Photochemistry of (//2-0"V«£)cobaltcarbonyl Complexes

and their Role in the Pauson - Khand Reaction

HIHUH

DC |

Dublin City

University

Ollscoil Chathair Bhaile Atha Cliath

A Thesis presented for the degree of Doctor of Philosophy
by
Bronagh Myers B.Sc. (Hons.)
under the supervision of Dr. Conor Long

at
DUBLIN CITY UNIVERSITY
School of Chemical Sciences
MAY 2000



“The story ofthe prancing horse is simple and fascinating. The horse was

painted on the fuselage ofthe fighter plane flown by Francesco Baracca, a
heroic Italian pilot who died on Mount Montello: the Italian ace of aces of
first World War.

In 1923, when | won the first Savio circuit, which was run in Ravenna, | met
count Enrico Baracca, the pilot’s father, and subsequently his mother,
Countess Paolina.

One day she said to me, “Ferrari, why don’t you put my son’s prancing horse
on your cars; it would bring you luck.” I still have Baracca’s photograph with
the dedication by his parents, in which they entrusted the emblem to me. The
horse was black and has remained so; | added the canary yellow background

because it is the colour of Modena”

Enzo Ferarri
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12 DME 1,2 dimethoxyethane

achc acetylenedicobalthexacarbonyl (acetylene hexacarbonyldicobalt(O))
cat catalyst

cco m-cyclooctene

cod cyclooctadiene

Cy cyclohexylamine

8 chemical shift (NMR)

dem dichloromethane

DMAc N, iV-dimethylacetamide

dpachc diphenylacetylenedicobalthexacarbonyl

(diphenylacetylenehexacarbonyldicobalt(O))

dec decomposes

dmso dimethylsulphoxide

e extinction coefficient

equivs equivalents

hrs hours

IR infrared

min. minutes

m.p. melting point (°C)

nbn norbomene

nbd norbomadiene

Nd-YAG neodynium yttrium aluminium garnet
NMO N - methylmorpholine N - oxide
NMR nuclear magnetic resonance

pachc phenylacetylenedicobalthexacarbonyl (phenylacetylenehexacarbonyl-

dicobalt(O))



PG
PK
tcne
tco
THF
TLC
T™MO
TRIR
uv

prostaglandin

Pauson - Khand
tetracyanoethylene
[rara-cyclooctene
tetrahydrofuran

thin layer chromatography
trimethylamine /V-oxide
time resolved infra - red
ultraviolet

stretching frequency (cm-1)
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Abstract

An important method for the production of cyclopentenones is the Pauson -
Khand reaction. First reported in 1973, the reactions most important aspect is
carbonyl insertion, obtained by reacting an alkene, an alkyne and carbon monoxide
which is most often supplied by octacarbonyl dicobalt. However, for many reasons
the investigation of the corresponding mechanism is difficult, so that it has remained
a subject of intense discussion. This report outlines an investigation of the use of
photochemical techniques to generate possible intermediates in order to elucidate the

mechanism of the reaction.

We have shown that the early stages of such processes can be investigated
with the aid of the laser flash photolysis technique, which allows the UV
spectroscopic identification of intermediates. Studies on various alkyne
dicobalthexacarbonyl complexes have revealed a wavelength dependent
photochemistry. Results following high energy photolysis (Xexc = 355nm) have been
interpreted in terms of a reversible homolytic cleavage of the Co - Co bond while
low energy photolysis (Aec = 532nm) produces CO loss. Primary photoproducts
involved in the reaction of these complexes with coordinating ligands were identified
and characterised. Kinetic data for the reaction of these complexes with CO and

ligands were obtained.

Time resolved IR has been used to investigate the photochemical reactions of
alkyne hexacarbonyldicobalt complexes with various olefins. Visible light irradiation
and 1 atmosphere of CO has been shown to be sufficient to generate cyclopentenones
in a photolytic Pauson - Khand reaction from these alkyne hexacarbonyldicobalt
complexes and olefins. This work demonstrates the need for correct selection of

excitation wavelength in photo-induced Pauson - Khand reactions.
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Introduction Chapter 1

1.1 Introduction

Over the last forty years, complexes of metals have been utilised as catalysts
in the conversion of many raw materials to commercially important products.
Developments are still being carried out up to the present day in the search for new
and more highly active selective catalysts which will save energy and materials. A
catalyst acts by producing an alternative low energy pathway which speeds up a
reaction without losing its chemical identity. The exact mechanisms of many of the
catalytic reactions remain unknown but as the processes involve coordination of a
substrate to the metal, the initial steps involved must be the generation of a vacant

site at the metal centre.

In metal carbonyl complexes the principal process involving the displacement
of a carbonyl group by a nucleophilic ligand can occur thermally or photochemically.
From the initial stages to generation of final product many intermediates are involved
in the reaction. A number of techniques have been employed to aid in the elucidation
of the identity, structure and reaction Kinetics of these intermediate species. Low
temperature isolation and flash photolysis have been most successful in this regard. In
order to obtain a greater understanding of these processes, kinetic studies of ligand
substitution reactions of (//2-alkyne)Co2(CO)s were undertaken as the basis for this
study. As an introduction to these systems the nature of bonding in organometallic

complexes will be discussed.

1.2 Bonding in Organometallic Complexes

Transition metals are characterised by the fact that the (n-I)d orbitals have
energies similar to those of the ns and np orbitals of the valence shell, and so
participate in bond formation. The special symmetry of these d - orbitals is

responsible for a particular type of bond between the transition-metal and the ligand,
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which facilitates unique bonding types particularly for low valent metals.1 The
reactivity of metal carbonyl complexes cannot be explained without understanding
the nature of the metal - carbonyl bond. Different types of bonding modes which are

encountered in the following work will be considered:

i. metal - metal bonding,
ii. bonding in metal - carbonyl complexes,
iii.bonding in metal - acetylene complexes,

iv. bonding effects with ligand substitution,

1.2.1 Metal - metal bonding

In transition-metal complexes only a limited number of combinations of metal
and ligand will give an 18 electron count. The first row carbonyls mostly follow the
18 electron rule with each metal contributing the same number of electrons as its
group number and each CO contributes two electrons. The even electron metals are
able to attain 18 electrons without M - M bond formation. They do so by binding the
appropriate number of carbonyls. In V(CO)6, the complex is 17 electron, but is easily
reduced to the 18 electron configuration for each metal. For the first transition series,
the d - orbitals are relatively small and even in moderately low oxidation states (+ 2
and + 3) they apparently do not extend sufficiently for good overlap. Odd electron
metals however, need to form M - M bonds in order to satisfy the 18 electron rule.
Low oxidation states favour the occurrence of metal - metal bonds. In the 17 electron

fragment Co(CO)4, dimerisation takes place via a metal - metal bond.
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1.2.2 Bonding in metal - carbonyl complexes

Metal carbonyl bonds can be (a) terminal or (b) bridging in nature. Terminal
carbonyl groups resemble a carbonyl moiety relatively unchanged from free CO i.e.
the bond between the carbon and oxygen can best be approximated as a triple bond.
The bond order is reflected in the C - O stretching frequencies, 2143 cm"1for free CO
and 2000 £100 cm-1 for terminal CO groups in Co2(CO)s complexes. Bridging
carbonyls resemble carbonyl groups in organic chemistry, such as unsaturated ketones
exhibiting C - O stretching frequencies at 1800 + 75 cm'lcompared with 1715 + 10
cm'lfor saturated ketones. The IR spectrum of a metal carbonyl compound thus can
provide important information on the nature of the CO groups and may allow the
distinction between a structure with only terminal carbonyls and one containing one

or more bridging CO groups.

It has widely been accepted that the photochemical dissociation of metal -
ligand bonds stems from ligand - field excitations. In octahedral complexes, ligand
field splitting involving d - molecular orbitals arise from an electron in the tzg orbital
(n - bonding) being excited into the eg*orbital (strongly antibonding) (Figure 1.1).
The result of this promotion of electrons is heterolytic dissociation leading to
labilisation of a CO ligand. Baerends et al. have recently shown that the relation
between the lowest excited state at equilibrium geometry and the photochemistry is
less direct than assumed in the standard model.2 The calculated orbital energies
suggested that the ligand field states are not the accessible excited states and that the
lowest excited states are in fact metal to ligand charge transfer in character. However,
the dissociation is still driven by the presence of a strongly dissociative LF state,
which is at high energy at Re, but rapidly lowers in energy upon M - C bond
lengthening. Upon metal - CO bond lengthening the antibonding character present in
the eg*orbital rapidly diminishes and may eventually become the lowest excited state.
The photochemical metal - CO dissociation takes place regardless of the nature of the

initially populated excited state.
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Cr Cr(CO)6 co

Figure 1.1

1.2.3 Bonding in metal - acetylene complexes

Acetylenes have two mutually exclusive perpendicular sets of n orbitals which
can be employed in a a, it - bond formation. They can act as monodentate ligands
binding exclusively to one metal, or as bidentate ligands bridging two metals. Since
the two 7 clouds lie in planes perpendicular to each other, it is impossible to get
efficient overlap of both n systems with one metal’s orbitals at the same time.

Orbitals on metals can combine with empty antibonding orbitals of suitable
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symmetry. This bonding scheme is represented by the well known Dewar Chatt -

Duncanson model of metal - acetylene bond (Figure 1.2).

< ~+

Figure 1.2 Dewar Chatt - Duncanson modelfor bonding between a metal atom

and an acetylene.

In most polynuclear metal complexes alkyne ligands adopt a bridging coordination
and serve as four - electron donors to the metal atoms. In binuclear metal complexes
alkynes usually coordinate in the //- 1 coordination mode although //-1 coordination

modes are possible.

When acetylene reacts with Co2(CO)s, two molecules of CO are eliminated.
The acetylene is therefore acting as a four electron donor (two electrons donated to
each Co atom replacing the two carbonyl ligands which have been displaced). The
position of the two Co atoms is such as to allow efficient overlap from both 7 orbitals
of the CsC triple bond. Thus the carbon centres on the acetylene approximate sp3
hybridization (1). The stability of alkyne complexes increases with increasing
electron - withdrawing character of X in the complexes of XC=CX. Thus, halogen -
substituted acetylenes, which are highly explosive compounds in the uncomplexed
state, may be stabilised by complex formation. Also, cyclohexyne which is unstable

as a free molecule can be stabilised as a metal complex.4 Alkyne ligands bearing
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more electronegative substituents can therefore exchange at a faster rate at room

temperature e.g. (CF3)2 > C2(CC>2Me)2 > C2Pli2 > Pl1C2H > C2H2 > C2(CH2NEt)2.

R’ R
oC'V V'co
co co
(1)

The acetylenic Ci - C2 distance of 1.46 A in complexed acetylene is 0.27 A
larger than the C1-C 2 distance in uncomplexed acetylene. This indicates a significant
modification to the bond order in the acetylene. The acetylenic proton resonances in
the NMR spectra are shifted to low field relative to the uncomplexed ligand (8 1.8-
3.3); they are thus located in the region more associated with olefinic protons (8 4.5-

6.8).

1.2.4 Bonding effects with ligand substitution

Formation of ligand substituted metal carbonyl complexes may occur if
orbitals of suitable symmetry are available (e.g. e?-orbitals of phosphorus in PPI13).
AM2(CO)e+Ln type complexes, where A = alkyne, L = ligand e.g. PPI13, POPhs,
solvent etc., are formed from M2(CO)s when overlap of ligand L orbitals with the
metal M orbitals is efficient and subsequent loss of one carbonyl occurs. The carbonyl
stretching frequency of carbonyl complexes depends on how much electron density
passes into antibonding n* orbital of the CO by retrodative tc-bonding from the metal,
the larger this density the weaker the bond between the carbon and oxygen and hence
the lower its vco- Alternatively if electron density is withdrawn from n* (CO) by an

acceptor vco is increased. A ligand L which can act as a n acceptor can withdraw
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electrons from the 7 bonds of other ligands; the dn orbitals of the metal act as a
“conductor” for the electrons, thus the n bond to the CO is weakened by the presence

ofthe incoming ligand (Figure 1.3).

71 - bonding interaction a - bonding interaction

Figure 1.3  Bonding effects with ligand substitution (L = phosphine).

A lone pair of electrons on the C supplies the a bond, while the retrodative n bond is

formed with the aid of an antibonding n* orbital.

1.3 ProductAnalysis in Chemical Reactions

Reaction Kinetics is the study of the speed of chemical reactions and is
important for describing the rates of forward and reverse chemical processes. For
reactions involving entering or leaving groups, the nature of these groups (e.g. a -
donor, n - acceptor character, bond strength, concentration etc.) will affect the rate of
reaction. The type of technique which can be employed for product analysis depends

on whether a reaction has a rate convenient for measurement.

Q) static methods (tj2> 1 min) - steady state photolysis,

(i) relaxation methods (ti2 < 1sec) - laser flash photolysis.
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1.3.1 Reaction mechanisms

A major problem in elucidating the detailed mechanism of a reaction is to
characterise the structures and reactivities of intermediates formed along the reaction
coordinates. Such species are elusive under thermal catalytic (or stoichiometric)
conditions owing to the low steady - state concentrations which impede direct
spectroscopic observation. Other conditions and methods must be used to ensure that
the high energy species studied are those of interest in the thermal reaction schemes.
In this respect, flash photolysis can be a good tool for preparing high, non - steady -

state concentrations of reaction intermediates.

1.3.2 Steady - state product analysis

Steady - state methods of product analysis, for our studies, were made by IR
and UV/Vis spectroscopic monitoring. Owing to their strong IR chromophores and
experimentally convenient monitoring frequencies, metal - carbonyl complexes are
ideal candidates to be studied in the steady - state. Typically a light source (Xe arc
lamp) is used to irradiate the sample. The energy absorbed from the incoming light,
controlled by means of absorption filters, may be enough to produce excited states in
the molecule and initiate a photochemical reaction. The product is formed in real time
(tizz> 1 minute or less) and is stable enough for analysis by IR or UV measurements

to be taken.

1.3.3 Transient methods o fproduct analysis

An early method for studying the photochemistry of transient photochemical
intermediates was to induce photochemistry using a low intensity light source and
stabilise the intermediates produced in low temperature matrices. Thus their lifetimes

are increased to the point where kinetic measurement is possible.5 Pulsed laser
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sources have made it possible to study the photochemistry of transient intermediates
under ambient conditions. The development of flash lamps and lasers as sources of
pulsed excitation has allowed the study of excited states and transient intermediates
whose lifetimes are exceedingly short.6 Very large amounts of structural and kinetic

information can be obtained from TRIR.

1.3.3.1 Laser Flash Photolysis

Laser flash photolysis was developed by Norrish and Porter,7 in the 1950s,
who subsequently won the Nobel prize for chemistry in 1967 for their contribution to
the studies of extremely fast chemical reactions. Flash spectroscopy uses a short
intense pulse of light, for example, a discharge tube or laser, which produces transient
species, radicals or excited molecules in concentrations many thousand times greater
than in previous systems. By very quickly analysing the time evolution of the system
by absorbance or emission spectroscopy, the decay of concentration with time is
measured. If new products are formed the rates of formation of such species can also
be monitored. Advances in laser technology have allowed the time resolution of
photolysis studies to increase from milliseconds in the 1960s to nanoseconds in the

1970s to femtoseconds in the 1980s.

1.3.3.2 Operation oftheflash photolysis apparatus

An intense light source (the pump source) excites the sample inducing a
change in electronic state and initiates a photochemical process. The absorbance
changes induced by the excitation pulse are monitored by a second light source (the
probe source (Xe arc lamp)). The intensity of monitoring beam being transmitted
through the solution before the laser flash, 10, is initially recorded. This corresponds
to the voltage generated by the photomultiplier when the monitoring source (Xe arc
lamp) shutter is open, less the voltage generated by stray light. The intensity of the

monitoring beam is measured in real time (It). Since 101t = absorbance the change in

10
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intensity of the probe beam transmitted through the sample is measured as a function
of time and or wavelength. Changes in absorbance in the sample solution reflect the

formation of intermediates or depletion of the parent compound or both.

The excitation source used in this thesis is a neodynium yttrium aluminium
garnet (Nd - YAG) laser which operates at 1064 nm. Nd atoms are implanted in the
host YAG crystals of approximately one part per hundred. The YAG host material
has the advantage of having a relatively high thermal conductivity to remove heat,
thus allowing these crystals to be operated at high repetition rates. The pulse
frequency can be doubled, tripled or quadrupled with nonlinear optical components to
generate a second, third or fourth harmonic at 532, 355 or 266 nm respectively. The
pulse time is approximately 10 ns. The energy generated for 532, 355 and 266 nm
frequencies is typically 150 mJ, 30 mJ and 45 mJ per pulse respectively. The
apparatus has been described in detail elsewhere with the excitation and monitoring

. . . Q
beams arranged in a cross - beam configuration.

By recording transient signals sequentially over a range of monitoring
wavelengths, absorbance readings can be calculated at any time after the flash to
generate a time - resolved difference absorption spectrum of the transient species.
Spectra are obtained as a result of point by point build up by optically changing the
wavelength of the monochromator. It is necessary that the solution be optically
transparent for the monitoring light beam and hence solvents of spectroscopic
transparency are required. Metal carbonyl compounds are suitable because their

moderate solubility in non polar solvents and their UV/Vis absorptions are intense.

A schematic of the laser flash photolysis instrument is shown in Figure 1.4.
The laser is directed through a power meter, triggering the oscilloscope9 and onto a
sample cuvette by a series of prisms. The UV/Vis monitoring light source is a cooled

275 Watt Xenon arc lamp arranged at right angles to the laser beam. The beam passes

11
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through the sample cell and is focused into monochromator slits and the light is

detected by a photomultiplier which is interfaced to a computer.

ocsilloscope
monochromator
71
computer . .
pulsing unit

/ / / PS

PS = power supply ~ PM = photomultiplier

kGlaser

Figure 1.4 Schematic diagram ofthe laserflash photolysis system

12



Introduction Chapter 1

1.4 Photochemical Processes

1.4.1 Thermal v Photochemical processes

Photochemical processes can occur when light is absorbed by a compound. In
this process, an electron is promoted from the ground state configuration into the
excited state configuration. If any photochemistry is to occur, the excited state must
react very quickly, since the lifetime of an electron in an excited state is of the order
10'6to 10'9seconds. Chemical change can follow production of electronically excited
species and ultimately bond rupture can occur. ldeally a molecule of product is
formed for each photon absorbed, giving a quantum yield, O, of unity. However, in
some cases, no chemistry occurs and the electron falls back to the ground state and
the compound either emits light or is heated up thermally. In this case the quantum

yield is less than unity.

In contrast, thermal energy may be distributed about all modes of excitation in
a species including translational, rotational and vibrational. For a species in
equilibrium and obeying Boltzman’s Law of distribution, a typical energy of
electronic excited state = 250 KJmol'lin thermal units, at room temperature (~2500
Jmol"]) the population in the excited state can be calculated to be ~ 4 * 1046 i.e.
negligible. To induce a 1 % population of excited species would require temperatures
greater than 6800 °C. Most molecular species would rapidly thermally decompose
from the ground electronic state and it would not be possible to produce enough

electronically excited molecules.

In essence more thermodynamic products are accessible to a photoexcited
molecule than to a ground state molecule. Selectivity of activation, by light rather

than heat, of a photoreaction is allowed. Some reactions are initiated at low

temperatures.

13
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1.4.2 Photochemistry o fmetal carbonyls

The photochemistry of metal carbonyl complexes has become of increasing
importance in recent years. The potential uses of these compounds in synthetic and
catalytic applications has been known for many years. The reactions involve
photolysis of the metal carbonyl compound in a solvent medium. The solvent can
range from donor solvents, for example, alcohol, ether, or cycloalkene to an inert
solvent such as an alkane. The function of the solvent is to occupy the vacant site
created by ejection of a CO molecule(s) upon photolysis (eq 1-2) but it can also assist
in the dissipation of excess vibrational energy. In the presence of a strongera - donor
ligand, for example pyridine or PPI13, the coordinated solvent is easily displaced,

yielding M(CO)xi(L) complex, (M = Cr, Mo or W) (eq 3).

hv
M(CO)x » M(CO)xi + CO (1)
solvent
M(CO)Xi - > M(CO)xi(solvent) )
- solvent
M(CO)xi(solvent) + L = > M(CO)x_i(L) ©)

Further reactions with molecules in the medium can lead to additional ligand

substitution (eq 4).

M(CO)XLa - > [M(CO)xLaL "] (4)

Photolysis reactions are usually carried out under argon or nitrogen
atmospheres to prevent reaction with oxygen which would result in decomposition.
Also, by maintaining a constant stream of argon or nitrogen throughout the reaction
process, ensures that any liberated CO is expelled, thus preventing the unproductive

back reaction.

14
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The products of most photochemical and thermal reactions are often identical.
As well as increasing accessibility to certain reactions, the rate of reactions has been
increased by photochemical means. The use of photochemical methods to study
catalytic processes can therefore provide valuable information about the nature of
these reactions. Thus reactions which may have taken days under thermal conditions

proceed in hours or even minutes photochemically.

1.4.3 Photochemistry ofbimetallic carbonyl complexes

The photochemistry of bimetallic complexes derived from Co02(CO)s,
Mnz2(CO)io, Re2(CO)io and Fe2(CO)s has often been compared due to the similarity in
their molecular structures and also to determine if the complexes exhibit related
photochemistry. Ragni and Trogu have reported the ultraviolet irradiation of
acetylenel0and Hg[Co(CO)412 in ether solution yielding [(//2-C2H2)C02(CO)e] as well
as trace quantities of [(//2-C2H2)Co4(CO)io] and [HgCo2(CO)s(//2-C2H2)]2. A similar
reaction of diacetylene(butadiyne) with Hg[Co(CQ)4]2, but under photochemical
conditions, gives trace quantities of the corresponding dark red butadiyne complex
[Co2(CO)e]2C4H2 in which each of the triple bonds of the butadiyne system bonds to
a Co2(CO)6 group.

The photochemistry of metal-metal bonded complexes has been extensively
studied by Wrighton. Near UV photoexcitation of Mn2(CO)io, Re2(CO)io,
MnRe(CO)io amongst others has resulted in homolytic cleavage of the metal-metal
bond as the primary photoprocess. Cleavage of metal-metal bonds in complexes can
potentially lead to two paramagnetic centers, of increased reactivity, each with an odd
number of electrons. This is important both stoichiometrically and catalytically in

reactions of metal carbonyls with organic substrates.

Wrighton and Ginleyll reported photolysis of Mn2(CO)io in degassed
isooctane solutions of PPh3 yielding Mn2(CO)8PPhs)2 as the principal primary

15
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photoproduct upon flash photolysis. While formation of Mn2(CO)9o(PPh3) was as only
a very minor component (< 5 %) of the reaction, no homolytic cleavage product was
observed. Photoreactions of Mn2(CO)io12in rigid matrices at low temperature yields
only net loss of CO, and not Mn(CO)s radicals which dominate the photoproducts in

fluid solution at 298 K.

