a dwell time
of 0.5 secs. IR solution cells (Harrick Corp.), fitted with 2 CaF, windows (25 x 2 mm)

were used during collection of both FTIR and UV-Visible spectra.
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5.3 Sample Preparation

5.3.1 Solution Phase Sample Preparation

All solution phase samples were prepared under an Ar atmosphere using standard
Schlenk line techniques. Sample solutions were made up to ca. 20 ml and degassed
before use. Solutions were stored under an Ar atmosphere when not in use. All solution
phase spectra were recording using Harrick transmission cells fitted with two CaF,
windows of 2 mm thickness and 25 mm diameter. The path length of the transmission
cell was varied through the use of a Teflon spacer, the thickness of which was varied
between 0.1-0.8 mm depending on the required concentration of the sample solution.
Solution concentrations were selected such that the IR absorbance of the v(CO) bands
of the species of interest was between 0.1-0.8. Due to the high repetition rate of the
lasers used to record time-resolved spectra, sample solutions were refreshed constantly
using a flow system consisting of a glass sample reservoir connected to the Harrick
transmission cell by two Teflon tubes. Solutions were flowed through the system using

a peristaltic pump.

In the case of experiments involving a dissolved gas, the solution was first prepared
under Ar atmosphere using standard Schlenk line techniques. The solution was then
degassed, and the flow system evacuated. A pressure of 1.5 bar of the gas of interest
was then introduced to the flow system using a custom gas filling station constructed
by Dr. Ian Clark (Central Laser Facility, Rutherford Appleton Laboratory) which had
itself been evacuated prior to use, and the solution agitated to facilitate dissolution of

the gas. Sample solutions were held under pressure of the gas of interest while spectra
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were recorded. As above, these samples were constantly refreshed using a peristaltic

pump.

5.4 Materials

5.4.1 Materials Used in Chapter 2

Fe(CO); (Aldrich), CpMn(CO); (Strem), (MeCp)Mn(CO), (Aldrich), CpV(CO),
(Strem) and CpCo(CO), (Strem) were all used as received, without further purifi-
cation. Perfluoro(methylcyclohexane) (94 %, Alfa Aesar), perfluoro(hexanes) (98 %,
Aldrich), perfluoro(triethylamine) (98 %, Acros Organics), cyclopentane (ReagentPlus
grade, Aldrich) and n-heptane (spectrophotometric grade, Aldrich) were refluxed over
CaH, under an inert argon atmosphere for 48 hours before use. Solvents were also
stored under a slight pressure of argon, and subsequently degassed prior to use. Xenon
(> 99.99 %, Aldrich), methane (analytical grade, Aldrich), ethane (analytical grade,

Aldrich), CO, (> 99.8 %, Aldrich) were used without further purification.

5.4.2 Materials Used in Chapter 3

CpRe(CO), (Strem), Cp Re(CO), (Strem), Cp Rh(CO), (Aldrich), Cr(CO); (Aldrich),
Mo(CO), (Aldrich) and W(CO), (Aldrich) were used as purchased, without further
purification. CpRh(CO), was synthesised by Dr. Alisdair Wriglesworth at the University
of Nottingham, and was used as received. CpRe(CO),(N,) was synthesised by Dr.

Stuart Bartlett of the Dynamic Structural Science Consortium at the Rutherford
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Appleton Laboratory. Perfluoro(methylcyclohexane) (94 %, Alfa Aesar), perfluoro-
(hexanes) (98 %, Aldrich), cyclopentane (ReagentPlus grade, Aldrich) and n-heptane
(spectrophotometric grade, Aldrich) were refluxed over CaH, under an inert argon
atmosphere for 48 hours before use. Solvents were also stored under a slight pressure of
argon, and subsequently degassed prior to use. Xenon (> 99.99 %, Aldrich), methane
(analytical grade, Aldrich) and ethane (analytical grade, Aldrich) were used without

further purification.

5.4.3 Materials Used in Chapter 4

CpRe(CO); (Strem), Cp Re(CO); (Strem), CpMn(CO), (Strem) and W(CO) (Aldrich)
were used as received, without further purification. Perfluoro(methylcyclohexane) (94
%, Alfa Aesar) and triethylsilane (99 %, Aldrich) were refluxed over CaH, under an
inert argon atmosphere for 48 hours before use. Solvents were also stored under a slight

pressure of argon, and subsequently degassed prior to use.
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