For matrix photochemistry, reported by Restll\, of dinuclear metal species
[CrO-N-V-CnHioXCON] and [Mn2(//-?7JV-CioH8(CO)6], for each species
photolysis resulted in photochemical ejection of a CO ligand to produce coordinately
unsaturated metal dicarbonyl centers. The electronic transitions, into which the
irradiation took place, all involved some metal to carbonyl charge transfer and
therefore excited state species formed can lose a carbonyl ligand. Wrighton also
reported that trans (rf-CsHs)2Fe2(CO)4 and related complexes upon photoexcitation
in rigid media at low temperatures yield triply CO bridged (75CsH5Fe2(CO)3 with

dissociative loss of CO. 14

1.4.4 PK-like cyclisations of metal carbonyl complexes involving photochemical

CO insertion

Photochemical reactions involving CO insertion by a metal carbonyl catalyst
producing PK-like cyclic products have been frequently reported. Sarel et al.15
reported photoreactions of Fe(CO)5 with dicyclopropylethylene, giving rise
predominantly to cyclohexenone products. Two olefinic monospiranes 4-
methylenspiro[2,4]-decane (2) (Reaction 1.1(a)), and 4-methylenspiro[2,5]-octene (3)
(Reaction 1.1(b)), were photoreacted with Fe(CO)s producing bicyclic enones. The

corresponding dispiro-olefin yielded a tricarbonyl iron a,n complex.

Casey, Haller et al.16 photolysed [(CsHs)CO)Fe]2C«-CO)(*-C=CH2) with
diphenylacetylene for two hours under CO (Reaction 1.2) leading to the formation of

a metallocyclopentalenone (4).

16
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Fe(CO)5
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Fe(CO)4
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Fe(CO)5
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Reaction l.1(a-b)
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RCECR

4

Reaction 1.2
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1.5 The Pauson - Khand Reaction

1.5.1 Origins ofthe Pauson - Khand Reaction

The convergent assembly of cyclopentenones from an alkene and an acetylene
hexacarbonyldicobalt complex is known as the Pauson - Khand (PK) reaction
(Reaction 1.3) and is widely used in the synthesis of biological compounds.I7 R
groups on the alkyne can be functionalised organics, such as NEt2 or organometallics
e.g. ferrocene. The variety of alkyne ligands that can be used is continually being
explored. A number of reviews of the literature have appeared over the years
outlining the progress and the limitations of the reaction.18 This method of cylisation
is growing in popularity and developments are continually being reported on ways to

improve its yield and utility.

Reaction 1.3

The development of this reaction has included many variations in the reaction
conditions. Application of the Pauson - Khand (PK) reaction is often limited because
of the need for high reaction temperatures and long reaction times. This restricts the
range of organic substrates to those which demonstrate thermal stability. Mostly,
yields are low for many intramolecular processes. The use of promoters has helped to
improve this problem. Several substrates that are otherwise not reactive under normal
conditions can be used. The viability of the reaction is strongly dependent on the
substitution pattern and best results are achieved with unsubstituted and gem -

disubstituted enynes at position 4 (Figure 1.5). Great reduction in yield is observed

18
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for substituted alkenes, the exception being strained cyclic systems. Controlling the
stereochemistry is also an important consideration as is the development of catalytic
systems. Work has also concentrated on methods of extending the range of useful

olefin and alkyne substrates.

Figure 1.5

Most of the initial applications required a stoichiometric ratio of octacarbonyl
dicobalt to alkyne and olefin. However, higher yields can be achieved using a
catalytic amount of cobalt carbonyl in some systems. General procedures in the PK
reaction include the initial formation of alkyne hexacarbonyl cobalt complexes by
reaction of the alkyne of choice with octacarbonyl dicobalt. This complex then reacts
with the alkene ultimately forming a cyclopentenone. Sometimes mixing alkene,
alkyne and cobalt carbonyl in a “one pot” synthesis produces the cyclopentenone

without need for isolation ofthe hexacarbonyl intermediate.

Of late, procedures using promoters such as N-oxide and alkyne bearing
heteroatoms (see later section) have shown improved yields and reaction rates.
Another procedure which is described in detail in a later section involves the use of
dry adsorbates. Typically the work up is carried out using flash chromatography

techniques.
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1.5.2 Scope ofthe PK reaction

It is important to consider the different types of substrate alkynes and alkenes
which can be used in the reaction. All alkynes with the exception of derivatives of
propynoic acid can be used. If either R or R’ groups of the acetylene are electron
donors (e.g. alkyl group) such a group will tend to render the acetylene n orbitals
more readily available for the formation of a a bond to the metal. If the groups are
electronegative (e.g. CF3) then back donation of electrons by the metal atom to the
absorbing k orbitals of the acetylene will be facilitated. Electron withdrawing groups
(see later section) on alkenes render them unsuitable for the PK reaction. However,
when using tungsten complexes as catalysts in the PK reaction some electron
withdrawing groups can be tolerated.19 Unstrained cyclic alkenes are generally less
reactive, giving usable yields only in a few cases. Cyclopentene and dihydrofuran are

the exception.

In most cases, only intramolecular reactions achieved good control of
regioselectivity. However, by correct selection of substituents on the alkyne ligand
and on the alkene reactant, satisfactory regiocontrol can be achieved in intermolecular
reactions. Terminal alkenes give poor yields and poor regioselectivity. One major
problem associated with the intermolecular reaction is the formation of regioisomeric
cyclopentenones when unsymmetrical substituted olefins are used, although
unsymmetrically substituted acetylenes favour an orientation which places the larger
substituent in the a - position of the cyclopentenone. Three substituted positional
isomers can be obtained by placing a large protecting group on the hexacarbonyl
acetylene initially e.g. Si(CH3)3. After cyclopentenone formation, the protecting
group can be easily removed. Krafft has more recently shown that reactions of

terminal alkenes and internal alkynes are highly selective.2o

Intramolecular cycloadditions occur upon complexation of derivatives of

hept-en-6-ynes and oct-1-en-7-ynes to octacarbonyl dicobalt and subsequent heating

20
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giving bicyclic enones. Intramolecular reactions give satisfactory results with
terminal, internal and even trisubstituted alkenes while terminal alkynes are most
favored. Steric hindrance plays an important role in the latter case where reactions

with terminal alkynes are most favoured.

1.5.3 The Catalyst System

1.5.3.1 Dicobalt octacarbonyl

The first and most widely used catalyst in the Pauson - Khand reaction was
Co2(C0O)s.2ZL Containing only cobalt metal and carbonyl groups it was amongst the
earliest metal carbonyls to be isolated and characterised by Mond et al.” It was
prepared from finely divided metal in a Cu lined autoclave made from Ni steel at 150
°C and a CO pressure of 30 - 40 bar. Current preparations employ reductive
carbonylation of Co salts such as CoCO3s, CoO, Co(OAc)2 and Co(No3)2 at elevated
temperatures and a high pressure of hydrogen and carbon monoxide. Among the
reactions noted at the time was the slow air oxidation to give a violet basic carbonate.
Consequently Co2(CO)g is air sensitive both in the solid state and in solution. The
bimetallic complex was also found to decompose in reactions with halides and at
higher temperatures.24 Cobalt sources such as cobalt clusters and cobalt metal can be
used to generate Co2(CO)s2s A decomposition product of the cobalt carbonyl,

Co4(CO)i2 will also revert back to Co2(COys at high pressures of CO.

Co2(CO)s contains a Co - Co bond with bridging carbonyl groups (>C=0) in
addition to terminal carbonyl groups (-CsO). The bond order is reflected in the
carbonyl stretching frequency, 2143 cm'1 for free CO and 1950 £100 cm'1 for
terminal carbonyl groups. The bond order may again be inferred from the IR
frequency which is 1800 + 50 cm'1 for the bridging carbonyl groups compared with

1715 £ 10 cm'1 for saturated ketones for example.
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The IR spectrum of a metal carbonyl thus provides important information on
the nature of the carbonyl groups present and may allow one to distinguish between
structures with only terminal carbonyl groups or structures containing one or more
bridging carbonyl groups e.g. 2 isomers of Co2(CO)g. The metal atoms are zerovalent
and are formally d9 but diamagnetic because of the Co - Co bond. Three structures
have been observed by combining a single crystal X-ray structural determination of
the orange crystals26,27 at higher temperatures and by IR investigation28 of Co2(CO)g
in solution, a C2Visomer 5a with two bridging carbonyl groups in the solid, a DJ)
isomer 5b as well as a second non-bridged isomer 5c¢ of unknown structure in

solution (Figure 1.6).

cCO Cco f°c,0 ,co ,CO CO (g
ocv co I wf ocv ;___ |
OC>CO-C« oc-Cr c«-co oc"'/ f> co

CO oc CcoO ,LO (ef0)
(5a) Cv (5b)D3A (5C) DX

Figure 1.6 The 3 isomers of octacarbonyl dicobalt:- (5a) predominates
atT <0 °C, (bb) existsat 0 >T <100 °C, (5¢) existsat T > 100 °C.

At very low temperatures the bridged form C2V predominates and as the
temperature is raised the second isomer D3dappears while temperatures greater than
100 °C gives rise to the third isomer D2d Further evidence was supported by the
electronic spectra produced by Wrighton et al.20 At room temperature there exists a
strong band at 350 nm with a shoulder on the higher energy side. Upon cooling, the
lower energy band reduces in intensity and a well defined intense band at 280 nm
appears. Assignment of these bands is to the a - a* transition of the non-bridged
species at 350 nm, while the band at 280 nm has been attributed to the drc - a*

transition in the cobalt bridged dimer.
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Simple photosubstitution of CO is an important photoreaction of Co2(CO)g
and some photoinduced metal - metal bond cleavage has been reported3 as

exemplified by Reaction 1.4.

COZ(CO)S + 2CO

Co(C0)3

Reaction 1.4

Matrix studies of the photochemistry of Co2(CO)s have showed CO loss to be the
dominant photoprocess in an inert matrix giving Co2(C0)7.3L Other evidence for Co -

Co bond cleavage in CO matrices giving Co(CO)4_has also been reported.

1.5.3.2 Thermal studies ofcobalt - carbonyl systems

In 1954 Sternberg, Wender et alJ showed that RCsCR’, readily displaced the
two bridging carbonyl groups in octacarbonyl dicobalt Co2(CO)g vyielding
(RC2R*)C02(CO)s, two carbon, two cobalt tetrahedranes type complexes. Sly33 using
single crystal X-Ray diffraction techniques determined the molecular structure of
diphenylacetylene cobalt hexacarbonyl. Later Bonnet34 determined the structure of
GQR-CeH5C2H)Co2(CO)4(PMes)2 demonstrating the localised C2Vsymmetry about the
cobalt center. The metal - metal distance of 2.47 A is consistent with the presence of
a metal - metal bond. The arrangement of CO groups in (p2
alkyne)dicobalthexacarbonyl compounds represents a distorted octahedral
arrangement of six bonds about each metal atom (provided each metal - acetylene C
atom interaction is described as a discrete bond). This results in the two pairs of CO

groups being directly trans to each other.
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Bower and Stiddard3® had assigned a Dzd structure to Co2(CO)s(PR.3)2- Bor
and Kettle¥ assigned Cs symmetry and observed five IR active bands. Later, based on
studies using isotopic substituted molecules by lwashita,37 an assignment of the
infrared absorption bands of the coordinated acetylene complex (//2-C2H2)Co02(CO)e
was proposed; 3116 and 3086 cm'l v(CH); 2098, 2051, 2034, 2028 and 2016 cm'],
v(CO); 1403 cm"], v(CC); 894 and 768 cm'l v(CH deformations); 605 and 551 cm'],
v(Co - acetylene). In the free acetylene the v(CC) band appears at -1974 cm'L A
strong metal - acetylene interaction is also indicated by the high frequencies of the
cobalt-acetylene stretching vibrations. Varadi & Palyi3 showed how the influence of
the electronic structure of R and R1in cobalt complexes provided an assignment for

CO stretching bands.

One or two carbonyl ligands in (//2-RCCR’)Co2(CO)s compounds can be
replaced by phosphines as demonstrated by the synthesis of acetylene and
diphenylacetylene -Co2(CO)sPPh3and -Co2(CO)4(PPh3)2 complexes.3 An increase in
electron donor character of both the phosphine and the bridging ligand makes
substitution more efficient. Steric factors are also important. Larger aromatic
substituents on the phosphine make preparation of these derivatives more difficult.
Varadi and Palyi38 have shown that phosphine substitution occurs in all cases in the

axial rather than equatorial position, (Figure 1.7) based on IR spectroscopy.

R’ R
W 1 1
ocV vV 'co oc'V v'L
CO (6{0) Cco CcO
axial substitution equatorial substitution

Figure 1.7  Axial and equatorial substitution ofligand L (L = phosphine) in

dicobalt hexacarbonyl complexes.
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1.5.4 Mechanism ofthe Pauson - Khand Reaction

The initial step in the reaction of an alkyne with cobalt carbonyl is the
substitution of two bridging carbonyl ligands by one acetylene with the liberation of
two molecules of CO giving rise to a (/*-alkyne)Co2(COj)e complex. The alkyne
ligand is placed at right angles to the Co - Co bond (Reaction 1.5). Alkynes with
bulky substituents tend to react more slowly. Once generated, this alkyne
hexacarbonyl dicobalt forming step is irreversible and in many cases the complex
thus formed has been isolated. It is beyond this point in the reaction scheme that
evidence to support a reaction mechanism is lacking. The current level of mechanistic
understanding is inferred from observations of regio- and stereochemistry in a large
number of examples. The actual path of the reaction depends mainly on the

substitution of the acetylene used.

\ R1
CO CO
"c\/X's Co - OC..\.L}O' A ‘co = + 2CO
oc éo v Co . oc c/o v.ceo
isolable

Reaction 1.5

It is assumed that the complexation of the alkene to one Co atom occurs in a
reversible process via a dissociative loss of one carbonyl ligand. Irreversible insertion
ofthe complexed face of the alkene n bond into one of the formal Co - CO bonds of
the alkyne complex occurs. This is followed by CO addition to the coordinately
unsaturated cobalt atom. Migratory insertion of a cobalt bound carbonyl, addition of
another CO molecule and reductive elimination of the {Co(CO)3} moiety occurs.
Loss of the Co2(CO)e fragment either before or after attachment of an additional

ligand completes the process (Scheme 1.1).
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oc No,co
CO
Oofs=V, Co
CcO
>
oc T co
coO
* ! >
0 ° \

Scheme 1.1  Proposed mechanism ofthe Pauson - Khand reaction.

While alkene regiochemistry is not easily predictable, alkyne regiochemistry
is governed mainly by steric crowding and is determined during the insertion into the
cobalt - carbon bond. If the alkyne is unsymmetrical, insertion and carbon - carbon

bond formation proceed exclusively at the alkyne carbon possessing the smaller

substituent.
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1.5.4.1 Trapping ofan Intermediate

The instability of intermediate complexes has thus far prevented their
isolation in the PK reaction, with the exception of a propargylic sulfide complex
isolated by Krafft et al40 Structure determination of intermediates would undoubtedly

shed significant light on the reaction pathway of the PK reaction.

During a course of study where heteroatom - substituted substrates containing
S, N, or O were shown to enhance the reactivity of the PK reaction4l, Krafft showed
that the greatest effect on the reaction rate was observed with S and N ligands. In
further studies on similar N - methylmorpholine - N - oxide (NMO) promoted
reactions with complexes containing S - substituted substrates, 40 TLC analysis
revealed complexes (6) and (7). These were then converted to the respective bicyclic
cyclopentenones. NMR investigation of these two complexes indicated the presence
of coordinated S through the chemical shift of protons adjacent to the S and a non -
equivalence of the methylene protons on the tether between the alkyne and sulfide.
Decomposition of (6) and (7) generated paramagnetic impurities which prevented
further NMR studies. The trapping of the pentacarbonyl complex provides direct
experimental evidence for removal of CO from the alkyne hexacarbonyl complex by

amine oxides. This is the most important second step in the PK reaction.

.CO
— Co—Co- mCO
I
oc/ co \co
(6) )
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1.5.5 Reaction Promoters

The PK reaction often involves the use of high reaction temperatures and high
pressures of CO. Thermal degradation can limit the number of organic substrates
which can be employed. It was discovered unexpectedly by Smite? al.42 that reaction
on dry adsorbent (silica or alumina) in an oxygen atmosphere promotes the
intramolecular PK reaction at a rate faster than when the reaction is carried out in
solution. In an argon atmosphere, monocyclic products were obtained rather than the

bicyclic enones. Optimum water content for reaction lies between 10-20 %.
Table 1.1 lists other promoters which have been used in accelerating the PK
reaction. Most of the recent reports concentrate on specific reactions but all have a

critical limitation of their reactivities toward the intermolecular PK reaction.

Table 1.1 Promoters of the Pauson - Khand reaction.

Entry Promoter Reference
1 Adsorbates 42, 43
Silica gel
Alumina
2. Ultrasound 44
3. tert-amine yV-Oxides:- 45,46

jV-methylmorpholme //-oxide (NMO)
trimethylamine TV-oxide (TMO)

4 Dimethyl sulfoxide (DMSO) 47

5. Amines*:- 48
tetramethylenediamine
a- methylbenzylamine
dimethylformamide (DMF)

ADCM/t-BuOH using CoBr2zn/CO
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1.5.6 Pauson - Khand reactions with Electron Deficient Groups

A variation of the reaction was encountered when alkenes bearing strongly
electron withdrawing groups (CN, CO2R, SOzR etc.) were examined.19Reacting with
terminal acetylene complexes, the alkenes produced linear coupling products rather

than cyclopentenones (Reaction 1.6).

Rl
R. / Rv R’
= Y
OC— Co‘Co—CO - > H \—pir¥
/AN /=CH
OCcococo ch3

Y =COOR, CO,CN

Reaction 1.6

The proposed mechanism involves the insertion of the alkene into the cobalt
alkyne complex and hydrogen migration yielding the diene product. The reaction is
completely regioselective, the new C - C bond forming between the less hindered
alkyne C and the less hindered electropositive polarised alkene C. The electron
withdrawing group in every example of the reactions reported is 7i-conjugating. It has
been suggested2 that the P-hydrogen elimination/ reductive elimination sequence
competes with CO insertion, by providing a driving force for regeneration of the

alkene (Scheme 1.2).
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Co(CO),
Co(CO)1 H- co
H—A — Ph + Co(CO)3
Co(CO)3 COXEL (Co)2q0 Co(CO)3
=\
COZxEt CoR
Ph
P-H elim, N\ ~Co(CO), red elim: N — Co(CO)X0(CO)3 mc#2(co)sl
m 1 CoCO)H w 11
COZEt
Scheme 1.2

When styrene and substituted styrenes are used both cyclopentenones and
dienes are formed. No consistent pattern with different substituents on styrene has
been observed. In particular, no consistent enhancement of diene yield results from
attachment of either the electron withdrawing />halogen or the more electron
withdrawing {Cr(CO)3} group on the arene. When diolefins were used both dienes
and cyclopentenone products were observed. 2-vinylfuran and vinylferrocene,
regarded as being electron rich systems, yielded dienes with only trace quantities of
ketones. With respect to alkynes ethoxyacetylene and similar electron poor

substituents gave low yields and propargyl alcohol failed to react.

Electron deficient alkenes yielded only dienes in the PK reaction. However,
recently Krafft has observed that electron deficient alkynes can undergo cycloaddition

to give pentenones for both intra- and intermolecular reactions on the absence of any

diene products.4

30



Introduction Chapter 1

In early reports reaction with only methyl propynoate were observed.50 Using
NMO as a promoter465l at ambient temperature the best results were obtained for the
intramolecular cycloaddition. Alkyne dicobalthexacarbonyl complexes were prepared
initially, purified and isolated. Redissolution in solvent (usually CH2Cl2) followed by
sequential addition of solid NMO monohydrate at 0 °C and stirring for two hours
usually gave the cyclopentenones which were then purified by conventional methods.
Solvent mixtures THF/CH2Cl2 caused substantial decomplexation of the alkyne
moiety from the dicobalthexacarbonyl core. Unsubstituted terminal alkynoates
usually failed to undergo cycloaddition and in a few cases where the reaction

occurred, the yields were low.

For intermolecular cycloaddition reactions, cobalt alkynoates complexed with
alkenes gave moderate to excellent yields. Previous reactions with terminal alkenes
and internal alkynes suggest that steric interactions between alkene and alkyne
substituents are responsible for formation of 2,3,5-trisubstituted cyclopentenone
rather than 2,3,4-trisubstituted enones. In the majority of cases with asymmetrical
alkynes the larger substituent is a to the carbonyl in the product. This larger
substituent was placed at the 1,4 position (Reaction 1.7) instead of the usual 1,3
(Reaction 1.8). Utilisation of 1,6-enynes containing a double bond bearing an
electron withdrawing group as substrates, which were previously found unable to

undergo intermolecular PK reaction, has also been reported by Smit and Caple.®

o OEt

Reaction 1.7
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Reaction 1.8

Very recently®3 Krafft has shown that thermolysis of unactivated
hexacarbonyldicobalt complexes of 1,6- or 1,7- enynes under a nitrogen atmosphere
predominantly yields monocyclic 1,3 - dienes. The mechanism was investigated by
isotope enrichment studies, a - elimination of enyne (8) would give rise to diene (10)
whereas (3- elimination would give rise to diene (12) (

Scheme 1.3).

(ID

Scheme 1.3
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The a - elimination pathway was insignificant because of the lack of deuterium
scrambling in the cycloaddition of a variety of enynes. However, allylic C-H coupling
was implicated rather than a formal ft - elimination step based on the observed diene
product. A formal - elimination from (9) to (11) should prefer a transition state in
which the M-C and C-H bonds are approximately syn and parallel. Since the relevant
metal center is in the five - membered metallacyclic ring, this alignment would be

difficult to achieve with that metal.

1.5.7 Alternative Pauson - Khand Catalytic Systems

While cobalt carbonyl is the most widely used metal complex to induce
conversion of enynes to bicyclic cyclopentenones interest is growing in relation to the
use of alternative metal complex catalysts which have the advantage of being more
cost efficient. Another factor is that these ‘alternative’ PK promoters are shown to
promote some cyclisations that have not been accessible using the traditional cobalt
catalyst. These alternative systems involve iron, molybdenum, tungsten, titanium,
nickel, rhodium, ruthenium, palladium and zirconium complexes as well as other

cobalt systems such as (indenyl)Co(cod) and Co(acac)2.%4
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1.5.7.1 Intramolecular Pauson - Khand reactions involving non cobalt catalysts

1.5.7.2 Iron carbonyl catalysts

Pearson reported that iron carbonyl complexes can promote the PK reaction in
1991.% By modification of a method whereby nona-2,7,diyne was converted to a
cyclopentadienone-Fe(CO)3 by reaction with Fe(CO)s,%the yield was increased from
the original 14 % to 87 % by increasing reaction temperature from 110°Cto 135 -
145 °C. The reactions were carried out in sealed tubes charged with 50 - 60 psi of
CO. Overall reaction times were found to be long, in some cases taking up to 60
hours to reach completion. When alkenes containing gem dimethyl groups were used,
cyclic dienes were obtained, a product formed usually in the intramolecular ene

reaction.

Hydroxy-substituted diynes which previously had presented problems with
cobalt carbonyl promoted PK reactions were later shown to cyclise, forming bicyclo-
cyclopentadienone Fe(CO)3 complexes.57 In order to be synthetically useful,
decomposition of the product must be efficient. In some cases demetalation of
complexes was achieved using trimethylamine N-oxide. Although vyields were
moderate to high for most of the substrates tried, no diastereoselectivity was obtained
during the reactions, with equimolar amounts of syn and anti alcohols being formed
in each case. A mechanism was proposed to account for the demetallation reaction
based on the common assumption that amine oxide promoted removal of a carbonyl
ligand from all transition-metal carbonyls proceeds according to the mechanism
shown in Scheme 1.4.3 Five, six and seven membered fused rings were formed in
these reactions. Trimethylsilyl functional groups were included as terminal groups on
the starting alkynes with the intention that these could be removed from the
cyclopentedienones formed giving rise to less highly substituted molecules (Scheme

1.5). This scenario has been used in traditional PK reactions.
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(OC)4Fe= C = O (0C)4Fep7-C— O
—» f | —» Fe(co)4NMe3) + c02
O— NMei 0 ~ NMe3
Vi
Scheme 1.4
MejNO, acetone, rt 0
-»>
43%
OH SiMe3
Scheme 1.5

The diene-Fe(CO)2(NHMe2) complex (13) was isolated in attempts to
demetallate complex (14) using trimethylamine N-Oxide. The mechanism as
presented in Scheme 1.6 was proposed to account for the demethylation reaction.
Further treatment of (13) with MeaNO effected its conversion to the corresponding

cyclopentenone.

Fe(CO)2(NHMe2)

OH SiMe3

(13) (14)
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(dieiieXOQjFe p=0 (diencXOQ2ZFe  p=0 (dicneXOQZIIZeO p:Q
o’ OH
* 3 ]
MgiN
\ + o
OH
HO

(dicneXOQjFeOO

(dienejF M OONCNIlIVAfej) (NHMe2+ HCHO MgN
firCOINdicne) \>
+ MgN+ OQj
Scheme 1.6

Pearson® also reported the iron carbonyl promoted cyclocarbonylation of 1,6
enynes to give bicyclo[3.3.0]octenones which is essentially equivalent to the
intramolecular PK reaction. The yields of reaction promoted by Fe(CO)s are similar
to Co2(CO)s promoted reactions. Enyne ethers undergo cyclisation most readily.
Cyclisation of terminal alkynes could not be achieved with ether derivatives,
however, all other internal alkynes (with SiMes, Ph, Et, Me terminal groups) used

were successful. An 8-oxabicyclooctenone cyclisation however was unsuccessful.

A coordinately unsaturated {Fe(C0)4}, which is presumed to be an involved
intermediate in iron carbonyl promoted PK reactions, was sought by means other
than by thermal dissociation of a CO ligand from Fe(CO)s. Fe(CO)4(acetone) is
formed from the reaction of acetone and Fe2(CQO)9. Analogous complexes prepared
respectively from mecn or NMes gave Fe(C0)4(mecn) or Fe(CO)4(NMe3). Yields of
cyclocarbonylation with these Fe(Co )aL complexes were generally higher than those
obtained using iron pentacarbonyl in mecn. However, the pregeneration of Fe(C0)4L

complexes requires higher temperatures and also involves synthesis and handling of
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air-sensitive intermediates.@ Also a major drawback was that the 5-en-l-yne isomer

of the starting material was obtained as a major byproduct from these reactions.

1.5.7.3 Tungsten carbonyl catalysts

Tungsten pentacarbonyl has been shown to promote “PK like” cyclisation
with substrates including electron deficient -alkene or -alkyne moieties.19 As
previously, use is made of M(CO)ni(solvent) complexes where typically 10 mol %
W(CO)s(THF) was used as the catalyst. In this case however W(CO)s(THF) is
generated by irradiation of W(CO)6 in dry THF. Advantages to this procedure include
the air stability of W(CO)6 as well as its relative less toxicity in comparison to other
metal carbonyls. Use was also made of the promoter DMSO with W(CO)6 again

cyclising electron deficient alkynes.6l

1.5.7.4 Titanium and Zirconium catalysts

Titanium catalysed enyne cyclisation/isocyanide insertions are also known.%
Usually iminocyclopentenes are formed from the use of 10 mol % of CpTi(PMe3s)2
when an isocyanide is used instead of a CO and a subsequent hydrolysis step gives
the corresponding bicyclic cyclopentenones (Reaction 1.9). One drawback is the
lengthy procedure required but the reaction tolerates the presence of polar functional
groups such as ethers, N - containing compounds and esters, as well as chiral enynes.

In general, reactions promoted by CpTi(PMes)2 give poor yields.
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/ = Ti complex
0 >
14 psig CO, toluene,
12 h, 90 °C

Ti complex

Reaction 1.9

CpzTiCh and Cp2ZrCl2 metallocenes in the presence of CO can cyclise enynes
by initially forming metallacycles. They are subsequently converted into enones by
carbonylation (Scheme 1.7).62 Terminal alkynes are unsuitable substrates but may be
used if a suitable protecting group is used. Generally the range of substrates which are

suitable for reaction is limited by the basic, highly reducing conditions.

SiR SIiR,

Ae—== SR3 CrZrCph .
Mg, HgClI2

Scheme 1.7
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1.5.7.5 Palladium and Molybdenum catalysts

Heathcock et al.63 reported the use of a palladium catalyst in the synthesis of
an a - methylene cyclopentenone fused to a five membered ring (Reaction 1.10).
Heating (alkyne)Mo2Cp2(C0O)s4 complexeses with the commonly studied alkenes
norbornadiene and norbomene surprisingly gave rise to the cyclopentenones in

Reaction 1.11.

Reaction 1.10

Reaction 1.11

1.5.7.6 Rhodium and Ruthenium catalysts

Rhodium catalysts such as [RhCI(CO)zj2 and RhCI(CO)(PPh3) have also been
used to convert enynes to bicyclic enones.ss Jeong et al.66 reported a catalytic
intramolecular PK reaction using /ram-RhCI(CO)(dppe) as a Rh(l) catalyst in the
presence of an atmosphere of CO (Reaction 1.12). Using PPl:3 substituted analogues

required the use of AgOTf for initial activation.
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Et02C 2.5 mol% trans-[RhCI(CO)(dppe)] 2,

. Me
EtOjC 1 atm CO, toluene, 100 °C, 24h

Me

Reaction 1.12

Mitsudo et al. reported the first ruthenium-catalyzed intramolecular reaction.
N, N -dimethylacetamide (DMAc) was the promoter under 15 atmospheres of CO
(Reaction 1.13).67

Reaction 1.13

1.5.7.7 Intermolecular Pauson -Khand reactions involving (indenyl)Co(l) and Mo

catalysts

All metal promoters discussed previously are involved in catalytic
intramolecular PK like cyclisations. Chung,es however, reported the first practically
useful catalytic system for the formation of cyclopentenones intermolecularly using
I,4-cyclooctadiene(indenyl)cobalt(l) as catalyst. In addition some intramolecular
substrates were also used effectively. Norbornadiene or norbomene substrates,
terminal alkynes and 1 mol % of catalyst was sufficient to effect cyclisation. 1,7-
octadiyne and propargyl alcohol, which usually give low yields with the Co2(CO)s

catalyst, were obtained in excellent yield. Disubstituted alkynes diphenylacetylene
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and methylphenylacetylene proceeded less efficiently. In all cases the oxo isomer was

formed.

The molybdenum - alkyne complex mentioned earlier was also found to be
effective for intermolecular cycloaddition.ss Heating a phenylacetylene-Mo02Cp2(CO)4
complex with the strained alkene norbornadiene produced the corresponding
cyclopentenones substituted at both the 2 and 3 position in 45 and 32 % vyield
respectively (Reaction 1.14).

Reaction 1.14

As with Co2(CO)g, alternative PK promoters have problems in relation to
substrates and reaction conditions. Most importantly, however, they do provide

access to compounds not accessible by traditional means.

1.5.8 Photochemistry and the Pauson - Khand Reaction

Many PK reactions to date require that the metal carbonyl fragment be
supplied in stoichiometric quantities, which is a significant problem for
commercialisation of the PK process. There has been considerable interest in the
development of systems which use only catalytic amounts of the metal carbonyl.
However, only a few examples of catalytic reactions have appeared in the literature.es
Those that have, tend to require lengthy procedures but recently Livinghousees and

Pauson7o have investigated a number of systems of a photochemically driven
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stoichiometric PK reaction which proceeded in very low yields. Using a Q-beam
MAX MILLION spotlight as the visible light source, Livinghouse showed the
intramolecular PK reaction proceeded catalytically at 50 - 55 °C under 1 atmosphere
of CO pressure, typically for 4 - 12 hours. The precise role the photon plays in the
reaction however, remains uncertain. In the past thermal reactions with enynes have
been formed mainly on cyclisation of 1,6, enynes. Reactions 1.15(a-c) shows a
selection of substrates which have been used including the 1,7 enyne (14). Selective

cyclisation was also observed with (18) yielding (19).

@)
OAcC
14 15
(b)
|2I
16 17
©
18 19

Reactions 1.15(a-c)
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In general low concentrations of substrate inhibited the photochemical PK
reaction. Choice of light source and purity of Co2(CO)s were found to be critical.
Solvent systems hexane, THF and acetonitrile were found to be inferior to ethyl
acetate, 1,2-dimethoxyethane (1,2-DME) and diglyme, the most efficient being 1,2
DME.

1.5.9 Synthetic Applications

1.5.9.1 Prostaglandin History

Seventy years ago scientists in Europe and the USA observed that lipid
fractions isolated from human semen induced contraction and relaxation of the
human uterus. The active component, prostaglandin (PG), was named by Van Euler
who believed that the substance was produced in the prostate gland. In fact,
prostaglandin is widely distributed in mammalian tissue. Onions contain appreciable
quantities of PG Ai while PG A2-15 acetate has been obtained from coral found in the
Caribbean. Thirty years later Bergstrom et al. isolated the first prostaglandins in pure

form and determined their structure.

In general they exhibit a wide range of biological activity. Rheumatoid
arthritis is probably caused by overproduction of PG in the diseased joint.
Aggregation of blood platelets in humans and induction of labour are also promoted
by the presence of PG’s. Under production of a particular PG could be corrected by
the administration of a suitable prostanoid (agonist) which binds specifically to the
appropriate biological receptor and elicits the same response as that given by the

naturally produced substance.
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Prior to the development of the Pauson - Khand cyclisation reactions lengthy
synthesis were required to obtain prostaglandin analogues.71,72 New analogue designs
were sought to avoid intermediates which take numerous steps to prepare. Pauson and
Khand have provided a cyclopentenone synthesis which offers improvements in both

efficiency and ease of use.

1.5.9.2 Triquinanes

Magnus used intramolecular Co2(CO)s promoted cyclopentenone preparation
for the total synthesis of corolin, a linear fused triquinane. Bicyclo[4.3.0] nonanes
and bicyclo[3.3.0] octanes7s were previously reported as precursors for the synthesis
of corolin and hirsutic acid. The first attempts to produce angularly fused triquinanes
(tricyclo[6.3.0] undecanes) avoiding the use of carbocyclic starting materials was
suggested by Schore.7s Treating enyne (20) with Co2(CO)g produced triquinane (21) -
the first example of the generation of a quaternary carbon at multiple ring fusion.

Attempted methylation of the triquinane, however, could not produce isoceme (22).

Triquinane Isoceme

(20) 1) 22)

In a later report Schore showed two approaches towards cyclisation precursors
for angularly fused triquinanes. One involves producing the unsubstituted ring system
in only four steps from acyclic precursors. The second is a regiochemically controlled
construction of more highly substituted derivatives. A tetrasubstituted alkene

substrate (23) was tested for compatibility to undergo intramolecular PK reaction in
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an attempt to find the fate of the allylic methyl group, an important stereochemical
question. All attempts failed to produce the cyclised product, demonstrating the

limitations of tolerance for alkene substitution.

The synthesis of (+)-pentalenene (24) was also reported by Schore7s on
continuation of his study on triquinanes. Only the methyl group at the lone
stereoisomer in the precursor enyne was used to direct ring closure in the required

direction.

(23) (24)

1.5.9.3 Bicyclo[3.3.0Joctenones and terpenes

The bicyclo[3.3.0]octenones (25), a class of compounds not accessible by
conventional routes, have been useful intermediates in natural product synthesis.
They have potential as intermediates for preparation of iridoid monoterpenes.
Billington7e prepared a series of cyclopentenones derived from allyl-propargyl ethers
cyclised with Co2(CO)g. Heating the formed hexacarbonyldicobalt ether complex in
an atmosphere of CO gave the desired product (Scheme 1.8). It is the first reported
synthetic example of heterocyclic synthesis by this manner. Syntheses of the ethers
are reported from the treatment of the alcohol with allyl bromide in the presence of

KOH.
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@
Co2(C0O)8
Rj R1
(25)
R,
ocx AXN ~co
Co Co
ocy V'"co
CO CO
(b)
OH
(26) (27)
Scheme 1.8

Hydrogenation and deprotection for RiHR.2=H, R3=CH2CH20THP gives (26)
the penultimate intermediate in the synthesis of (z) - tetrahydroanhydro aucubigenone
(27). The potential of this class of compounds to partake in the synthesis of both

Japanese hop ether and iridoid monoterpenes in general is being investigated.
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The three natural products, the algae terpene dictyoxide, the
furanosequiterpenoid fungal metabolites furanether A and furanether B, all contain
the Il-oxatricyclo[5.3.1.0Jundecane ring system (28). Derivatives of this ring system
has been reported by Schore77 to emerge from the corresponding 8-oxabicylo
[3.2.1]oct-6-ene ring system participating to varying extents in the Co02(CO)s
promoted cyclopentenone synthesis producing moderate yields and predictable

regiochemistry.

(28)

1.5.9.4 Chiral complexes

Chiral cluster complexes have been prepared by Nicholas'® following an
interest in cluster promoted asymmetric reactions and catalysts. A series of
diastereomeric monosubstituted phosphine cobalt pentacarbonyl acetylene complexes
were prepared with formula (R1IC=CCH(OH)R2Co2(CO)sPPh3s from chiral
(propargyl alcohol)Co2(CO)e. Flash chromatography separated the diastereoisomers.
The complexes possess the typical pseudotetrahedral core, characteristic of cobalt
hexacarbonyl complexes, with the PPhs ligand occupying an axial position trans to
the Co - Co bond. It was suggested that the enantioselection does not arise from the
influence of the chiral glyphos ligand but from the chiral Co2C2 core. Exploitation of
this novel type of asymmetric induction in effecting stereocontrolled coupling
reactions of the extremely stable propargylium complexes derived from protonation

ofthe phosphine substituted complexes is being exploited.
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While inducing asymmetry as above, is one way of producing chiral
compounds, another method employed involves use of chiral auxiliary. These may be
bound to either the alkene or the alkyne moiety. Greene et al.”® most widely studied
PK reactions of alkoxy enynes derived from chiral alcohols (29, 30). The
stereochemical outcomes of the reactions were explained based on chiral auxiliary -
directed n - face discrimination. De Meijere et al.so reported the use of a chiral acetal

adjacent to the triple bond in 1,6 - enynes (31).

(29) Me3

R = Me, Ph, c-Hex

(31)
(30)

1.5.9.5 Perfumes andfenestranes

An important perfumery chemical precursor 2-pentylcyclopent-2-en-l-one, a
trans -hydrojasmonate has been prepared from hept-lI-yne ethylene and CO by
catalytic PK reaction.7s Aphidicolin and stemodin are diterpenes with a unique
spirocyclic constitution containing numerous stereo centers and are known for their
high biological activity. Vollhardts: reported their synthesis in 1991 presenting the

first cyclisation involving an exocyclic alkene.
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Several fenestrane derivatives have been prepared by Smit and Caple (32)
cutting down from the usual multi-step and tedious procedure to operationally simple
steps based on etherification of //-cobalt carbonyl complexes of 1,6 enyn-5-ols with
unsaturated alcohols and intramolecular PK reaction and [2 + 2] photocylisation. Dry
state adsorption conditions were used for the intramolecular PK reaction. Substrates
containing several competing double bonds in the dienyne were used and

demonstrated the regioselectivity ofthe intramolecular reaction ( Reaction 1.16(a)).

@)
A I Me
SiO,
2h (a)
60 °C AT "o
Me
(32)
O
sio, Mo
(b)
40 °C
(33) R=H M* = C02(CO)s

(34) R =Me

Reaction 1.16

In Reaction 1.16(b) substrates (33) and (34) contain two double bonds
similarly positioned with respect to the triple bond. In both cases the intramolecular
PK reaction proceeds with predominant participation of the double bond of allyoxy
moiety leading to 5 - oxabicyclo[3.3.0]octane derivatives in both cases. Also geminal

substitutions on one of the double bonds prevents it from participation in the
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intramolecular PK reaction. Other uses of the PK reaction can be obtained from

3
references.
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2.1 Introduction

Investigations into the Pauson - Khand reaction have shown that (ji2-
alkyne)Co2(COys complexes can be conveniently isolated from the reaction of
Co02(C0O)8 and alkynes (Scheme 2.1).1 Studies on these (//2-alkyne)Co2(CO)s
complexes by Livinghouse and Belanger2 have shown that in some cases they can
serve as sources of an active catalyst for carbonylative enyne cyclisations (Scheme
2.2). A series of (/*-alkyne)Co2(CO)ye complexes were screened in combination with

EtsSiH in the catalytic Pauson - Khand reaction (PKR).

CO CO R 1O
,CO ocC\
oC\
y t’0£ X SCO + ” Co' Co. 2CO
oc'V V'co ocw w'co
co co R’ co co
Scheme 2.1
cat. = [HO(CH3)2CCsCH]Co2(COys
Cy = cyclohexylamine

Scheme 2.2
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A reaction mechanism has been proposed for the Pauson - Khand reaction
based on the regio- and stereochemical outcome of a vast number of thermal
reactions. It is widely believed that decarbonylation of the (/*-alkyne)Co2(COys
species is a prerequisite for the overall reaction sequence. Krafft and co - workerss
have successfully trapped such a CO-loss species by a sulphur atom of a thio -
substituent on the alkyne, yielding an isolable pentacarbonyl complex amenable to

spectroscopic and structural analysis.

A variety of complexes where L is a simple phosphine or phosphite ligand
(e.g. L =PPI13, P(OMe)3, PCys and P’ BUs) are known. Manning and co-workersAhave
thermally prepared penta- and tetracarbonyl derivatives of (//2-alkyne)Co2(CO)e
complexes by replacement of one or both axial CO groups with monodentate
phosphines, phosphites and arsines. Kerrs has shown that alkyne
pentacarbonyldicobalt complexes containing the chiral ligand (R)-(+)-Glyphos can be
readily synthesised in moderate to good yields under standard thermal reaction
conditions. Additionally, novel tertiary amine N-oxide promoted reactions have been
developed which allow the rapid formation of the same mono-(R)-(+)-Glyphos
complexes in consistently good yields under mild conditions (Scheme 2.3).
Separation of the diastereoisomers produces complexes which are optically pure and

can then be used in enantioselective versions ofthe Pauson - Khand reaction.

CH~Cl,, 30-60 min.
Co02(CO)5PPh2R X

PPh2Rx= (R)-(+)-Glyphos
TMANO.2H2) = Trimethylamine N-oxide*dihydrate

Scheme 2. 3
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While the thermal chemistry of cobalt carbonyl complexes has received
widespread attention the photochemistry of such complexes has remained relatively
unknown. The high temperature required for the Pauson - Khand process is a
considerable disadvantage, particularly if olefin substrates undergo thermally induced
rearrangements. Thus, the types of olefins which can be used is limited. Taylor and
Viney6 have generated (//2-CeH5C2H)Co2(CO)s(PPh3) photochemically by utilising
irradiation with linearly polarised laser light on a preparative scale. Livinghouse and
Pagenkopf7 reported the photochemical promotion of the intramolecular PKR. High
intensity visible light effectively promoted an intramolecular catalytic PKR at 50 to
55 °C and 1 atmosphere of CO. However, the precise role the photon plays in the
reaction remains uncertain. Although turnover numbers were not high (max. 60), the
choice of the appropriate light source, the purity of Co2(CO)8 and the reaction
temperature were all reported to be critically important for successful catalytic

reactions.

Recently, a matrix isolation study demonstrated that CO-loss occurs following

Q

short - wavelength (AC¢= 250 nm) photolysis of (//2-CeHsC2H)C02(CO)s. “This work

demonstrated that (/*-CeH5C2H)Co02(CO)e is photochemically inert when irradiated
with Xexc = 350 nm. However it would not be feasible to use photons of wavelengths
less than 300 nm in the Pauson - Khand reaction because of risk of photochemical

damage to the unsaturated substrates.

The possibility of using photochemical techniques to promote the Pauson -
Khand reaction has been investigated and is detailed in this chapter. A study of the
wavelength dependent nature of the photochemistry of cobalt hexacarbonyl
complexes has not been studied previously. A fuller investigation will provide further
evidence for the importance of the CO-loss process to the Pauson - Khand reaction,
and present an alternative and more attractive means of promoting the reaction

particularly when thermally sensitive substrates are required.
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To assist with a fuller understanding of the mechanistic pathways of the PKR
a series of experiments have been conducted using phenylacetylene
hexacarbonyldicobalt (pachc) as a model complex. Preliminary experiments were
undertaken to identify the photoproducts generated. Both photochemical and thermal
derivatisation followed by spectroscopic and structural analysis of the products
confirmed the primary photoproduct to contain the (//2-alkyne)Co2(CO)s fragment.
Both steady-state and laser flash photolysis techniques were used in this study. The
investigation was extended to include the photochemistry of acetylene
hexacarbonyldicobalt (achc) and diphenylacetylene hexacarbonyldicobalt (dpachc)
complexes. This work reveals for the first time a wavelength dependent
photochemistry of the (//2-alkyne)Co2(CO)s complex and demonstrates the
importance of correct selection of excitation wavelengths in promoting the desired

CO-loss process.

2.2 Photolysis of (n2-CeHsC2H)Co02(CO)6

2.2.1 Molecular modeling of (fi2-Q4yH5C2H)Co02(CO)6

The molecular model of pachc is shown in Figure 2.1. The bonding between
the alkyne carbon - carbon bond and the {Co2(CQO)e} moiety is described by the a -
donation of n - electrons from the alkyne group to an empty orbital on the metal and
the formation of a %- bond by the back donation from a filled d - orbital on the metal
into the n* - orbital of the triple bond. This back bonding contributes to the
stabilisation of the alkyne - metal linkage. Therefore, the alkyne acts as a four
electron donor, with each cobalt atom receiving two electrons in place of the two
carbonyls which have been displaced from Co2(CO)8. The position of the cobalt atom
is such to allow efficient overlap from both n - orbitals of the acetylene C=C triple
bond. Thus the acetylene bridges the cobalt - cobalt bond at right angles and the

carbon centers approximate sp hybridization.
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Figure 2.1 Molecular model ofpachc

2.2.2 Synthesis and Spectroscopic Characterisation of (p.2-C(,H5C2l1) Co2(C0)6

2.2.2.1. Preparation and IR spectrum of (*2-Cr,H5C2H)Co02(CO)6

The synthesis of phenylacetylene hexacarbonyldicobalt (pachc) was carried
out according to the method of Sternberg and Greenfield.o,;0 Formation of the pachc
complex results from simple replacement of the two bridging carbonyls in Co2(CO)g
by phenylacetylene. The reaction was monitored by IR spectroscopy which indicated
the disappearance of parent bands and the formation of a product which was
identified as (/-CfiHsC2H)Co2(CO)6. The product was isolated by flash
chromatography elution on silica gel using pentane as eluent and characterised by IR
and '"H NMR spectroscopy and elemental analysis. Co2(CO)ghas C2Vsymmetry and
the observed IR spectrum showed five terminal bands at 2095, 2064, 2042, 2032 and
2028 cm'1 and two bridging bands at 1867 and 1859 cm'1 (Figure 2.2(a)). The IR
spectrum of pachc (Figure 2.2(b)) shows in particular the absence of bridging CO
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bands and the presence of new terminal CO bands at 2094, 2055.9, 2033, 2028.6 cm'1
and a shoulder at 2018 cm'L

@

(b)

Wave number /cm

Figure 2.2 IR spectrum in the CO stretching region of (@) Co2(CO)8 (b) (fj.-
CEHEC2H)Co2(CO)6at 298 K (cyclohexane; cm1+1cm).
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2.2.2.2. NMR characterisation o f (Lb-CeH5C2H)Co2(CO)f,

The proton IH NMR spectrum of uncoordinated phenylacetylene and the
pachc complex are presented in Figure 2.3. A shift of the free ligand protons upon
complexation is observed. Resonances observed at 3.1 (s,IH) ppm in uncoordinated
phenylacetylene, assigned to the acetylene =C-H proton, have shifted to 6.3 (s,IH)
ppm. Because of the electronic delocalisation onto the C2Co2 core and the reduction
of the alkyne character of the carbon - carbon bond upon complexation, the terminal
proton is deshielded and appears at lower field. In the aromatic region resonances at
7.19-7.27 (m, 3H, Ar-CH, J = 1.7 Hz) ppm and 7.4 (m, 2H, Ar-CH, J = 1.7 Hz) ppm
are assigned to the complexed protons in the phenyl ring. These bands have shifted

upfield upon complexation.

The 13 NMR spectrum of pachc is presented in Figure 2.4. Upon
coordination, the acetylenic carbon atoms that originally appear at 77.9 and 84.1 ppm
(CDCls) are observed at 72.9 and 89.7 ppm respectively. Upon coordination of the
alkyne to the {Co2(CO)s} moiety, the position of the terminal carbon atom 1Ci is
shifted by ca. 6 ppm upfield of TMS, and the resonance of the carbon atom 13C2 close
to the phenyl ring is shifted by ca. 6 ppm downfleld. The n - electron density of the
carbon - carbon bond has decreased and is now localised on the ‘C2Co2’ core. Since
the 13C2 is close to the electron withdrawing phenyl ring, this carbon is deshielded

and thus appears downfleld.
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@

VIl

T t-t-—-t=t--t--t-7T
7.60 7.40 ™ 1720 2io

(b)

Figure 2.3 'H NMR spectrum of (a) uncoordinated phenylacetylene (b) (fir
CeH5C2H)Co2(CO)6at 298 K in CDCI3
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The aromatic carbon atom attached to the dimetallatetrahedrane core
undergoes a dramatic shift. The electron density on the phenyl ring is delocalised on
the ring, therefore the closest aromatic carbon atom to the core will be mostly
sensitive to the deshielding effect of this unit and its position will be strongly shifted
downfield. The 13C chemical shifts of the carbonyl ligands in the (jur
CeH5C2H)Co2(CO)s complex appear as a broad signal at around 201 ppm, suggesting

that the carbonyls are rapidly interchanging on an NMR timescale.

Figure 2.4 I3C NMR spectrum ofpachc at 298 K in CDCI3

2.2.2.3. Electronic absorbance spectrum o f(n2-CeHsC2H)Co02(CO)6

The UV/Vis spectrum of pachc is presented in Figure 2.5. Generally this type
of complex absorbs across a broad range of wavelengths up to 630 nm. The at
352 nm (e = 7.35 x 106 mol'l dm3 cm') has been assigned to a 0-0* transition
associated with the M - M bond according to Manning based on studies of

Co2(CO)sU and is shifted to lower energy upon complexation. They attribute the
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bands at lower energy (422 (e = 2.23 x 106mol'ldm3cm') and 536 (e = 1.13 x 106
mol4 dm3cm']) nm to n-n* transitions. The absorbance of the complex stretches well
into the visible region of the spectrum, a characteristic which will become important

for selective photolysis of the complex.

Wavelength /nm

Figure 2.5 UV/Vis spectrum ofpachc (conc. =3.2 x 10-4M) inpentane solution at 298 K.

2.2.3 Steady-state Photolysis Experiments

2.2.3.1. Photolysis of (L-CeHsC2H) Co2(CO)a in the presence o ftrapping ligands

Preliminary experiments were conducted on pachc using broad band
photolysis techniques in order to identify any products which arise as a result of
photolysis of the (//2-alkyne)Co2(CO)s complex. Once this was established it was

important to identify which spectral region produced the desired CO-loss process.

Initially, pachc was photolysed in the neat degassed alkane solvents

(cyclohexane or pentane) at Aoc > 340 nm. No changes were observed in the IR
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spectra monitored att = 0, 0.5, 1, 2, 3, 5, 10, 15 and 20 minutes. However, if a
photoreaction is taking place any products formed would not be visible in a steady-
state in neat solvents as ligand loss would be reversible in solution. By employing a
trapping ligand such as PPI3 or CsHsN, which are two electron donors, the CO-loss
product could be trapped. Any photoproducts which arise can then be identified by IR

spectroscopy.

Photolysis in pentane containing a 4-fold excess of CsHsN, after argon
purging (20 min) and irradiation with Xec > 340 nm produced new bands
accompanied by the depletion of parent bands. The IR combination and difference
spectrum for the photoreaction are given in Figure 2.6 for t = 15 minutes. Arrows
indicate the direction of band increase or decrease. The new bands are identified as
(/12-CeH5C2H)Co02(CO)s5(CsHsN). Substitution of the CsHsN ligand for CO was
accompanied by a change of photolysed solution to a darker red colour. After
irradiation for 20 minutes the concentration of the newly formed pentacarbonyl
complex was higher than that of the starting complex (//2-CeHsC2H)Co02(CQO)s. Some
bi-substituted product (/*-CeHsC2H)C02(CO)4(CsHsN)2 also formed upon continued

photolysis.

Similar results were obtained with PPliz for photochemical experiments
resulting in substitution of either one or two CO ligands by PPliz (see Table 2.1).
Unlike the photoreaction of pachc with CsHsN, the reaction with PPliz does not go to
completion. The yield of photoproduct (//2-CeHsC2H)Co2(CO)s(PPh3s) was 70%,
based on the intensity of wvco bands, compared to 98% for (jiz-
CeHs5C2H)Co02(CO)s5(CsHsN). As well as the assigned bands for mono- and bi-
substitution a band is occasionally observed at 1981.2 cm'1 the origin of which is

uncertain.
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@)

Wavenumber/cm’1l

(b)

Wavenumber/cm’'l

Figure 2.6 IR spectrum in the CO stretching regionfollowing broad band photolysis of
pachc after 15 minutes irradiation in the presence of pyridine (Xoc > 340 nm) (a)
combination spectrum showing new photoproduct and parent bands (bj difference spectrum.
The positive hands are identified as (*-C*"HsCjH) Co2(CO)s(CsH5N).

69



The Photochemistry of (f*2-Alkyne)Co2(CO) 6 Complexes Chapter 2

The characterisation of product was achieved by comparison of observed vco
bands with published data for PPliz derivatisation by Manning4 and Bonnet.12 The
synthesis of mono- and disubstituted complexes by thermal methods was reproduced
for comparison of vco bands and confirmation of results (Figure 2.7). Comparison of
photochemical and thermal results show the formation of (k-
CeH5C2H)Co02(CO)s(PPh3) after 20-30 minutes photolysis time compared with 3
hours using thermal methods. Thus photochemical methods are more efficient for the

preparation ofthese compounds.

Wave number /cm™1

Figure 2.7 IR spectrum in the CO stretching regionfor (A»-COrtHsC2H)Co2(CO)s(PPhJ

synthesised by thermal methods (cyclohexane, cmy,+ 1 cm’).

All experiments carried out at Xex > 340 nm were repeated at Xec > 400 nm.
Comparison of changes in band formation for direct photolysis at Xec > 340 nm to
that at Xexc> 400 nm showed the yield of photoproducts was greater at Xexc> 340 nm.
This is possibly due to the absorption characteristics of pachc which absorbs more in
the region at 340 nm. In order to rule out the possibility that reactions may be thermal

and not photochemical, experiments were set up in duplicate. One of the solutions
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was photolysed in front of an IR sink while the other was stored in the dark for the
corresponding amount of time. Spectroscopic analysis of the control solution showed

no changes had occurred during the time span ofthe experiment.

Table 2.1 The v@ band positions observed following steady-state

photolysis ofpachc.

Compound Veo
Qr CeHsCzH)Co2(CO)6 2094, 2056, 2033,2029,2014(sh)
("-CeHsC2H)Co2(CO)s5(CsHsN)b 2069, 2018, 2005, 1994, 1966
(//r CeHsC2H)C02(CO)4(CsHsN) b 2021,2018, 1967, 1942
Qr CeHsC2H)Co2(CO)s(PPh3)b 2065,2016, 2006, 1997, 1972
("r CeHsC2H)Co2(CO)4(PPh3 2 2021, 2004, 1972,1942

Cyclohexane solution at 298 K (cm'L + 1 cm’); a complex prepared by thermal

methods; bcomplexes generated by steady-state photolysis experiments.

2.2.3.2. Steady-state UV/Vis monitored photolysis of (fi2-C(,H5C2H)Co02(CO)6 for
h exc > 400 and 340 nm

Pachc was photolysed in a cyclohexane solution with added PPli3 and
outgassed by flushing with argon. The reaction was followed by steady-state UV/Vis
spectroscopy (Figure 2.8) and showed a depletion in bands at 352, 422 and 536 nm
while a band at -382 nm was observed. After further photolysis this new band
depletes, indicating the degradation of the newly formed species. The photoproduct
was identified as (/*-CesH5C2H)Co2(CO)s(PPh3) by comparison with the vco bands of
an authentic sample prepared by thermal methods.4 Upon photolysis in the presence
of pyridine under the same conditions, the steady-state UV/Vis spectrum shows a
similar decrease in bands at 352, 422 and 536 nm while a new band again appears at
396 nm. These spectral changes suggest the formation of (-

CeHs5C2H)Co2(CO)s(CsHsN).
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Figure 2.8 Steady-state UV/Vis spectral changes upon photolysis ofpachc in
the presence of PPh3 (1ff4M) at 298 K (cyclohexane solvent); Kxc > 340 nm; —
pre-photolysis, after photolysis.

Broad band photolysis of pachc in degassed alkane solutions containing
CsHsN or PPli3 proceeds according to Reaction 2.1. The unique ligand occupies the
axial position as observed by Manning for the thermal products. The results so far
demonstrate that the photoprocess that occurs following broad band photolysis is CO-
loss rather than alkyne loss. This prompted a fuller investigation of this system using

monochromatic irradiation.

Ph h .
Ir H P2 H
ocC\ ~CO bo ocC\ - PPL3
Co — Co s > Co--—-- Cce
oc'V Vco pph oc'V V'CO
co co 3 co co
Reaction 2.1
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2.2.4 Laserflash photolysis of (fa-C*"FIsC2H)Co2(CO)6 at Xexc = 355 nm

2.2.4.1. Flash photolysis under varying atmospheres

The pulse excitation (ktxc = 355 nm) of a solution of pachc in cyclohexane under
1 atmosphere of argon resulted in depletion and rapid recovery of the absorption as
represented in Figure 2.9(a). This behaviour was observed at all monitoring wavelengths
where the parent hexacarbonyl has significant absorption. The rate of recovery was
found to follow first order Kinetics with kobS= 3.14 xl1O7 s'1 at 298 K. The steady-state
UV/Vis spectrum recorded throughout photolysis showed a slight depletion of all bands

of the starting solution however (Figure 2.9 (b)).

An experiment carried out under 1 atmosphere of CO, exhibited a similar
transient signal with a similar rate of recovery of 3.5 x 107s'L No evidence for a CO-loss
intermediate was observed in either case. Under 0.5 atmosphere of CO ([CO] =4.5 x 10
3 M) the observed rate was 4.3 x 107 s'L This is strong evidence that the primary

photochemical reaction observed in these experiments was not the result of CO-loss.
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@)

Time /x 107s"

(b)

Wavelength /nm

Figure 2.9 (a) Typical transient signal observed at 400 nmfollowing laserflash photolysis
ofpachc in cyclohexane solution at 298 K under 1 atmosphere ofargon (Xec = 355 nm) (b)
the steady-state UV/Vis spectrum monitored during photolysis. Note the slight depletion of

parent bands with no obviousproduct bands.
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2.2.4.2. Flashphotolysis in different solvents

In these experiments acetonitrile was used as solvent because this solvent can
act as a two electron donor. Pachc was flash photolysed under 1 atmosphere of argon.
If CO-loss were to occur an acetonitrile molecule would occupy the vacant
coordination site. However, the transient signal observed showed a depletion of
parent followed by a rapid recovery. The rate of recovery was measured to be 5.34 x
107 s'1 (Table 2.2). A sample of pachc prepared in cyclohexane gave a similar
transient with kobS= 3.14 x 107 s'L The steady-state UV/Vis spectrum showed a slight

depletion of all parent bands following these experiments indicating degradation.

Table 2.2 The observed rate of recovery (k*,) of parent absorption

measured for laser flash photolysis ofpachc at Xec= 355 nm.

Atmosphere Solvent has /s
latm Ar cyclohexane 3.14 x 107
I atm CO cyclohexane 3.50 x 107
latm Ar acetonitrile 5.34 x 107

0.5 atm CO cyclohexane 4.30 x 107

When samples prepared in mecn were photolysed under 1 atmosphere of CO
(ICO] = 9 x 103 M), light scattering, possibly due to localised heating effects, was
observed in laser signals which masked the transient recovery. No correlation of
results for first and second order rate equations was obtained. To ensure that the
reactions being carried out were generated as a result of photochemistry and not
because of thermal reactions, a control experiment was set up. Solutions were
prepared as in the photochemical experiments. This control sample in a sealed cuvette

was left in the dark and spectra were recorded for the same duration as the
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photochemical experiments. Both IR and steady-state UV/Vis spectrum did not show

any change under these conditions.

2.2.4.3. Flashphotolysis in the presence ofpyridine trapping ligand

Solutions of pachc were prepared in pentane containing 50, 10 and 5 equivalents
of pyridine. Each sample was placed under 1 atmosphere of argon after three freeze-
pump-thaw cycles procedure to 102 Torr. The solution, at room temperature was then
subjected to a dynamic vacuum, a process which has been shown to remove traces of
water, and a liquid pumping.13 A typical steady-state UV/Vis spectrum recorded
throughout photolysis is shown in Figure 2.10. An absorbance increase centered at
352 and 386 nm was observed. However, only bleaching of parent species was
observed as previously. No apparent differences were observed for solutions

containing different concentrations of pyridine (Table 2.3).

Wavelength/nm

Figure 2.10  Steady-state UV/Vis monitoring of laserflash photolysis ofpachc in
pyridine (1 x 106 M) in pentane, Xec = 355 nm, 1 atmosphere argon. Note that the

new bands indicated by the arrows increase throughoutphotolysis.
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Table 2.3 Transient signal changes observed during flash photolysis of

pachc containing varying concentrations of CsHsN at 298 K.

[CsHsN] Laser Changes4 hets
(M) (xIO Y1)
1.06 x 105 depletion and recovery 8.9
1.79 x 105 depletion and recovery 4.8
3.15 X (T2 depletion and recovery 7.4
10% solution depletion and recovery 2.6
Neat c5H5N depletion and recovery 1.8

Aec = 355 nm; cyclohexane solution; 1 atmosphere argon; 9steady-state UV/Vis.
spectra showed an increase in absorbance between 340 and 420 nm for all

experiments.

The intensity of the transient signal decreased on changing monitoring
wavelengths from 380 to 590 nm. The experiment was repeated for 10% pyridine
solutions with the same result as above. IR spectral changes were recorded
immediately after laser flash photolysis of the sample containing 10 molar
equivalents of pyridine. The parent bands at 2094, 2056, 2032, and 2028 cm'l
depleted while new bands at 2066, 2021, 2006, 1996(vs) and 1967 cm'l were
observed indicating the formation of (//2-CeH5C2H)Co02(CQO)s(C5HIN). This was
based on the results of steady-state photolysis of pachc in the presence of pyridine

and the similarity of the product spectrum to that of other monosubstituted species.

Crystals of this product were grown and examination of these by IR spectroscopy
showed bands at 2065, 2016, 2005,1996 (vs) and 1970, which are identified as newly
formed (*-CeHsCi*CoatCOMCsHsN), while bands at 2094, 2055, 2032, 2026 cm'1l
have been identified as (/2-CeHsC2H)Co2(CO)s. A fifth band for this complex which
usually appears as a shoulder on the band at 2026 c¢m 1is probably obscured by the
band at 2016 cm’l (Figure 2.11(a)). This compound was found to be very air
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sensitive which prevented further examination. The UV/Vis spectrum of these

crystals are given in Fig 2.11(b).

@

(b)

Wavelength /nm

Figure 2.11  Spectroscopic preparation of crystals formedfollowing photolysis of
pachc in 10% pyridine (a) IR spectrum in the CO stretching region (cm'}, £ 1 cm')

and (b) UV/Vis spectrum in cyclohexane.
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2.2.5 Summary ofResultsfor Photolysis Experiments using Xexc = 355 nm

The five new bands in the IR spectrum following steady-state photolysis of
pachc in the presence of either PPh3 or CsHsN confirm the products to be the
appropriate  substituted  species  (//2-CeHsC2H)Co02(CO)s(CsHsN)  or  {jiz-
CeHBC2H)Co02(CO)s5(PPh3). Steady-state UV/Vis spectral monitoring throughout
photolysis also showed the two parent bands at 352 and 422 nm decreased with the
simultaneous increase in a new band at 416 nm when CsHsN was added suggesting

the formation of (/*rCsH5C2H)Co02(CO)s5(CsHMN).

Pulsed photolysis experiments conducted in the presence of trapping ligands
such as CsHsN, PPli3 or CO resulted in transient signals showing the depletion of
parent absorption followed by a rapid recovery to pre-irradiated levels. The observed
rate constant, kobs, did not show a dependence on the concentration of CO. This
behaviour is not consistent with the loss of CO being the primary photochemical
reaction. The appearance of new bands in the steady-state UV/Vis spectrum
monitored throughout the laser experiments give evidence for the formation of a new
species. The molar extinction coefficient of the product is similar to that of the parent
compound hence there is no evidence of formation of a new species in the laser
experiment. In these experiments only depletion of the parent absorption and no
transient absorptions are observed. Changes in the IR spectrum recorded after flash
photolysis, noted only in the presence of added PPhs or CsHsN, have given evidence
for the formation of a monosubstituted derivative (//2-CeHsC2H)Co2(CO)s(L) (L =
PPI3 or (CsHsN). Clearly the photochemical changes observed were the result of
excitation by the monitoring lamp rather than the laser output. This result is
consistent with the recently published results of matrix isolation studies which
demonstrated that irradiation with Xec = 350 nms fails to produce significant

photochemistry.
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To explain the depletion of the parent absorption observed in these
experiments, following laser excitation it is proposed that homolytic cleavage of the
cobalt - cobalt bond occurs which rapidly undergoes an efficient recombination.
Consequently further time-resolved experiments were conducted using the second
and fourth harmonic of the Nd-YAG fundamental wavelength at 532 and 266 nm

respectively.

2.2.6 Laserflash photolysis of (fj,2-CeHsC2H)Co2(CO)6 at Aexc =266 nm

The excitation wavelength of the laser was changed to 266 nm to determine if
there was a difference in the behaviour of the system at this excitation wavelength
compared to that observed following irradiation with Aexc = 355 nm. Samples were
prepared as outlined previously in both acetonitrile and cyclohexane respectively and
placed under 1 atmosphere of CO ([CO] = 9 x 10'3M). The monitoring beam was
varied from 480 to 350 nm. However no photochemistry was observed following Aec
= 266 nm excitation. The steady-state UV/Vis spectrum showed an overall decrease
of parent bands for both solvent systems indicating the degradation of the parent

species.

2.2.7 Laserflash photolysis of (j.2-CeHsC2H)Co2(CO)6at | exc =532 nm

Pulsed photolysis (Xec = 532 nm) of a pachc sample prepared in pentane
containing 10% pyridine resulted in the transient which absorbs with a Anrexat 400 nm
as presented in Figure 2.12. This intermediate follows first order kinetics with the rate
of recovery (kobs) measured at 5 x 103s’lunder 1 atmosphere of argon. Under these
conditions the transient signal is not reversible. The signal observed is assigned to the
formation of a solvated species (//2-CeHsC2H)Co2(CO)Xsolvent) which reacts with
CsHsN to form a long lived species assigned (W¥-CeHsC2H)Co2(CO)5C5HsN). The
lifetime of this species depends on the concentration of added pyridine and a second

order rate constant for the reaction of (//2-CesHsC2H)Co2(CO)s(solvent) with pyridine
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was determined 3.0 x 106 dm3mol'lV 1at 298 K. Experiments conducted in the

presence of PPh3showed similar a transient absorption with ~nexat 400 nm.

Thus, the primary photoreaction in solution at Aexc = 532 nm is given by the

following (reaction 2.2)

hu
Qr CEHXCH)Co2CO)6 >  (/[2CHILH)CoACO)5 + CO (2.2)

As coordinately unsaturated 16 electron intermediates are extremely reactive, and are
known to coordinate weakly even to inert gases thus it is assumed that the

pentacarbonyl intermediate coordinates to a solvent molecule according to reaction

Q2CAHZCH)CoACO)5 + solvent ------- > (/[2CHEC2H)CoACO)Hsolvent)  (2.3)

In the presence of a ligand (e.g. PPh3 or CsHsN) the solvated intermediate exchanges
a solvent molecule for a ligand molecule (reaction 2.4). In the presence of CO the
solvent intermediate recombines with CO to regenerate the parent hexacarbonyl

according to reaction 2.5.

Qr CeHECH)CoACO)s(solvent) + L > (M2CEHIL2H)CoACO)HL) + (solvent) (2.4)

("rCeHELH)CoACO)Hsolvent) + CO > (Pr CEHECZH)Co2CO)6 + (solvent) (2.5)
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00

TSire/xloV

(b)

Figure 2.12  Laserflash photolysis ofpachc (conc. = 1.1 x 1ff7M) in 10%pyridine under
1 atmosphere of argon; (a) shows the transient decay signal (X*c = 532 nm) monitored at
390 nm (b) shows the steady-state UV/Vis spectrum obtained throughoutflash photolysis; —
pre photolysis, after photolysis.
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Changes in the steady-state UV/Vis spectrum of the sample were monitored at
intervals throughout the experiment. There was an increase in bands in the region X >
340 to 500 nm which indicates the formation of a new species. New bands were
observed in the IR spectrum obtained immediately after the flash photolysis
experiment. The newly formed species was identified as (k-
CeHsC2H)Co02(CO)s5(CsHsN)  on  comparison with steady-state photochemical
experiments performed earlier. The shift of parent bands to smaller wavenumbers on
formation of the product is consistent with the addition of an electron donating

substituent.

In the UV/Vis spectral region at X < 340 nm the absorbance of the parent is
too intense to observe changes upon photolysis. A more dilute solution was prepared
so that any spectral changes in the high energy region of the spectrum could be
observed. However, the solutions prepared with an OD = 0.5 A.U. at Xexc = 532 nm
failed to produce transient signals in pulsed photolysis experiments. The low energy
laser beam is not strong enough to excite any species as the concentration of sample
is too low. Flash photolysis was carried out on a solution of pachc prepared in
pentane in the absence of pyridine under 1 atmosphere of CO ([CO] = 9 x 10 M).
Steady-state UV/Vis bands showed no change in absorbance bands while monitoring
throughout photolysis, which is expected for reversible reactions in the absence of
trapping ligand and is evidence for a reversible CO-loss process. A transient decay

such as that in Figure 2.13 was obtained.

This depletion followed by a full recovery to parent species is evidence for the
reversible photochemical loss of CO. The kotS was linearly dependent on the
concentration of CO yielding the second order rate constant (k2 = 1.2 x 10 dm,\mol'1
s1at 298 K) as the slope. While the lifetime of the species was reduced under an
atmosphere of CO its yield was not affected - behavior which is typical of CO-loss
intermediates. Repeated exposure to the laser radiation did not result in significant

changes to the steady-state UV/Vis spectrum of the sample.
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Time /X 104 81

Figure 2.13 A typical transient signal observed at Xmax = 400 nm following laser
flash photolysis ofpachc (conc. = 1 x 10 M) in pentane solution with Xexc = 532nm

at298 K in thepresence of1 atm ofCO ([CO] =9 x 10'3M).

Further experiments in which both CO and pyridine were added to the
solution produced a number of transient signals including grow ins and transient
decay and recovery. This can be explained by Scheme 2.4. Initially photolysis causes
the photodissociation of one CO ligand, the vacant site being occupied by a solvent
molecule. The pyridine trapping ligand then competes with free CO in the system to

occupy the coordination site.
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Scheme 2. 4

2.2.8 Steady-state photolysis of (fj.2-CeH5C2H)Co2(CO)sfor Aexc > 500 nm.

A sample of pachc was dissolved in a pentane solution containing 10%
pyridine and flushed with argon for 15 minutes. The spectroscopic changes upon
irradiation in front of a xenon arc lamp (275 W) using a visible light filter (Aex> 500
nm) were monitored by IR spectroscopy. Depletion ofthe parent bands were observed
at 2093.6, 2056.3, 2028.6(broad) and 2018 cm'l after monitoring photolysis
periodically for 15 minutes. New bands observed at 2069, 2018, 2005, 1994 and 1966
cm'lare identified as the formation of (//2-CeHsC2H)C02(CQO)s(CsHsN). A band at
1852 cm'lremains unassigned. Figure 2.14 shows the appearance of new bands and
the continual depletion of parent bands. No evidence was found for the formation of
the bi-substituted complex in these experiments. Using PPl as the trapping ligand

also resulted in the formation of a monosubstituted pentacarbonyl complex, (/£-
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CeHs5C2H)Co2(CO)s(PPh3). In general, the photolysis time required was longer,

however, when using CsHsN as the trapping ligand.
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Figure 2.14 IR spectrum in the CO spectral region observed throughout broad
bandphotolysis ofpachc in cyclohexane solution at 298 Kfor Aec> 500 nm (cm1 £
lcm).

An experiment monitoring the changes in the steady-state UV/Vis spectrum
during steady-state photolysis of pachc in the presence of trapping ligand L (L = PPhs
or CsHsN) resulted in featureless spectra. While it is difficult to assign the resulting
UV/Vis spectrum in itself, assignment was made based on an IR spectrum run
immediately after photolysis. The product was identified as (p.2-

CeHsC2H)Co2(CO)s(L).
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2.2.9 Summaryfor low energyphotolysis experiments (Aexc =532 nm)

While reducing the excitation wavelengths increased the yield of the
substituted product, short wavelength photolysis (Xexc > 340 nm or > 400 nm) also
increased the yield of the disubstituted derivatives particularly for L = PPli3. Upon
long wavelength steady-state photolysis (Xex > 500 nm) however, only
monosubstituted derivatives are observed. Therefore, the cobalt system has been
shown for the first time to undergo a wavelength dependent photochemistry. The
photolytic method described is very gentle, yields are good and reaction times are
faster than with the traditional thermal technique. Long wavelength excitation at 532
nm results in the desired CO-loss process and consequently facilitates the next step in
the Pauson - Khand reaction. This explains why Livinghouse® observed the
photochemical promotion of the Pauson - Khand reaction following visible light

photolysis. The overall photochemistry is summarised in the following Scheme.

.Co— Co
oc'V V'co
co co
hn diin Pho Ph Y
oc"/ V'CO oc'V V'co
co co co co

Scheme 2. 5 (i) Xexc= 355 nm in alkane solvent, (ii) ti~2= 2.5 x 10'8s at 298 K, (iii)
~exc= 500 nm, (iv) k2= 1.2 x 106 dmamol'1 s1at 298 K for L = CO (O

= vacant site on the cobalt atom).
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2.3 Photolysis of (.2-C2H2)C02(CO)6

2.3.1 Molecular modeling o f (U2-C2H2)Co02(CO) <

The molecular structure of achc is presented in Figure 2.15. While structurally
similar to the pachc complex discussed earlier, this complex is more symmetrical.
The position of the acetylene moiety is such that it sits at right angles to the cobalt -
cobalt core. Again the bonding can be described in terms of the acetylene acting as a
four electron donor with each cobalt atom receiving two electrons. With no
possibility of steric hindrance from the acetylene, the alkene insertion step from a
Pauson - Khand cyclisation should be facilitated equally on either face of the cobalt

core resulting in equal proportions of cyclopentenone isomers.

Figure 2.15 Molecular structure ofachc

2.3.2 Synthesis and Spectroscopic Characterisation of (/j.2-C2H2)Co2(CO)e

2.3.2.1. Preparation and IR spectrum of (H2-C2H2)Co2(CO)g

The synthesis of acetylene hexacarbonyldicobalt (achc) was carried out by
slight modification to the method of Sternberg and Greenfieldio and proceeds
according to reaction 2.6. Since acetylene is a gas it was incorporated into the

atmosphere above the Co2(CO)g. The orange crystalline starting material darkened
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ultimately forming a deep red liquid. Formation of the achc complex results from

simple replacement of the bridging carbonyls in Co2(CO)g.
Co2(CO)s + HOCH (HC=CH)Co02(COys + 2CO (2.6)

The reaction was monitored by IR spectroscopy which indicated the disappearance of
parent bands 2095, 2064, 2042, 2032 and 2028, 1867 and 1859 cm'1 as in Figure
2.16. In the product, new terminal CO bands are formed at 2099, 2060, 2035 and
2029 cm'1 with a shoulder at 2018 cm'L The product was isolated by vacuum
filtration through a plug of silica gel and characterised by IR and *H NMR

spectroscopy and elemental analysis.

Wavenumber /cm-1

Figure 2.16 IR spectrum in the CO stretching region of achc at 298K in cyclohexane

(cml £1 cm").
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2.3.2.2. NMR characterisation of (ji2-C2H2C02(CO)6

The *H NMR spectrum provides evidence for complexation of the acetylene
ligand to dicobalt hexacarbonyl moiety in the achc complex and is presented in
Figure 2.17. An expected shift in the uncoordinated acetylene protons upon
complexation was observed. In uncoordinated acetylene a proton resonance appears
at 3.4 (s, 2H) ppm while a resonance observed at 6.01 (s, 2H) ppm is assigned to
acetylene =C-H protons in the achc complex. All chemical shifts are measured

relative to TMS internal standard.

Figure 2.17 IH NMR spectrum ofachc at 298 K in CDCI3.

The 13 NMR spectrum of achc is presented in Figure 2.18. The acetylenic
carbon atom which appears at 77.8 ppm in uncoordinated acetylene (CDCI3) is
observed at 71.4 ppm when complexed. The 7 - electron density of the carbon -

carbon bond has decreased and is now localised on the core. The carbonyl
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ligands in the GurC2H2)Co2(CO)s complex appear as a broad signal at around 199
ppm, suggesting that the carbonyls are rapidly interchanging on an NMR timescale.

The triplet resonance at 77 ppm is assigned to CDCls.

- 1> >0 > 1] 11
220 200 180 160 140 120 100 80 60 40 20 ppm

Figure 2.18 13T NMR spectrum of achc at 298 K in CDCI}.The triplet at 77 ppm is
CDCh

2.3.2.3.  Electronic absorbance spectrum of (Lk-C2H2Co02(CO)6

The UV/Vis spectrum of achc is presented in Figure 2.19. This spectrum
resembles that of pachc (c.f. Figure 2.5). Bands are observed at 346 (s = 1.33 x 10s
mol'1 dms cm"]) and 447 nm (e = 2.15 x 104mol'1 dm3 cm'). The Amraxat 346 nm has
been assigned to a a-cr* transition associated with the Co - Co bondi4 while the band

at lower energy (447 nm) was assigned to n-n transitions. It is worth noting that due

91



The Photochemistry o f (jj.2-Alkyne)Co2(CO) 6 Complexes Chapter 2

to no conjugation this complex does not absorb as far into the visible region as does

the pachc. This will become important when choosing the wavelength region for

photolysing the sample.

/\s@ wnc

Wavelength /nm

Figure 2.19  UV/Vis spectrum ofachc (conc. = 1.6 x 10'3M) inpentane solution at 298K.

2.3.3 Steady-state Photolysis Experiments

2.3.3.1. Photolysis of ("2-C2HJCo02(CO)6in the presence oftrapping ligands

Irradiation of a cyclohexane solution of achc containing a 4-fold excess of
pyridine at Xexc> 400 nm resulted in changes to the IR spectrum as outlined in Figure
2.20(a). The negative peaks indicate the depletion of the parent complex upon
irradiation. The appearance of new bands is identified as the formation of {ji2-
C2H2)Co02(C0O)s5(CsHsN) as well as the further substitution of a second CO ligand
with pyridine to form (/~-C2H2)Co02(CO)4(CsHsN)2 (Table 2.4). This latter
assignment was based on comparison of the oco bands with those of an authentic

sample of the species synthesised by thermal methods (see experimental section for
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synthesis). The reaction is very clean with two clear isosbestic points observed. The
spectrum is shown in Figure 2.20(b). A change in colour from the original deep red to
pale yellow was noted. In general the yield of photoproduct was greater when PPh3

was used as the trapping ligand.

Table 2.4 The v@ band positions observed for steady-state photolysis of

achc.

Compound \Vco
Qe-C2H2)Co2(CO)Ga 2100, 2060, 2035, 2029, 2018(sh)
Qe-C2H2)Co2(CO)s(CsHsN) b 2064, 2019, 2002, 1996, 1968
("2-C2H2)Co2(CO)4(CsHsN) 2 2021,2004, 1970, 1941
Qe-C2H2)Co2(CO)s(PPh3b 2069,2017, 2009, 1998, 1975
(//2-C2H2)Co2(CO)4(PPh3)h 2028,1982, 1965, 1948

Cyclohexane solution at 298 K (cm'L + 1 cm]); acomplex prepared by a thermal
method; bcomplexes generated by steady-state photolysis experiments.

Irradiation of achc in cyclohexane at > 340 nm with an excess of either
pyridine or PPI13 also resulted ih bands consistent with the formation of the mono and
disubstituted complexes. New bands grew during the initial 5 minutes of irradiation.1s
After 5 minutes the parent bands continue to deplete but so do the product bands.
However, there was no evidence for further photoproduct formation. A higher yield
of photoproduct was observed while comparing irradiation for 7”xc > 340 nm with
Aexc > 400 nm. This is due to the absorption characteristics of achc which has a

greater absorption in the region around 340 nm.
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Figure 2.20 IR spectrum in the CO stretching region following photolysis of achc
acquired at t = 10 s, 05 1, 5 10 and 30 minutes irradiation (Aac > 400 nm) (a) in
cyclohexane with added pyridine (10~4 M); the positive bands are identified as (fj,2~
C2HJCo02(CO)5(CHIN) and (Ap-CHICo02(CO)4(CsHIN)2; (b) in pentane with added
PPh3 ((104M); the positive bands are identified as (Ju2-C2H2Co2(CO)s(PPh3 and (U2
CH2JCo2(CO)4(PPh)32.
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2.3.3.2.  'H NMR monitored steady-state photolysis of (f.2-C2H2Co02(CO)6 in d$ -
pyridine.

In order to obtain conclusive evidence for the complexation of the trapping
ligand upon steady-state photolysis a solution ofachc was prepared in ds - pyridine in
a degassable NMR tube. The solution was degassed as outlined in chapter 5. An
atmosphere of argon was then placed over the sample and the '"H NMR spectrum was
obtained att = 0, 5, 10 minutes and 24 hours after irradiation with Aexc> 340 nm from
a xenon arc lamp. The peak positions after photolysis are given in Table 2.5. The
peak of the acetylene proton (5.08 ppm) broadened throughout the photolysis
experiment and is possibly hidden under the peak at 7.07 ppm after 24 hours. The
results indicate that the parent achc species was degrading to paramagnetic

impurities.

Table 2.5 *HNMR peak positions following photolysis of achc in neat ds-
pyridine at 298 K.

Time Peak Positions (5/ppm)
0 5.08, 7.13, 7.48, 8.71
5 min 539, 7.11,7.46, 8.71
10 min 5.60, 7.11,7.45,8.71
24 hrs -—,7.07,7.38, 871
Xec> 340 nm.

2.3.3.3. UV/Nis monitored steady-state photolysis of achc and (jj2-
C2H2Co2(CO)s5(PPh3

A sample of achc prepared in cyclohexane containing a 5 - fold excess of

pyridine was irradiated at “ex> 340 nm. A continual increase in the band at 390 nm

was accompanied by a decrease in the bands at 306 and 346 nm for photolysis for t =
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40 mins. The spectrum obtained is presented in Figure 2.21. While assignment based
on the UV/Vis spectroscopy alone is impossible, an IR spectrum obtained after
photolysis gave evidence for the formation of (/~C 2H2)Co2(CO)s(CsHsN). After 45
minutes irradiation time the new band begins to deplete. Further IR analysis showed
that degradation of sample had occurred, possibly caused by continual photolysis with

high energy photons.

Wavelength /nm

Figure 2.21  Steady-state UV/Vis spectrum ofachc containing a 5fold excess ofpyridine
in cyclohexane solution at 298 K; --—- before photolysis, <m»» after

photolysis; Aec> 340 nm.

A sample of (//2-C2H2)Co02(CO)s(PPh3), prepared previously by thermal
methods, was irradiated with Xecc > 340 nm from a xenon arc lamp (275 W). The
sample was not degassed. The steady-state UV/Vis monitored spectrum is shown in
Figure 2.22. An increase in bands at 222, 276, 282 and -500 nm coincided with a
decrease in the band at 324 nm. The photoproduct was identified as Co2(CO)g based
on a change noted for the IR spectrum accompanying UV changes. No farther

product could be identified.
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Figure 2.22  Steady-state UV/Vis spectral changes upon photolysis of (2
C2H2Co2(CO)5(PPh3 in cyclohexane solution at 298 K; Aac > 340 nm; — pre-
photolysis, after photolysis.

2.3.3.4. Summary ofResultsfor broad bandphotolysis experiments (XeXC> 340 and
> 400 nm)

The results of broad band photolysis of the achc complex follows the same
trend that was observed with the pachc complex studied earlier. Photolysis in
degassed hydrocarbon solutions of C5H5N or PPI13 resulted in the production of
mono- and bi- substituted hexacarbonyl complexes at ?xc > 340 and 400 nm. The
yield of (/*-C2H2)Co2(CO)s(PPh3) was greater than the vyield of (jiz~
C2H2)Co2(CO)5C5HAN). At A%c> 340 nm the yield of the appropriate bi - substituted
product was again greater than at XekC > 400 nm. Further investigation into the

photolysis of achc using monochromatic light sources was carried out.
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2.3.4 Laserflash photolysis of (f.2-C2H3C02(CO)6 at Aexc = 355 nm

Pulsed photolysis (ksxc= 355 nm) of achc, prepared in pentane containing a 5
- fold excess of pyridine, under 1 atmosphere of argon resulted in the transient signal
represented in Figure 2.23(a). The transient had maximum intensity while monitoring
at 390 nm. The intermediate decayed by first - order kinetics with kobs = 1.7 x 107 s'1
at 298 K. The absorption recovered to pre-irradiated level indicating the reaction is
reversible under these conditions. The intensity of the transient absorption increases
as the wavelength monitoring beam is decreased. Steady-state UV/Vis spectra were
recorded throughout the experiment. An increase in bands at -330 and -390 nm was
observed for samples exposed to monitoring beam between 380 - 540 nm. The
spectra are given in Figure 2.23(b). At monitoring wavelengths greater than 540 nm
no further increase in the steady-state UV/Vis bands was observed. This corresponds
with the results from broad band photolysis experiments where very little
photoproduct is formed upon irradiation with Xoc > 500 nm (see section 2.36). A
closer examination of the UV/Vis spectrum shows that the achc does not absorb
strongly in the spectral region above 540 nm. The yield of product would therefore be
too low to allow any transient signals to be observed at greater than this wavelength.
An IR spectrum recorded immediately after flash photolysis confirmed the formation

of (//2-C2H2)Co2(CO)s5(CsH5N).
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Figure 2.23 (a) Transient laser signal monitored at 390 nm following laser flash
photolysis ofachc containing a 4 -fold excess ofpyridine at Xec= 355 nm
in the presence of 1 atmosphere of argon (b) shows the accompanying

UV/Vis spectrum.
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Pulsed photolysis (Xec = 355 rnn) of a solution of achc prepared in pentane
under 1atmosphere of CO ([CO] = 9x10' M) resulted in the typical transient signal
with a “nmexat 390 nm as depicted in Figure 2.24. Similar signals were obtained across
the region of the spectrum where the parent has significant absorbance. The initial
bleaching of parent absorption is followed by a recovery to baseline showing the
reaction under these conditions to be reversible. The recovery of the depleted
absorption followed first order Kinetics and this provided an observed rate constant of
1.8 x 107 s'1at 298 K. Steady-state UV/Vis spectrum were recorded throughout the
experiment. No changes were observed again indicating the reaction to be reversible.
Changing the concentration of CO had no effect on the rate of recovery of the parent
species (Table 2.6). This is strong evidence that the depletion of the parent absorption

was not the result of CO-loss.
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Figure 2.24 A typical transient laser signalfollowing laserflash photolysis of achc in
pentane solution at Aec= 355 nm in the presence of 1 atmosphere of CO ([CO] =9 x 10 3

M). Monitoring wavelength =390 nm.
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Table 2.6 The observed rate constant (x 107 s')) for the reaction of CO

with achc at various CO concentrations (mol dm'3 at 298 K;

exc= 355 nm.
[CO] os
0 1.74
2.25 x 103 184
450 x 103 1.63
7.75 x 103 1.81
9.00 x 103 182

2.3.5 Laserflash photolysis of (fi22C2H29Co02(CO)6 at Xexc = 532 nm

In pentane solution containing a 5 - fold excess of PPh3, flash photolysis of
achc with Xexc = 532 nm in the presence of 1 atmosphere of argon produced a
transient signal as shown in Figure 2.25 at a monitoring wavelength of 390 nm. No
transient signals were observed above monitoring wavelengths greater than 420 nm.
An increase in absorbance was observed between 380 - 420 nm, while above this
wavelength no changes were observed. The IR spectrum obtained after flash
photolysis give evidence for the formation of a PPliz monosubstituted complex

(assignment based on previous work) with new bands appearing at 2069, 2017, 2009,

1998 and 1975 cm'l

101



The Photochemistry of (far Alkyne)Co2(CO)6 Complexes Chapter 2

0.07 -
0.06 -
0.05 -
0.04 -
0.03-
0.02

0.01

> 9w e

-0.01

Time /x 104 s"1

Figure 2.25 A typical transient signal observedfollowing laserflash photolysis ofachc
in pentane containing PPh3 (10'sM) under 1 atmosphere of argon; ( Xec = 532 nm);

monitoring wavelength =390 nm.

Earlier work by Wrighton and Ginleyu has shown that the UV/Vis spectrum
of dimetal hexacarbonyl complexes shifts to shorter wavelength upon substitution of
one CO by PPli3. Since the achc parent complex does not absorb as far into the
visible as pachc it follows that the CsHsN and PPhs substituted complexes would be
blue - shifted compared to pachc and therefore no transient signals are observed

beyond 420 nm.

The achc complex was further irradiated in neat pentane under 1 atmosphere
of CO ([CO] = 9 x 103 M) at Xexc = 532 nm. Typical transient signals as shown in
Figure 2.26 were observed across the monitoring range where the parent
hexacarbonyl has significant absorbance. The transient signal decays following first
order kinetics and for all monitoring wavelengths has a decay of 7.4 x 103+ 1.1 x 104
s'1at 298 K. The transient species in turn produce a long lived species which may be

the fast exchange of CO for a solvated species. The IR and steady-state UV/Vis
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spectrum taken throughout photolysis show no change in parent bands indicating that

the process is reversible.

Time /X 1048'1

Figure 2.26 A typical transient signal observed at a monitoring wavelength of 400 nm

following laser flash photolysis of achc in pentane solution under an

atmosphere of CO ([CO] =9 x 10'aM); Xec= 532 nm.

Addition of CO reduced the lifetime of the transient species while its yield
was not affected. The rate of decay of achc was found to be directly dependent on CO
concentration. This behaviour is typical of the reaction of CO-loss intermediates. The
second order rate constant for the reaction of the transient species with CO was

calculated to be 7 x 10s dma mol'1 s'1 at 298 K (Table 2.7).
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Table 2.7 The observed rate constant (s')) for the reaction of CO with achc

at various CO concentrations (mol dm'3 at 298 K; Xec532 nm.

[CO] Yas

0 817
2.25 x 1013 2478
450 x 103 4536
7.75 x 1013 6381
9.00 x 1013 7432

kobs / x 10

[CO] /X10 3M

Figure 2.27 A second order plot of the observed rate constant (s') for the reaction of
(P2-CH"Co02(CO)s with CO (mol dm'3 at 298 K.
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2.3.6 IR monitored steady-state photolysis of (f.2-C2H23 Co02(CO)sefor Aexc > 500 nm

In a cyclohexane solution containing a 5 - fold excess of PPIl3, achc was
irradiated for 20 minutes with Aoc>500 nm. The spectral changes were monitored by
IR spectroscopy. New bands were identified as formation of the monosubstituted
acetylene complex (/*-C2H2)Co2(CO)s(PPh3) (see Table 2.4). The growth of bands
for the initial 30 minutes was very slow when compared to the formation of bands
when pachc was irradiated. Since the absorbance spectrum of achc does not absorb

far into the visible region the yield would be expected to be quite low.

2.3.7 Explanation ofresultsfor photolysis ofachc

Steady-state photolysis of achc at Xexc > 400nm resulted in the formation of
both (//2-C2H2)Co2(CO)s(L) and (//2-C2H2)Co02(CO)a4(L)2 substituted complexes where
L = PPl or CsHsN. Irradiation at shorter wavelength (Aec > 340 nm) resulted in a
higher yield of substituted products, in particular (//2-C2H2)Co2(CQO)4(PPhs)2. Laser
flash photolysis at Aec = 355 nm gave transient signals showing depletion of the
parent absorption followed by a rapid recovery of this absorbance to pre-irradiated
level. The rate of recovery of this absorbance (typically 1.8 x 10V is too fast to be
CO loss, which is a diffusion controlled process. A non-linear dependence of the rate
of recovery on the concentration of CO is further evidence that the transient signals
observed are not the result of CO-loss species. To explain the depletion of parent
absorbance observed in these experiments following laser excitation at Xexc = 355 nm
it is proposed that homolytic cleavage ofthe Co - Co bond occurs which subsequently

undergoes rapid recovery.

The steady-state 1JV/Vis spectra recorded throughout the flash photolysis
experiments, however, give evidence for the formation of a new species. While it is
impossible to assign this new species from the UV/Vis spectrum alone, the IR

spectrum recorded after flash photolysis showed vco bands consistent with the
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formation of the appropriately substituted (//2-C2H2)Co2(CO)s(L) complex. Since the
transient signals observed are not the result of CO-loss species, the monitoring beam

is therefore causing production of (//2-C2H2)Co02(CO)s(L).

Steady-state experiments performed on achc in hydrocarbon solutions
containing ligand L at Xec > 500 nm showed the exclusive formation of (ji2-
C2H2)Co2(CO)s(L) complexes. No bi-substituted complexes were formed in either
case. Further time resolved experiments were performed at Xec = 532 nm. The
transient absorption observed is assigned to (/*-C2H2)Co2(CO)s(solvent). The
lifetime of this transient species depended on the concentration of added PPlua.
Examination of the resulting solution by IR spectroscopy confirmed the presence of
(/12-C2H2)Co02(CO)s(PPh3). Long wavelength excitation at 532 nm therefore, results in
the desired CO-loss process. Thus (//2-C2H2)Co02(CO)s exhibits a wavelength
dependent photochemistry which closely resembles that observed with {p.2-

CeHsC2H)Co02(CO)e studied previously.
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2.4 Photolysis of (Le-(C(}HsC)9Co2(CO)6
2.4.1 Molecular modeling o f (A»-(CaHsC)2Co2(CO)6

The molecular structure of dpachc is presented in Figure 2.28 which
illustrates the general structural similarities to the achc complex discussed earlier
(Section 2.3.1). The complex is highly symmetrical with the acetylene moiety
positioned such that it sits at right angles to the cobalt - cobalt core. Again the
bonding can be described in terms of the acetylene acting as a four electron donor
with each cobalt atom receiving two electrons. The phenyl groups on the acetylene
core are bulky and their presence may hinder coordination to the Co - Co centre,

particularly in the case of bulky alkenes.

Figure 2.28 Molecular structure of (ie-(CdJsC)2Co02(CO) 6

2.4.2 Synthesis and Spectroscopic Characterisation of (fu2-(C6HsC)9Co02(CO)6

2.4.2.1. Preparation and IR spectrum o f (fj.2-(CgHsC)2 C 02(CO)(l

The synthesis of diphenylacetylene hexacarbonyldicobalt (dpachc) proceeds
according to Reaction 2.7. Stirring a benzene solution of diphenylacetylene in the
presence of dicobalt octacarbonyl under an argon atmosphere at room temperature

produces the desired diphenylacetylene hexacarbonyldicobalt in high yield.
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Co2ACO)8 + PhOCPh -> (PhC=CPh)CoXCO)6 + 2CO0  (2.7)

The reaction was monitored by IR spectroscopy which indicated the disappearance of
parent bands at 2095, 2064, 2042, 2032, 2028, 1867 and 1859 cm"1while producing
new bands at 2091, 2056, 2030, 2027 and 2013(sh) cm"l identified as (ji2-
(CeHsC)2)Co2(CO)e. The product was purified by flash chromatography on silica gel
using pentane as eluent. The (//2-(CeHsC)2)Co2(CO)s complex was characterised by
IR and *H NMR spectroscopy and elemental analysis. The IR spectrum presented in

Figure 2.29.

Wavenumber/cm:

Figure 2.29 IR spectrum in the CO stretching region ofdpachc in cyclohexane at 298 K

(cm1 £1cm).
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2A.2.2. NMR characterisation of (ji2-(CeHsC)2)Co2(C0)6

The NMR spectrum in CDCI3 of dpachc is presented in Figure 2.30. In
uncoordinated diphenylacetylene resonances are observed at 7.41 (m, 1H, J = 2Hz), 7.58
(t, 2H, J = 2 Hz) and 7.60 (m, 2H, J = 2 Hz) ppm while in the complex multiplet
resonances observed at 7.19 (s, 1H, Ar C-H), 7.29 (m, 2H, Ar C-H, J = 7.2 Hz), and 7.53
(d, 2H, Ar C-H, J = 7.2 Hz) ppm are respectively assigned to the para, meta and ortho
aromatic protons on the phenyl ring. Only one set of phenyl ring protons was observed

because of the high degree of symmetry in the complex.

Figure 2.30 M NMR spectrum ofdpachc at 298 K in CDCI3
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The 13C NMR spectrum of dpachc is presented in Figure 2.31. The acetylenic
carbon atom which appears at 84.1 ppm in uncoordinated diphenylacetylene (CDCI3)
is observed at 76.5 ppm when complexed. The carbonyl ligands in the (jn2-

(CeH5C)2)Co2(C0O)s complex appear as a broad signal at 201 ppm. The triplet at 77

ppm is due to CDCI3s resonances.

‘“Uo " " 'lio lio " 'lio 160 "t % sto ' io

Figure 2.31  1JCNMR spectrum ofdpachc at 298 K in CDCI3The triplet at 77 ppm is CDCI3

2.4.2.3. Electronic absorbance spectrum of (fl2-(CeH5C)2)Co2(CO)$

The UV/Vis. spectrum of dpachc is presented in Figure 2.32 and this spectrum
closely resembles that of pachc (Figure 2.5) and achc (Figure 2.19). Bands are
observed at 330, 360 (e = 2.11 x 10s mol'1 dms cm']), 455 (£ = 6.42 x 104amol'1 dms
cm']) and 540 nm (e = 3.43 x 104 mol'1 dm3 cm']). The Xmax at 360 nm has been

assigned as a g~ *transition associated with the M - M bond and the bands at lower
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energy to 7#-7t* transitions.i As the complex absorbs into the visible region the

wavelength range available for photochemical experiments is considerably extended.

Wavelength /nm

Figure 2.32  UV/Vis electronic spectrum of dpachc in pentane at 298 K; conc. =5.7 X
10'sM.

2.4.3 Steady-state Photolysis Experiments

2.4.3.1. Photolysis of (fi2-(CeHsC)2C02(CO) 6 in the presence oftrapping ligands

The IR spectroscopic changes in the vco region following irradiation of
dpachc with trapping ligands C5H5N or PPIl3, at Aexc > 340, 400 and 500 nm, are
presented in Table 2.8. Surprisingly, broad band photolysis (ktxc > 340 nm) of
dpachc in cyclohexane containing a 5-fold excess of CsHsN resulted in the
substitution of one carbonyl ligand by one CsHsN ligand. Meanwhile irradiation with
Xoxe > 500 nm resulted in substitution of two carbonyl ligands. Isosbestic points were

maintained throughout the course of both experiments indicative that the reactions
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were uncomplicated by side reactions. The IR spectra obtained following photolysis

at both AGc> 340 and 400 nm are presented in Figure 2.33 (a) and (b).

Table 2.8 The v band positions observed for steady state photolysis of

dpachc.
Compound Vco
(M C eHsC)2)Coz(CO)6a 2091, 2055, 2029, 2026, 2021(sh)
Qe-(CeHsC)2)Coz(CO)s(PPh3b 2062, 2016, 2004, 1995, 1970
(/12-(CeHsC)2)Co2(CO)4(PPh3 D 2022, 1978,1971, 1944
CuHCeHsC)2)Co2(CO)s(CsHsN)b 2060, 2016,2003,1990, 1964
(f-(CeHsC)2) Co2(CO)4(CsHaN) 2o 2016,1966, 1962, 1942

Cyclohexane solution at 298 K (cmZ £ 1 cm'); acomplex prepared by thermal

methods; bgenerated by steady-state photolytical methods.

Irradiation of dpachc at Xexc> 500 nm in the presence of CsHsN showed the
growth of bands at 2062, 2016, 2004, 1995 and 1970 cm'l These are identified as
(//2-(CeH5C)2)Co2(CO)s5(CsHsN) by comparison with the IR spectrum of an authentic
sample. The product bands, at 2016, 1966, 1962 cm4 and 1942 cm'l are identified as
(/12-(CeH5C)2)Co2(C0O)4(CsHsN)2. The intensity of the monosubstituted product bands
was reduced after irradiation for 35 minutes indicating degradation of the complex.6
However, irradiation of dpachc in cyclohexane solution containing CsHsN at Xex >
340 nm, for 35 minutes, also formed the monosubstituted complex (//?-
(CeH5C)2)Co2(CO)s5(CsHsN). This product began to decay after 25 minutes irradiation
and no further products were observed. No disubstituted complexes were formed
either in the presence of PPli3 or CsHsN. Irradiation of dpachc with Xec > 400 nm
gave similar results, however the yield of (//2-(CeH5C)2)C02(CO)s5(CEHHEN) was

smaller.
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@)

Wavenuinber /cm"

Figure 2. 33(a) IR difference spectrum in the CO stretching regionfollowing broad
band photolysis of dpachc in the presence of pyridine (Aec > 500 nm). Spectra were
acquiredat 0.5, 1, 2, 5, 10, 25 and 35 minutes respectively. The positive bands are identified
as (ii2-(CaH5C)9Co2ACO)s(CHsN) and ("2 (CaHsC)) Co2(CO)4(CsHEN)2
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(b)

Wavenumber /cm1

Figure 2.33(b) IR difference spectrum in the CO stretching regionfollowing broad
band photolysis of dpachc in the presence of pyridine (Aocc > 340 nm). Spectra were
acquired at 1, 5, 10, 25 and 35 minutes respectively. The positive bands are identified as
(fiz(CeHsC)"Co2(CO)XCHIN). The negative bands indicate the depletion ofthe parent (ix2
(CffliC)9Co2(CO)cspecies.

Further broad band photolysis experiments were carried out on dpachc using
light filters at Xexc > 340, 400 and 500 nm consecutively, to determine which
wavelength region produced the disubstituted tetracarbonyl complex. Initial
irradiation of dpachc containing C5H5N at Xexc> 340 nm, for 19 minutes, resulted in
the growth of new bands identified as the formation of the monosubstituted
pentacarbonyl complex (//2-(CeHsC)2)Co2(CO)s(CsHsN). Subsequent irradiation with
Xecc > 400 nm (t = 19 to 41 minutes) showed the slow growth of bands of the
disubstituted complex (//2-(CeHsC)2)Co2(CO)4(CsHsN)2. Finally, irradiation with Xexc
> 500 nm (t = 41 to 55 minutes) showed a further increase in the bands of the
disubstituted complex (Figure 2.34). Since steady-state photolysis experiments were

carried out using broad band irradiation, both mono and bi-substituted complexes are

114



The Photochemistry o f (n2-Alkyne)Co2(CO)6 Complexes Chapter 2

expected to form during irradiating at Xec> 340 nm. Note however, the production of
only the monosubstituted pentacarbonyl complex during irradiation with Xex > 340
nm and the observation of both mono- and di- substituted complexes during
irradiation with Aec > 500 nm is in complete contrast to the results obtained with
achc and pachc (c.f Section 2.2 and 2.3). Scheme 2.6 summarises the steady-state

photochemical reactions of dpachc.

Figure 2.34 IR spectra in the CO stretching region obtained following broad band
photolysis ofdpachc in the presence ofpyridine (104M) using consecutivefilters Aec > 340,
400 and 500 nm. Spectra were acquired at 1, 5 15, 19, 24, 44, 50, 55 and 66 minutes

respectively (i)  Xec> 340 nm (ii) O Xoc> 400 nm, (iii) O Xexc > 500 nm.
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Scheme 2.6 (i) Xexc> 340 nm in alkane solvent, (ii) Aexc> 500 nm in alkane

solvent; L =PPhi or CsH5sN.

Further studies with bandpass filters at 320 > X < 390 nm were carried out to

provide further evidence that only the pentacarbonyl complex is formed at X < 400

nm. Irradiation of a solution of dpachc in cyclohexane containing CsHsN showed the

growth of bands of the monosubstituted complex (//2-(CeéH5C)2)Co2(CO)s(CsHsN) for

t = 0 to 4 minutes. Further photolysis from t = 4 to 20 minutes showed a simultaneous

depletion of bands of both the monosubstituted complex and the parent complex.

This indicates the degradation ofproducts in the presence of high energy photons.
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Figure 2. 35 IR difference spectra in the CO stretching region obtainedfollowing broad
band photolysis of dpachc in the presence ofpyridine (320 > Xec < 390 nm). Spectra were
acquiredat 0.5, 1, 2, 4, 9 15 and 20 minutes respectively. The positive bands are identified

as the formation of (n2-(Cr,HsC)2 Co2(COj$(C$HsN) (see text). The negative bands are
due to the depletion ofthe parent ({J2-(CfjHiC)2Co2(CO)(, species.

2.4.4 Laserflash photolysis of (fi2-(C"HsC)2Co02(CO)6 at Xexc = 355 nm

A solution of dpachc (conc. = 5.2 x 10'e M) in pentane containing pyridine
(conc. = 2.1 x 10's M) was photolysed at Xac = 355 nm under 1 atmosphere of argon.
The resulting transient signal centered at 400 nm is given in Figure 2.36. The
absorption increase indicates the formation of a long-lived species. The reaction is
therefore not reversible under these conditions. Similar transient signals were
obtained across all the spectral region of the parent absorption. The intensity of the
transient absorption increased as the monitoring beam wavelength was decreased.

The rate of formation of this species could not be measured with the equipment
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available. The steady-state UV/Vis spectrum recorded throughout the experiment
showed an increase in a band at 400 nm indicating the formation of a new species,
however, it is impossible to assign the photoproduct from the UV/Vis spectra alone.
An IR spectrum recorded immediately after flash photolysis indicated the formation
of ("HCsH5C)2)Co02(CO)s5(CsHsN). Experiments conducted in pentane solution

containing a 5-fold excess of PPl13 gave similar transient signals.

Time /x 10451

Figure 2. 36 A typical transient signal observed at 400 nm following laser flash
photolysis of dpachc in pentane solution containing pyridine under 1

atmosphere ofargon; Aec =355 nm.

Pulsed excitation (Xexc= 355 nm) of dpachc (conc. = 4.5 x 10 M) in pentane
solution under 1 atmosphere of CO ([CO] = 9 x 103 M) resulted in the depletion and
rapid recovery of the parent absorption as presented in Figure 2.37. The absorption
recovered to pre-irradiated level indicating that under these conditions the reaction is
reversible. Similar transient signals were obtained across the region of the spectra

where the parent has significant absorbance with the intensity of the transient
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absorption increasing as the wavelength of monitoring beam is decreased. The
intermediate species decayed following first order kinetics with kobS= 5.7 x 106 s'1 at
298 K. Steady-state UV/Vis spectra were recorded throughout the experiment. No
changes in the spectrum were observed, again indicating a reversible reaction.
Changing the concentration of CO had no effect on the rate of recovery of the

transient absorption (Table 2.9).

Time /x1065s1

Figure 2. 37 A typical transient signal observed following laser flash photolysis of
dpachc inpentane solution at Aec =355 nm under 1 atmosphere ofCO ([CO] = 9 x Iff3M).

The measured rate constant kds= 5.7 x 10es'1 Monitoring wavelength =400 nm.
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Table 2. 9 Measured rate constant (s'D) following flash photolysis of dpachc

(Aec= 355 nm) under varying concentrations of CO.

[CO] m Kt /xioV
9.0 x 103 573
4.45 x 103 5.82
2.25 x 103 5.56

2.4.5 Laserflash photolysis of (/j,2-(CeH5C)9 C02(CO)eat Xexc = 532 nm

Pulsed photolysis of dpachc (koxc = 532 nm) under 1 atmosphere of argon in
pentane solution, containing a 5-fold excess of CsHsN, resulted in the typical
transient signal shown in Figure 2.38 at a monitoring wavelength of 400 nm. Under
these conditions the reaction is not reversible. The signal shows a depletion of the
parent absorption followed by an absorbance grow in indicating the formation of a
long-lived species. The intermediate decayed following first order kinetics with kobS=
1.7 X 10651 at 298 K. Similar transient signals were obtained across the region of the
spectrum where the parent has significant absorbance. The intensity of the transient
absorption increased as the wavelength of the monitoring beam decreased. An
increase in the steady-state UV/Vis spectrum was observed throughout the course of

the experiment.

Irradiation (Xec = 532 nm) of dpachc in pentane under 1 atmosphere of CO
(ICO] = 9 x 103 M) resulted in a transient bleaching and recovery of the parent
absorption. The transient followed first order kinetics with a kobs of 5.6 x 106 s'1 at
400 nm. The steady-state UV/Vis spectra taken throughout photolysis and the IR
spectrum recorded after photolysis show no change in parent bands indicating that
under these conditions the process involved is reversible. Reducing the concentration

of CO to 4.5 x 103 M had no effect on the rate of recovery of the parent absorption

120



The Photochemistry o f (lur Alkyne)Co2(CO)6 Complexes Chapter 2

(kobs = 5.9 x 10e s'). This behaviour indicates that the transient is not the result of
CO-loss from dpachc. The measured rate constant (kobs) showed no dependence on
varying concentrations of pyridine as shown by Table 2.10. Further experiments using
irradiation with monochromatic laser light at the second harmonic of the Nd-YAG

fundamental wavelength at 532 nm using IR spectral monitoring were conducted.

Time / x 106 s'1

Figure 2. 38 Transient signal observedfor laserflash photolysis of dpachc containing a

5 -fold excess ofpyridine at Aec =532 nm under 1 atmosphere ofargon. The measured rate

constant kas= 1.7 x 106s'1 Monitoring wavelength =400 nm.

Table 2.10 Measured rate constant following photolysis of dpachc with varying

concentrations of CHHsSN under 1 atmosphere of argon; Xoc= 532 nm.

[csHsN] fM kas | X 10651
1 X 10-4 2.0
5x 104 2.3
1X 103 15

121



The Photochemistry of (fi2-Alkyne)Co2(CO)6 Complexes Chapter 2

2.4.6 Irradiation of (luz-(CeHsC)23 C02(CO) 6 with monochromatic light (Aexc =

532nm)

Pulsed photolysis (Xoc = 532 nm; typical pulse time = 10ns) of a pentane
solution of dpachc containing PPli3 (10-4 M) produced spectral changes as outlined in
Figure 2.39 along with the spectrum of dpachc recorded before the photolysis
experiment. IR spectra were recorded consecutively after every ten laser shots. The

resulting product was assigned as (//2-(CeHZC)2)Co02(CO)s(PPh3) based on

comparison of vco bands with an authentic sample.

Wavenumber /cn

Figure 2.39 IR spectra in the CO stretching region observedfollowingflash photolysis
of dpachc in pentane solution containing PPh3 (10:4M) with Xec = 532 nm (a) pre -

photolysis (b) - - - after 300 laser pulses. Bands are identified as (/J2-(CgHsC)2

C02(CO)s5(PPh3).
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2.4.7 Laserflash photolysis of(ii2-(C(,HsC)2 Co2(CO)&at Aexc = 266 nm

The excitation wavelength of the laser was changed to 266 nm to determine if
there was a difference in the behaviour of this system at this excitation wavelength
compared to that observed following irradiation with 355 nm. Samples were prepared
as outlined previously in both pentane and cyclohexane respectively and placed under
1 atmosphere of CO ([CO] = 9 x 103 M). The monitoring beam was varied from 580
to 350 nm. No photochemical changes were observed with either solvent. The steady-
state UV/Vis spectra monitored throughout the course of the experiment showed no
change in parent bands. Repeating the experiments under 1 atmosphere of argon gave

similar results.

2.4.8 Discussion ofresultsfor photolysis o fdpachc

The absorption of dpachc extends much further into the visible region than
that of either pachc or achc and may help to explain the remarkable difference in
photochemical activity observed for these complexes. For pachc and achc two
excited states are accessible, one which gives rise to homolytic Co - Co bond
cleavage and a second which results in CO bond dissociation. In the dpachc complex
the possibility of irradiating into a third state arises. Dpachc has an extreme
conjugated n - system due to the presence of two phenyl rings and as a consequence
the absorbance is extended further into the visible region of the spectrum. A possible
explanation for the observed photochemistry is that the extended conjugation ofthe n
system results in a third low lying excited state which when populated alters the
coordination mode of the alkyne. We propose that this third excited state results in a
hapticity change on the diphenylacetylene moiety and thus gives rise to the observed

photochemistry.
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In order to explain the formation of both mono- and disubstituted complexes
while irradiating at X > 500 nm Scheme 2.7 is proposed. Photon 1 is absorbed by
the hexacarbonyl complex resulting in a hapticity change of the acetylene ligand,
which now becomes a two electron donor, leaving a vacant site on one of the cobalt
centres. There is then competition between the incoming ligand Li (L = (CeHsN) or
PPh3) and the fast reversal reaction in which the acetylene quickly reverts back to a

four electron donor.

Absorption of a second photon occurs at the second cobalt centre. Further
competition between another molecule of CO or ligand L2 results in a second ligand
substitution producing the disubstituted (/*-(CeHsC)2C02(CO)4(PPh3)2 complex. The
yield of the monosubstituted complex is dependent on the formation of the hapticity
changed complex. However, the rate of reaction of (/*-(CeHsC)2)Co2(CO)e with L is
independent of the concentration of L. Laser flash photolysis experiments performed
at Xec = 532 nm showed no dependence of kobs on the concentration of either

pyridine, or PPI13 - the overall rate being dominated by the fast reversal process.
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where Lj and Lj = (CeHsN) or PPhs

Scheme 2.7

The rate constant (kobs) for the reaction of dpachc with pyridine with Xec =
355 nm, under 1 atmosphere of argon, is 1.7 x 106 s'1while monitoring at 400 nm.
This is an order of magnitude slower than the rate observed with pachc and achc
under the same conditions (107s’)) and is consistent with a hapticity change. The rate
of reaction observed upon irradiation of dpachc with Xexc = 532 nm, under 1
atmosphere of CO, is also too fast to be CO loss (kobs = 5.6 x 106 s'lat 400 nm).
Irradiation with monochromatic light was used to probe whether this process results
from the absorption of a single photon or is the result of multi-photon absorption. The
monosubstituted complex (/i2-(CeH5C)2Co02(CO)5PPh3s) was formed predominantly
when dpachc was irradiated with light at Xexc= 532 nm. This is a consequence of the
relative magnitudes of the extinction coefficient, e, for the monosubstituted
pentacarbonyl and the disubstituted species. The pentacarbonyl complex exhibits a

strong absorption band further into the visible which upon broad band irradiation
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(Xec > 500 nm) results in a haptieity change and ultimately the production of the
disubstituted complex by the reaction with a second molecule of PPli3. This explains

the formation of both mono- and disubstituted complexes during irradiation with

broad band light (Xec> 500 nm).

2.5 Conclusions

This work demonstrates the importance of correct selection of excitation
wavelength in inducing the photochemical decarbonylation of (/*-RC2H)Co02(CO)e
complexes. For the pachc and achc complexes two excited states are accessible.
Time resolved behavior upon excitation at 355 nm results in Co - Co bond cleavage
followed by a rapid recombination to form parent. There may be some but very little
CO-loss. It is possible that the CO-loss that was observed was the result of irradiation
by the monitoring lamp and not laser excitation. Long wavelength excitation at 532
nm results exclusively in the desired CO-loss process and consequently facilitates the
next step in the Pauson - Khand reaction. This explains why Livinghouse observed
the photochemical promotion of the Pauson - Khand reaction following visible light

photolysis.

In the case of the dpachc complex, the observed photochemistry follows a
different pathway. The possibility of irradiating into a third excited state arises. The
population of this excited state results in a haptieity change on the diphenylacetylene
moiety. Long wavelength excitation at 532 nm results in a haptieity change of the
acetylene ligand which ultimately results in a ligand substitution reaction yielding the
pentacarbonyl species. Further irradiation of the pentacarbonyl species produces the

tetracarbonyl complex by a similar mechanism.
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16. Degradation studies carried out on pachc, achc and dpachc indicated that
dpachc is the most unstable of the three complexes. Typically solutions of

each complex were prepared in hydrocarbon solvent and IR spectra were

recorded each hour for 16 hours.
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3.1 Introduction

The reported thermal reactions of dicobalt carbonyl complexes with olefins
involved the reaction of acetylene hexacarbonyldicobalt complexes with
norbomadiene (nbd).1 When the reactions were carried out in aromatic solvents,
arenecobalt complexes ((ArH)Co3(CO)c>) were formed, while the reaction in
dimethoxyethane solvent produced dicarbonylcyclopentadienylcobalt(ll). The
majority organic products from these reactions are the ketones (Figure 3.1).
Stereoisomers are formed in the majority of cases, however, when the products are
derived from unsymmetrical acetylenes (MeCsCH or PhOCH) the products are
regiospecific. The ketone products from these reactions have been shown to derive

from the acetylene and a carbonyl group from the hexacarbonyl reagent.

Figure 3.1  4,7-methanohexahydroindanone skeleton of ketones derived

from dicobalt carbonyl complexes and acetylenes.

Typically, for PK reactions the alkyne is added to octacarbonyl dicobalt in
either stoichiometric amounts or in excess.3 Alternatively the acetylene
hexacarbonyldicobalt complex can be used as the starting material rather than the
octacarbonyl dicobalt species. A convenient preparation of these alkyne
hexacarbonyls was reported by Perasamy and involves the reduction of CoBr2 with
Zn in the presence of the alkyne and CO at 1 atmosphere pressure.4 Phenylacetylene

hexacarbonyldicobalt was often used to test the reactivity of diverse simple alkenes in
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the early work of Pauson and Khand. Table 3.1 lists the typical yields for the reaction

of phenylacetylene hexacarbonyldicobalt with a variety of simple alkenes.

Common solvents for the reaction are benzene, heptane, isooctane or toluene.
The reactions are usually carried out in an inert atmosphere (argon or N2 at 60 - 70
°C for strained alkenes or at 80 - 130 °C for less reactive alkenes. Livinghouse has
shown that optimum conditions for thermal PK cyclisation is achieved within the
temperature region 60 - 70 °C using high purity Co2(CO)g.s Purification of the
resulting cyclopentenone can be achieved through flash chromatography by elution

with slightly polar mobile phases (hexane/diethyl ether 85:15).

Table 3.1 Typical yields for reaction of (//-CeHsC2H)Co02(CO)s

with alkenes reported by Pauson.

Alkene Reaction Conditions Yield (%)
bicyclo[2,2,2]octenes 60-80 °C, 4-6 hrs 34
cyclohexenes 120 °C, 6-7 hrs 3
cycloheptenes 120 °C, 6-7 hrs 41
cyclooctenes 120 °C, 6-7 hrs 35
cyclopentadiene 120 °C, 5 hrs 60
norbomenes 60-70 °C, 4 hrs 59

Alkenes with two double bonds like norbomadiene can undergo two
subsequent reactions with acetylene hexacarbonyldicobalt complexes. One molecule
can add to the first ene bond to generate cyclopentenone while further reaction at the

second ene bond can also occur (Scheme 3.1).
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(RCCH)Co02(CO)6

(RCCH)Co02(CO)6

Scheme 3.1.

The primary photoinduced reaction of metal carbonyl complexes often
involves decarbonylation. Chapter 2 showed that (//2-alkyne)Co2(CO)s complexes
undergo CO-loss at wavelengths greater than 500 nm. CeHsN and PPlis were used as
trapping ligands to enable the isolation of these pentacarbonyl complexes. The next
stage in the PKR following CO-loss is the attachment of the alkene to the cobalt

carbonyl moiety.

In general, complexes of the type M(CO)s(s), where s = solvent and M = Cr,
W or Mo can be prepared as stable intermediates by conventional photochemical
techniques. For weak coordinating solvents like /7-alkanes, benzene, toluene and their
fluorinated analogues, the M(CO)s(s) species are short lived and undergo rapid
substitution with nucleophiles. In the case of strong coordinating solvent such as
THEF, it is possible to prepare pure and stable complexes of the type M(CO)s(THF) in
solution and in some cases these THF analogues can be isolated. Lewis bases can in

turn replace the solvated metal carbonyl species and thus offer a route to normally
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inaccessible substituted metal carbonyl complexes. A general mechanism for
substitution of initial metal carbonyls via the solvated species is detailed in reaction
3.1. The widely studied olefin substituted metal carbonyls of the Group e elements
are conveniently accessible from the parent M(CO)es complexes (M = Cr, Mo, W) by

means ofphotolytic CO displacement in the presence ofthe appropriate olefin.

M(CO), X  M(CONj1* M(CO)_(S) -t* M(CO)n.,(L)

where S = solvent, L = nucleophile. (3.1)

The displacement of THF from photogenerated Cr(CO)s(THF) by alkenes
(cw-cyclooctene (cco), /rara-cyclooctene (tco)) to afford Cr(CO)s(cco) and
Cr(CO)s(tco) has been invesigated by Grevels and Skibbe.o Solid Cr(CO)s(cco) is
sufficiently stable to be handled at room temperature. However, in solution at
temperatures above -40 °C the complex gradually decomposes forming Cr(CO)s and
inorganic chromium species, unless an excess of cco is present. In contrast,
Cr(CO)s(tco) is stable in solution and unlike its cis analog undergoes further

photosubstitution of CO for a second olefinic ligand.

This chapter focuses on the photochemical reactions of (//2-alkyne)Co2(CO)e
complexes (alkyne = C2H2 or CeHsC2H) with alkenes (Figure 3.2) and outlines
attempts to isolate (//2-alkyne)Co2(CO)s(alkene) type complexes. The thermal
reactions of alkenes with dicobalt hexacarbonyl complexes were also carried out in

order to aid with identification of products derived under photochemical conditions.
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norbornadienc (nbd) hept-l-ene cis-cyclooctene (cco)

Figure 3.2  Alkenes used in this study.
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3.2 Thermal Preparation of Cyclopentenone Complexes

8

All ketones used in this study are

(35) numbered according to (35).

3.2.1 Thermal cyclisation of 2-phenyl-3a,4,5,6,7,7a-hexahydro-4,7-methanoinden-
1-one (36)

Thermal cyclisations of (alkyne)Co2(CO)6 complexes with alkenes producing
cyclopentenones was carried out in order to enable identification of products
produced in photochemical experiments. The cyclisations involved employ two
standard methods. The first involves a standard procedure of heating to reflux
equimolar amounts of the hexacarbonyl (/2-CeHsC2H)Co02(CQO)s and nbn in toluene
at 110 °C under an atmosphere of argon for 36 hours (Reaction 3.2).10 A solution
colour change from deep red to pale orange was observed. After the removal of
solvent under vacuum the product was purified by flash chromatography on neutral
alumina. A hexane:diethyl ether (85:15 v/v) mixture eluted Co4(CO)i2 (Figure 3.3) as
a blue band and finally 2-phenyl-3a,4,5,6,7,7a-hexahydro-4,7-methanoinden-Il-one
(36) was eluted as a pale yellow band. Crystals were grown from hexane:diethyl

ether. The IR spectrum of Co4(CO)i2 in the vco region is presented in Figure 3.4.

Ph
H

toluene

Cco Cco 0
(36)

Reaction 3.2
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Figure 3.3 Co4(CO)i2
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Figure 3.4 IR spectrum in the carbonyl region of Co4(CO)n (cm'L xlcm']

cyclohexane).

The second method of cyclopentenone synthesis was carried out according to
Sugihara et aln and involves the use of ammonia derivatives to enhance the rate of
the Pauson - Khand reaction (Reaction 3.3). Equimolar amounts of the hexacarbonyl
(/12-CeHsC2H)Co2(CO)ys and nbn were stirred at 100 °C for 10 minutes in a biphasic

system of 1,4-dioxane and a 2M aqueous solution of ammonium hydroxide. A simple
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extraction workup followed by flash chromatography on silica gel gave the
corresponding cyclopentenone. In contrast to published yields of 100 % the yield
obtained here was in the range 20 - 25 %. Prolonging the reaction time to 3 hours and

employing various reaction temperatures (60, 70 and 110 °C) did not improve yields.

Ph
H

oOcCc~rIn 'CO 100 °C /10 min/Ar

n o 0 | 2
oC CO 1,4-dioxane/

co co 2M ag. NH4OH

(36)
Reaction 3.3

Cyclopentenone (36) was characterised by IR, IH-, 13C-, DEPT 135 and DEPT
45 NMR spectroscopy (Table 3.2). The IR spectrum of the white crystals (Figure 3.5)
showed two bands at 1699 and 1677 cm'1 which have been assigned to the Vco and
vc=c vibrations ofthe enone respectively. The H NMR spectrum (Figure 3.6) showed
four singlets corresponding to the protons (3a, 4, 7 and 7a) of the enone. The signal
due to one of the tertiary protons 7a suffers the greatest downfield shift due to its
close proximity to the enone carbonyl group. The phenyl protons were observed as
multiplets at 7.72 (m, 2H, ortho C-H), 7.32 (m, 2H, meta C-H) and 7.38 (m, 1H, para
C-H) ppm. The peak at 7.65 ppm is assigned to the single proton at position 3. The
remaining CH2 protons 6, 5, and s were observed at 1.01 (1H), 1.14 (1H), 1.35 (m,
2H), 1.66 (m,IH) and 1.76 (m,IH) ppm.

The 1 spectrum (Figure 3.7) shows two peaks at 160.7 (C-H) and 146.5 (g-
C) ppm assigned to the olefinic carbons, the latter being a quaternary carbon which
disappears in the DEPT 45 spectrum (Figure 3.8(a)). The carbonyl carbon was
observed at 209.5 ppm while signals for the phenyl group were observed at 127.5,
128.8 and 131.9 (g-C) ppm. The peaks at 28.8, 29.5 and 31.7 ppm are assigned to the
three CH2 carbons of the nbn component (negative peaks in DEPT 135 (Figure
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3.8(b)) while the remaining peaks at 38.7, 39.8, 48.1, 55.4 ppm (all C-H) are assigned

to the remaining four tertiary aliphatic carbons.

Table 3.2 1H-, 13C-NMR and IR spectra) data of (2-phenyl-3a,4,5,6,7,7a-

hexahydro-4,7-methanoinden-l-one (36).

1Ha 1.01(d, 1H, 2 10Hz), 1.14(d, 1H, 2 10Hz), 1.35(m,2H), 1.66(m,IH),
1.76(m, 1H), 2.28(d, 1H), 2.38(d, 1H), 2.50(d, 1H), 2.71(t, 1H), 7.32(m,
2H), 7.38(m, 1H), 7.72 (m, 2H), 7.65(1H) ppm.

Ta 288,295, 317, 38.7, 39.8, 48.1, 55.3, 127.5, 128.8, 131.9(), 146.5(q),
160.7, 209.5

IRb 1699, 1677 cm'l

ain CDC13 bin toluene.

Figure 3.5 IR spectrum of 2-phenyl-3a, 4,5,6,7,7a-hexahydro-4,7-methanoinden-

1-one (36) (cm'l; £1cmrl, toluene).
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Figure 3.6 'H NMR spectrum of 2-phenyl-3a,4,5,6,7,7a-hexahydro-4,7-
methanoinden-1-one (36) (CDCI3, 5/ppm, 298 K).

200 180 160 140 120 100 80 60 40 20 ppm

Figure 3.7 13C NMR spectrum of 2-phenyl-3a,4,5,6,7,7a-hexahydro-4,7-
methanoinden-l-one (36) (CDCI3, 5/ppm, 298 K).
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(b)

I I I i |
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Figure 3.8 (@) DEPT 45 and (b) DEPT 135 NMR spectra of 2-phenyl-
3a,4,5,6,7,7a-hexahydro-4,7-methanoinden-l-one (36) (CDCI3 5/ppm,
298 K).
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3.2.2 Thermalpreparation of2-phenyl-3a,4,5,6,7,7a-hexahydroinden-1-one (37)

The synthesis of 2-phenyl-3a,4,5,6,7,7a-hexahydroinden-l-one (37) (Figure
3.9) was carried out by heating the hexacarbonyl (//2-CeHsC2H)Co2(CO)e with a
slight excess of cyclohexene (1:1.1) in toluene at 100 °C under an atmosphere of
argon for 36 hours.10 A color change from deep red to pale yellow was observed.
After removal of the solvent under vacuum the product was purified by flash
chromatography on silica gel. Pentane or hexane eluted any remaining starting
complex as a red band. A hexane:diethyl ether (85:15 v/v) mixture then eluted
Co4(CO)iz as a blue band and finally cyclopentenone (37) eluted as a colourless band.
It proved difficult to remove the last traces of solvent as the compound was quite

volatile.

Figure 3.9 2-phenyl-3a,4,5,6,7,7a-hexahydroinden-1-one (37)

The compound was characterised by IR, 'H-, 13C-, DEPT 135 and DEPT 45
NMR spectroscopy (Table 3.3). The IR spectrum of the white powder showed two
bands at 1734 and 1698 cm"1which have been assigned to the vQ and Vc=c vibrations
of the enone respectively. The » NMR spectrum of compound (37) closely
resembles that of compound (36) showing two doublets corresponding to the protons
3a and 7a of the enone. The signal due to one of the tertiary protons 7a suffers the
greatest downfield shift due to its close proximity to the enone carbonyl group. The
phenyl protons were observed as multiplets at 7.79 (2H, ortho C-H) and 7.48 (2H,
meta C-H) - 7.36 (1H, para C-H) ppm. The peak at 7.75 ppm is assigned to the
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proton at position 3. The remaining CH2 protons 4, 5, 6 and 7 were observed as a

complex multiplet between 1.12 and 1.66 ppm (sH).

The 13C spectrum (CDCI3) shows two peaks at 159.2 (C-H) and 145.1 (g-C)
ppm assigned to the olefinic carbons, the latter being a quaternary carbon which
disappears in the DEPT 45 spectrum. The carbonyl carbon was observed at 208.1
ppm while signals for the phenyl group were observed at 126.0, 127.7 and 130.5 (q-
C) ppm. The peaks at 27.3, 28.1, 28.7 and 30.3 ppm are assigned to the four CH2
carbons of the cyclohexane component (negative peaks in DEPT 135) while the
remaining peaks at 46.7 and 53.9 ppm (all C-H) are assigned to the remaining two

tertiary aliphatic carbons.

3.2.3 Thermal synthesis 0f3a, 4,7,7a-Tetrahydro-4,7-methanoinden-l-one (38)

The thermal synthesis of 3a,4,7,7a-tetrahydro-4,7-methanoinden-I-one (38)
was carried out according to Reaction 3.4. Equimolar amounts of nbd and achc were
heated in toluene for 18 hours at 110 °C under an atmosphere of argon. The product
was isolated by solvent evaporation at low pressure followed by flash
chromatography on neutral alumina. A hexane:diethyl ether (85:15 v/v) mobile phase
eluted any unreacted starting complex followed by (38). The product was
characterised by »# 13 NMR, and IR spectroscopy. The 'H NMR spectrum gave
evidence for the cyclopentenone unit showing a set of double doublets at 6.3 and
between 7.3-7.5 ppm which are assigned to the diene protons. The spectrum was very
complicated in the region between 0.8 and 2.9 ppm because of coupling between the
aliphatic protons. The 13C spectrum however, clearly provided evidence for the
cyclopentenone unit, the peak at 210.5 ppm diagnostic of the carbonyl carbon.
Olefinic resonances were observed at 163.8 ppm and 137.3 ppm. The remaining

resonances are given in Table 3.3.
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H
* H a
ocn J/y~rs [c° to,uene
vCo Co, + fi /U
OcV V co 110 °C /Ar
CO co

(38)

Reaction 3.4

Table 3.3 ‘H-, 13C-NMR and IR spectral data of (a) 2-phenyl-3a,4,5,6,7,7a-
hexahydro-4,7-methanoinden-l-one (37) and (b) 3a,4,7,7a-

tetrahydro-4,7-methanoinden-l-one (38).

37) iHa 1.12 -1.66 (complex m, sH, CH2), 2.60 (s, 1H,
CH), 2.81 (s, 1H, CH), 7.36 (s, 1H), 7.48 (m,

O K > 2H), 7.75 (s, 1H), 7.79 (d, 2H) ppm.

Ra 273, 28.1, 28.7, 30.3, 46.7, 53.9, 126.0, 127.7,
130.5(q), 145.1(q), 159.3, 208.1 ppm.

IRb  1734,1698 cm'l

(38) ;Ha 0.8 (M, 2H,CH), 2.26-2.39 (m, CH, 2H), 2.91
(s, br, 2H), 6.3 (d, 2H, =CH), 7.31 (dd, 1H,
=CH), 7.53 (dd, 1H, =CH) ppm.

24.1, 31.6, 32.7, 37.0, 39.6, 49.5, 52.7, 137.3,
163.8, 210.5 ppm.

| IR' 1701 cm'L

ain CDCIs; bin pentane;cin toluene.
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3.3 Steady-state Photolysis Experiments

3.3.1 IR monitored steady-state photolysis o f (iX-C2H9Co02(CO)$in the presence of

alkenes

In order to identify any products which arise as a result of photolysis of
(alkyne)Co2(CO)ys complexes in the presence of alkenes irradiation of a cyclohexane
solution of achc containing cyclohexene was carried out with Xexc > 500 nm.
However, the resulting IR spectrarecorded att =0, 0.5, 1, 2, 5,10, 15, 20, 30 and 40
minutes provided no evidence for photoproduct formation. A similar solution of achc
was irradiated with Aexc> 400 nm att =0, 1, 2, 5, 10, 18, 27, 36, 51 and 60 minutes.
The resulting spectra are represented in Figure 3.10. The IR combination and
difference spectra are shown. Arrows indicate the direction of band increase or
decrease. New bands at 2089, 2071, 2045, 2041, 2021, 1981, 1868, 1857 cm'lwere
identified as Co2(CQO)s. The parent bands of achc depleted continuously throughout

the experiment.

2120 2090 2060 2030 2000 1970 1940 1910 1880 1850 1820

Wavenumber /cm'l
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(b)

2120 2090 2060 2030 2000 1970 1940 1910 1880 1850 1820
Wave number /cm'1

Figure 3.10 The IR combination and difference spectra following broad band
photolysis of achc (Xex > 400 nm) in the presence of cyclohexene (cm1 xlcm).
Spectra were acquired att = 0, 18, 27, 51 and 60 minutes; (a) combination spectra
showing new photoproduct (indicated by the arrows) and parent bands (b) difference
spectrum. The positive bands are identified as Co2(CO)s. The negative bands are due

toparent depletion.

Irradiation of a similar solution of achc containing cyclohexene with Aec >
320 nm from t = 0 to 60 minutes resulted in bands at 1700 and 1695 cm'l
corresponding to the vco and vc=c bands of the resulting ketone. Bands were also
observed which were consistent with Co2(CO)g formation. Further steady-state
photolysis experiments with achc and hex-l-ene with Xexc > 320 nm resulted in band
system which corresponds to a mixture of products (Figure 3.11). The bands at 2071,
2044, 2001, 1993, 1980, 1870 and 1857 cm’l were subsequently identified as
Co02(C0)s. Following comparison of the vco stretching frequencies of Co4(CO)i2 and
Co2CO)8 in w-hexane published by Ungvary and Marko (Table 3.4), the bands at
2065, 2051 and 1866 cm'l were identified as Co4(CO)i2 (Figure 3.4), a common
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decomposition product of Co2(CO)g. Note that the excess number of terminal CO
bands of Co2(COjs is consistent with the existence of at least two isomeric

configurations of Co2(CO)g in solution.

Wavenumber /eraz

Figure 3.11 IR difference spectrum in the CO stretching region obtainedfollowing
broad band photolysis of achc containing hex-l-ene (Aexc > 320 nm, cm'l, +lcm'!,

pentane solvent). Spectra shown were acquired att =5, 15, 30 and 70 minutes.

Further bands in the spectrum observed at 1719 and 1642 cm'lare assigned to
a ketone carbonyl stretch vco and an alkene vc=c stretch respectively (in a separate
experiment these complexes were prepared and characterised by IR or *H NMR
spectroscopy). These results are consistent with the formation of cyclopentenone
from the achc and hex-l-ene and show that cyclopentenones can be generated

photochemically.
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Table 3.4 Carbonyl stretching frequencies and relative band intensities for

Co2(C0O)8and Co4CO)n in «-hexane solution.12

Co2C0)8 Co4(CO0)i2
v Rel. Intensity v Rel. Intensity
2112 -0.5 2104 0.5
2107 -05 2063 90
-2071 65 2055 100
2069 73 -2048 -
2059 21 2038 6
-2044 90 2028 8
2042 100 1997 13CO, -0.5
2031 49 1898 0.4
2023 81 1867 33
2002 4 -1832 13CO, -0.5
-1991 5 -1991 5
1866 3 1857 23
1857 23
-1822 -0.5

Achc was photolysed in degassed alkane solvents (cyclohexane and pentane
respectively) containing nbd with \ exc> 500 nm. No changes were observed in the IR
spectra monitored att = 0, 0.5, 1, 2, 5, 10, 15, 20 and 30 minutes with either solvent
system. Photolysis of achc with Xexc > 400 nm in degassed pentane containing nbd
fort =10, 0.5, 1, 2, 5, 10, 15, 20 and 30 minutes produced new bands at 2075, 2024,
2010(br), 1850(s), 1834(br), 1719 and 1716(sh) cm'L The parent hexacarbonyl bands
depleted throughout photolysis. The IR combination and difference spectrum for the
photoreaction are given in Figure 3.12 for t = 15 minutes. The positive bands
represent the product while the negative bands represent the depletion of parent
species. A further band observed at 1719 cm'1 provides evidence for a ketone

carbonyl in cyclopentenone. A shoulder on this latter band which was observed at
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1716 cm1is assigned to the vc=c stretch of the alkene. The broad band at 1834 cm'1
may reflect a strained carbonyl group (compare the bridging carbonyl stretches of
Co02(CO)g at 1866 and 1856 cm'). Ungvary reported similar IR absorptions at 2081.5,
2072, 2024(br) and 1834 cm'1 after mixing PhCsCH with HCo(CO)4 in heptane for
20 minutes at 15 °C.13 The suggested structure of the product was the alkenylcobalt
carbonyl (39). Heck also reported an IR absorption at 1834 cm'1for the product of the
reaction of crotonyl chloride with NaCo(CO)4 in ether and was assigned to a n -

crotonylcobalt tricarbonyl. 14

(39)

Wavenumber /cm"

Figure 3.12 IR difference spectrum in the CO stretching region obtainedfollowing

broad band photolysis of achc after 15 minutes irradiation in the

presence ofnbd (Aec > 400 nm, cm'] £lcm |, pentane solvent).
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In order to follow the photochemical reaction of (p2-
alkyne)dicobalthexacarbonyl complexes with alkenes, NMR monitored photolysis
experiments were undertaken on achc solutions containing nbn. These experiments
may also provide evidence for the formation of the (//2-alkyne)Co2(CO)s(alkene)
complex, a proposed intermediate in the PK reaction. The sample solutions were
prepared in de-cyclohexane solvent in a degassable NMR tube and placed under an
atmosphere of CO. The sample was irradiated at t = 5, 10 and 15 minutes after which
time 'H spectra were recorded. After each photolysis step the resulting *H NMR
spectrum showed the starting material peaks had broadened considerably. The sample
was then heated to 40 °C and another NMR spectrum recorded. Again the spectrum
showed considerable peak broadening, possibly obscuring any product peaks. An IR
spectrum of this solution obtained immediately following photolysis showed a vco

band at 1718 cm'1 indicating the formation of a cyclopentenone.

In contrast with the abundance of infrared spectroscopy information on cobalt
carbonyl complexes, 'H NMR investigations were carried out occasionally to confirm
the identity of new compounds, rather than to provide structural information. Mostly
the spectra obtained exhibit line-broadening, an effect of the quadrupole moment of
50C0.15 More recent investigations, however, suggest that paramagnetic Co(ll)
impurities generated by accidental oxidation are responsible for poor quality

spectra.ie

3.3.2 UV/Nis. monitoredphotolysis of jL-C2H)C02(CO)6 and alkenes nbn and nbd

Steady-state photolysis experiments of (alkyne)Co2(CO)e complexes (alkyne =
C2H2 and CeHsC2H) with nbn and nbd were conducted under both an atmosphere of
argon and an atmosphere of CO in sealed cells. The solutions were irradiated with
“exc > 500 nm for 5 hours. The UV/Vis spectra were monitored at periodic intervals
throughout the experiments. After 5 hours irradiation a slight increase in bands at ~

395 and 460 nm was observed and was accompanied by a solution colour change
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from red to pale yellow. While assignment of the UV/Vis product bands was
impossible an IR spectrum recorded following photolysis showed weak features
consistent with the formation of Co2(CO)g. No other product bands were observed.
Heating the sealed cell to 50 °C showed further growth of bands in the UV/Vis
spectrum. An IR spectrum recorded following heating showed a carbonyl peak at
1701 cm'1 indicating the presence of a ketonic carbonyl. By comparison of product
band formation at equivalent time intervals the experiments conducted under an
atmosphere of carbon monoxide produced product at a faster rate than those

conducted under an atmosphere of argon.

3.3.3 IR monitored steady-state photolysis of (AL-Cr#H5C2H)Co2(CO)fi in the

presence ofalkenes

The reaction of pachc with alkenes was monitored by IR spectroscopy.
Initially pachc was irradiated (Aec > 500 nm) in an argon flushed cyclohexane
solution containing cyclohexene att = 0.5, 1, 2, 5, 10, 15 and 20 minutes. The parent
bands depleted throughout the experiment and while no new bands were observed, a
yellow precipitate was produced. Repeating the experiment in toluene solution gave
rise to a carbonyl band at 1701 cm'1 which is consistent with the formation of
cyclopentenone.iz Bands were also observed which were consistent with the
formation of Co2(CO)g. Neither the cyclopentenone or Co2(CO)s are significantly
soluble in alkane solvent and this explains the formation of the yellow precipitate
observed when the experiment was conducted in cyclohexane solution. Further

irradiation of the solution with Aexc> 340 nm gave rise to a higher yield of product.

Pachc was irradiated (Xec > 500 nm) in an argon flushed toluene solution
containing nbn witht = 0.5,1, 3, 8 and 18 minutes. No changes were observed in the
IR spectrum recorded throughout the experiment. Further photolysis of the same

solution with Xexc > 400 nm and subsequently with Xoc > 340 nm (t = 23, 30 and 35
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mins.) gave rise to new bands at 2104(vs), 2072, 2046, 2042, 2002, 1856 and 1860
cm'l These are consistent with the formation of Co2(CO)s. Bands were also observed
at 1708 and 1380 cm'lwhich are consistent with the formation of cyclopentenone. A

typical difference IR spectrum observed following photolysis is shown in Figure 3.13.

Wavenumber/cm''1

Figure 3.13 IR difference spectrum in the CO stretching region obtainedfollowing
broad bandphotolysis ofpachc containing nbn (Xecc > 400 nm, toluene, cm'L xlcm
). The spectrum was acquired at t = 30 minutes. The positive bands are due to the
formation of Co2(CO)s and cyclopentenone while the negative bands are due to the

depletion o fthe parent complex.

Pachc was irradiated in hept-l-ene solution containing a four fold excess of
pyridine. A series of spectra were measured up to an irradiation time of 50 minutes.
The spectrum obtained following irradiation with Aexc > 500 nm displayed two
isosbestic points with bands observed at 2069, 2018, 2005, 1994 and 1966 cm'l
These bands were identified as ("2-CfiHsC2H)Co02(CO)s(CeHsN) based on previous

assignment (cf chapter 2). No evidence for formation of the hept-l-ene substituted
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complex (//2-C6H5C2H)Co2(CO)s(hept-1-enc) was observed indicating the pyridine

adduct was more stable.

IR monitored steady-state experiments were also conducted in the presence of
the strong donor ligands tetracyanoethylene (tcne) and methanol. The solutions were
prepared as previously by dissolving pachc in degassed toluene. The respective donor
ligands were added and the solutions were irradiated with Xexc> 500 nm. The spectra
were measured att =0, 1, 2, 5, 10 and 15 minutes. No changes were observed in the
IR spectra recorded throughout the experiments. The solutions were then subjected to
irradiation with Xexc > 400 nm. Again no spectroscopic changes in the IR spectrum
were observed. Similar results were obtained for solutions of pachc prepared in neat

tcne and methanol respectively.

Pachc was also irradiated in degassed solutions containing a 4 fold excess of
mecn with Xec > 500 nm. No spectroscopic changes were observed throughout
photolysis. When the solution was subsequently irradiated with Xexc > 400 nm new
bands were observed at 1998(vs), 1894 and 1629 cm"l However, these bands are not
consistent with the formation of (ji2- CeH5C2H)Co2(CO)s(mecn), and the product

formed remains unidentified.
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3.4 Photolytic reaction of (alkyne)dicobalthexacarbonyl complexes with alkenes

3.4.1 Reaction ofpachc with norbornene

In an attempt to synthesise (//2-alkyne)Co2(CO)s(alkene) type complexes the
hexacarbonyl complexes pachc and achc were reacted with a slight excess of alkenes
under photochemical conditions. Two methods of synthesis were employed. The first
involved irradiating a carbon monoxide purged toluene solution of pachc with a
slight excess of nbn by a slide projector lampi8 (mainly visible) for 24 hours.
Samples were removed periodically with a syringe through a septum seal and
monitored by IR spectroscopy. During the experiment the solution colour had
changed from deep red to pale yellow and a brown precipitate had formed in the
reaction flask. After filtration, the solvent was removed under vacuum and the
product was purified by chromatography on silica gel (60 mesh) using a
hexane:diethyl ether mixture (85:15 v/v) as eluent. The resulting product was
identified as 2-phenyl-3a,4,5,6,7,7a-hexahydro-4,7-methanoinden-I-one (36) by IR,
*H and 13C NMR spectroscopy (c.f. Table 3.3). No evidence was obtained for the
formation of (*-CeHsC2H)Co2(CO)s(nbn) from the analysis of IR spectral bands

taken throughout the experiment.

The second method of photolytic synthesis involved exposing a carbon
monoxide purged toluene solution of pachc containing a slight excess of nbn to
natural light for 48 hours. The solution became colourless and a light brown
precipitate had formed in the reaction vessel. Workup was carried out as before by
filtration to remove the precipitate and the removal of the solvent under vacuum. The
product was purified on silica gel (60 mesh) using a hexane:diethyl ether mixture

(85:15 v/v) as eluent. IR, *H and 13C NMR spectroscopic techniques again revealed
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the formation of the cyclopentenone (36). While no evidence was obtained for the
formation of (/*-CeH5C2H)Co02(CO)s(nbn) from the analysis of IR spectral bands
taken throughout the experiment, these experiments do show that irradiation can be
used as an alternative energy source for the Pauson - Khand reaction. Similar
experiments conducted under an atmosphere of argon also produced the
corresponding cyclopentenone as the major product, however, the reaction times

required were longer.

3.4.2 Reaction ofpachc with cyclohexene

A solution of pachc was prepared in toluene containing a 4 - fold excess of
cyclohexene. The solution was subjected to three freeze - pump - thaw cycles using a
dynamic vacuum and then placed under an atmosphere of CO. The flask was then
irradiated with natural light for 1 week. Samples were taken daily and monitored by
IR spectroscopy. The spectra showed bands consistent with the presence of Co2(CO)g
and a further band at 1701 cm"1consistent with the presence of a ketonic carbonyl
group. An orange/brown precipitate had also formed. Separation by flash
chromatography on neutral alumina (hexane/diethyl ether :85/15 v/v) gave rise to
three fractions. Fraction one (red) was identified as pachc. Fraction two (orange) was
identified as Co02(CO)g while fraction three (yellow) was identified as

cyclopentenone.

3.4.3 Reaction ofachc with norbornadiene

A solution of achc containing a 1.5 excess of nbd was photolysed under an
atmosphere of CO by a slide projector lamp (mainly visible) for 24 hours in toluene
solution ("exc > 500 nm). Bands were observed after 16 hours at 2075, 2069, 2042,
2039, 2033, 2010, 1858 and 1834 cm"lindicating a mixture of products had formed.
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Small scale flash chromatography of this sample under an atmosphere of argon using
hexanerdiethyl ether (85:15v/v) eluted achc as a red solution and Co4(CO)i2 as an
orange solution. A third fraction decomposed on the column. A second sample taken
after 24 hours showed bands at 2075,2014,2010 and 1834 cm'Ll These product bands
have been observed earlier while irradiating achc and nbd with Xexc > 340 nm (c.f.
section 3.2.1). The band at 1834 cm'lindicates the presence of a bridging carbonyl
group. The identity of this compound is yet unresolved. No further bands for
Co4(CO)i2 were observed probably due to its insolubility in cyclohexane solvent.
Removal of solvent after photolysis followed by flash chromatography eluted a sweet
smelling yellow product which was identified by its IR vco band at 1700 cm’las the
corresponding norbornadiene cyclopentenone. While the *H NMR spectrum of this
compound was complex, two double doublets were observed at 7.31 - 7.53 ppm
respectively with matching J - values which are consistent with two alkene protons.

Other signals observed at 6.3(d, 2H) provide further evidence for the cyclopentenone.

A solution of achc and nbd was prepared in toluene as previously under one
atmosphere of CO and irradiated with natural light. The reaction was monitored by IR
spectroscopy. After 24 hours two bands of equal intensity were observed at 1705 and
1701 cm'l These have been identified as the formation of a diketone resulting from
two cyclisations of the dicobalthexacarbonyl complex with nbd. The initial reaction
of achc with nbd retains a norbomene system which can undergo a second

cyclisation producing the diketone, a reaction which has been previously reported.2*

3.4.4 Reaction ofdpachc with cis-cyclooctene (cco) and norbomene

Two solutions of dpachc were prepared in toluene containing a four - fold
excess of the ligands cco and nbn respectively. The solutions were irradiated with
natural light. After 1 week no detectable reaction was observed with cco. However,

with nbn a precipitate had formed in the reaction flask indicating the formation of
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Co02(CO)g. An IR band was observed at 1705 cm'lindicating the presence of a ketonic
carbonyl. Heating the solution to 40 °C gave rise to an increase in yield of the ketonic
product. Full characterisation of the corresponding cyclopentenone was not carried
out. In the photochemical induced experiments the cyclopentenone compounds were
formed in situ and thus were identified by the vco band without isolating the
complexes. As a result of overlap of several of the bands of the complexes not all
bands of each complex can be expected to be observed individually and hence peak

picking is difficult.

3.5 Preparation of (~alkyne)Co2(CO)s(alkene) Complexes at Low

Temperature

A common method used for the synthesis of olefin substituted metal
carbonyls is that of Grevels and Skibbe9 where an alkane solution of the metal
carbonyl and the olefin are photolysed at low temperature. Subsequent exchange of
one the carbonyls for alkene follows producing the desired metal pentacarbonyl
alkene species. In this work, the attempted synthesis of (/*2-CeHsC2H)Co02(CO)5cco)
was carried out according to Reaction 3.5 by purging a solution of pachc and cco
with argon for 30 minutes The solution was then irradiated using an apparatus in
which the photolysis solution surrounds a medium pressure Xe arc lamp (Applied
Photophysics, 400 Watt, Xexc>300 nm) and is cooled at -20 °C by circulating ethanol
from a low temperature circulator (c.f Figure 4.1, Chapter 4). Samples were extracted
periodically throughout the experiment and analysed by IR spectroscopy. No evidence
was obtained for formation of the desired pentacarbonyl species {ji2-

CesHsC2H)Co2(CO)s(cco) in these experiments.
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Pli
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Reaction 3.5

Another attempt at synthesising the ("-CeHsC2H)Co2(CO)s(cco) complex
involved first preparing (//2-CeHsC2H)C02(CO)5THF) and then reacting this complex
with cco at low temperature (Scheme 3.2). However, no evidence was obtained in the
IR for formation of the pentacarbonyl (//2-CeHsC2H)Co2(CO)s(TIIF) species.
Continuation of the experiment by addition of cco and subjecting the solution to
further irradiation was carried out in the case that the THF substituted pentacarbonyl
complex may not be observed in the IR spectrum. However, no pentacarbonyl species

was formed in either case.

Ph
Ph H
THF oo'v VCO
co co QO] co
~NCO
Cco CcoO

Scheme 3.2
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Another attempted method of synthesis of the (//2-CsHsC2H)Co2(CO)s(alkene)
complex involved irradiating (//2-CeH5C2H)Co02(CO)s in pentane solution with hex-1-
ene with Xexc > 500 nm in order to achieve the CO-loss product. The solution was
prepared in a degassable cell and was placed under an atmosphere of argon.
Subsequent heating of this solution to 40 °C resulted in a solution colour change from
deep red to orange. Samples were extracted from the cell at periodic intervals and
after which the solution was once again placed under an atmosphere of argon and the
experiment was continued. However, no evidence was obtained for formation of the
pentacarbonyl species (//2-CeHsC2H)Co02(CO)s(hex-l-ene). This reaction was
repeated with the alkenes cyclohexene, hept-l-ene, nbn and nbd. Again no
pentacarbonyl product resulted. In the case of nbn and cyclohexene workup of the
product solutions by flash chromatography on neutral alumina using diethyl ether:

hexane 15:85% v/v as eluent gave rise to the corresponding cyclopentenone.

3.6 Conclusions

Large scale synthesis of cyclopentenones derived from the reaction of the (ju2-
alkyne)Co2(C0O)ys complex with the alkenes nbn, nbd, and cyclohexene was achieved
by published thermal methods in order to enable identification of products derived
from similar photochemical reactions. Broad band photolysis (Xexc> 400 nm) of (ju-
alkyne)Co2(COjys complexes in the presence of various alkenes (hept-l-ene, nbn,
nbd, cyclohexene) results in the in situ formation of the corresponding
cyclopentenones instead of the anticipated (/i2-alkyne)Co2(CO)s(alkene) complex.
Co2(C0O)8, which is generated catalytically in the Pauson - Khand reaction, was
identified as a by product of these reactions. Low energy photolysis of (ji-
alkyne)Co2(C0O)ys complexes in the presence of cyclohexene and nbn, with Xec>500
nm, results in no detectable photoreaction. In general, the yield of cyclopentenone is

higher when high energy irradiation (Xcxc > 340 nm) is used. Employing strong donor
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ligands tcne, ethanol and mecn in broad band photolysis experiments failed to give

rise to the appropriately substituted pentacarbonyldicobalt complex.

In an attempt to isolate (//2-alkyne)Co2(CO)s(alkene) type complexes by
photochemical means toluene solutions of (/*-alkyne)Co2(CO)s were irradiated with
nbn under an atmosphere of CO by (a) natural light and (b) by slide projector lamp
(mainly visible) giving rise to the corresponding nbn derived cyclopentenone. Under
similar conditions cyclohexene and nbd derived cyclopentenones were prepared.
Most importantly, cyclopentenone production was achieved without applying any
heat to the photolytic system. In addition to the ketone products from these reactions,
the ligand bridged complex Co4(CO)i2 was isolated. The formation of Cos4(CO)i2 is
not unexpected while irradiating with Xexc > 320 nm as the high energy involved

would push for decomposition of Co2(CO)s.

The first stage in the PK reaction involves CO-loss. The next step which
involves alkene coordination to the cobalt carbonyl moiety cannot be achieved by
irradiation at Xoc > 500 nm. It may be possible that the (//2-alkyne)Co2(CO)s(alkene)
complex is formed but is highly unstable and rapidly converts back to the (jj2-
alkyne)Co2(CO)6 complex. Subsequently synthesis of (/*-alkyne)Co2(CO)Xalkene)
complexes was attempted under low temperature photochemical conditions.
However, various attempts to isolate (//2-alkyne)Co2(CO)s(cco) and (jiz-
alkyne)Co2(CO)s(nbn) complexes in a low temperature reaction vessel failed. In the
latter case, instead of the formation of the anticipated alkene coordinated
pentacarbonyl complexes, the nbn derived cyclopentenone complex was isolated.
The (//2-alkyne)Co2(CO)s(TI IF) analogues also, could not be isolated under low

temperature photochemical conditions.
It appears that the energy barrier on going from (/*-alkyne)Co2(CO)6 to (/X2-
alkyne)Co2(CO)s(alkene) is low so that instead of isolation of the pentacarbonyl

intermediate, conversion into cyclopentenone occurs. The identification of
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cyclopentenones formed from the reaction of (/*-alkyne)Co2(CO)s complexes with
alkenes was based on previous examples of norbornene cyclopentenones. We have

shown however, that irradiation can be used as an alternative energy source for

Khand reactions.

160



Reactions of (/*-alkyne)Co2(CO)6 Complexes with Alkenes Chapter 3

3.7

© N o o

10.
11.

12.
13.
14.

References

I.U. Khand, G.R. Knox, P. L. Pauson, Chem. Commun., (1971) 36.

(@) 1.U. Khand, G.R. Knox, P. L. Pauson, W.E. Watts, M.l. Foreman, Chem.
Commun., (1973) 977; (b) I.U. Khand, G.R. Knox, P. L. Pauson, W.E. Watts,
Chem. Commun., (1973) 975.

(@) 0. Geis, H.G. Schmalz, Angew. Chem. Int. Ed., 37 (1998) 911; (b) P.L.
Pauson in *Organometallics in Organic Synthesis 2°, A. de Meijere, H. tom
Dieck, Eds.; Springer -Verlag Berlin Hiedelberg (1987) 234; (c) P.L. Pauson,
Tetrahedron, 41 (1985) 5855; (d) N.E. Schore in ‘Organic Reactions’ L.A.
Paquette Ed. Vol. 40 (1991); (e) P.L. Pauson, I.U. Khand, Ann. N. Y. Acad.
Sci., 295 (1977) 2; (f) F.L. Bowden, A.B.P. Lever, Organomet. Chem. Rev., 3
(1968) 227; (g) M.E. Krafft, I.L. Scott, R.H. Romero, S. Feilbelmann, C.E.
Van Pelt, J. Am. Chem. Soc., 115 (1993) 7199.

M. Perasamy, M. Rama Reddy, A. Deva Sagayaraj, Tetrahedron, 50 (1994)
6955.

T. Livinghouse, L. Pagenkopft, J. Amer. Chem. Soc., 118 (1996) 2285.

I.U. Khand, P.L. Pauson, J. Chem. Res. (M), (1977) 168.

I.U. Khand, P.L. Pauson, J. Chem. Res. (M), (1977) 4418.

I.U. Khand, G.R. Knox, P.L. Pauson, W.E. Watts. M.l. Foreman J. Chem.
Soc. Perkin Trans. (1973) 977.

F. W. Grevels, V. Skibbe, J. Chem. Soc. Chem. Commun., (1984) 681.

N.E. Schore in "Organic Reactions L.A. Paquette Ed., 40 (1991).

T. Sugihara, M. Yamada, H. Ban, M. Yamaguchi, C. Kaneko, Angew. Chem.
Int. Ed. Engl. 36 (1997) 2801.

L. Ungvary, I. Marko, Inorg. Chim. Acta, 4 (1970) 324.

T.M. Bockman, J.F. Garst, F. Ungvary, J. Organomet. Chem., 586 (1999) 41.
R.F. Heck, J. Am. Chem. Soc., 85 (1963) 3381.

161



Reactions of (/iralkyne)Co2(CO)6 Complexes with Alkenes Chapter 3

15.

16.
17.

18.

J. Somlyai-Haasz, F. Haasz, V. Galamb, A. Benedetti, C. Zucchi, G. Palyi, J.
Organomet. Chem., 419 (1991) 205.

I. Kovacs, G. Szalontai, F. Ungv&ry, J. Organomet. Chem., 24 (1996) 115.
The cyclopentenones derived from pachc were synthesised on larger scale by
thermal methods and characterised by IR, 'H and 13C NMR spectroscopy.
Lamp model = Kodex Carousel S-Av2020.

162



CHAPTER 4

Experimental Procedures



Experimental Procedures Chapter 4

4. Experimental

4.1 Reagents

Co02(CO)s (Fluka Chemicals), the alkynes phenylacetylene, diphenylacetylene
(Aldrich Chemical Co.) and acetylene gas (Air Products), triphenylphosphine
(Aldrich  Chemical Co.), pyridine, cyclohexane, hept-l-ene, and pentane
(Spectroscopy Grade - Aldrich Chemical Co.) were used as received. All

manipulations involving Co2(CO)g, were conducted under an argon atmosphere.

4.2 Equipment

Infrared spectra were recorded on a Perkin Elmer 2000 FTIR spectrometer,
solution cells were fitted with NaCl windows (d = 0.1mm), and spectroscopic grade
cyclohexane or pentane were used. 'H and 13C NMR spectra were obtained using a
Briiker model Avance DPX spectrometer in appropriate deuterated solutions and
were calibrated with respect to the residual proton resonances of the solvent or with
an external TMS standard. UV/Vis spectra were recorded using a Hewlett Packard
8453A photodiode array spectrometer using 1 cm quartz cells. Photolysis was
performed using an Applied Photophysics medium-pressure Xe arc lamp (275W)

(Figure 4.1). Wavelength selection was achieved using Coming cut-off filters.

Liquid IR cell Corning Filter

Figure 4.1  Apparatusfor steady - state photolysis experiments
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The laser system used was a pulsed Nd:YAG laser capable of generating the
second, third, or fourth harmonic at 532, 355 or 266 nm as required, with typical
energies of 150, 30 and 45 mJ per pulse respectively. The pulse duration is
approximately 10 ns. The excitation and monitoring beams are arranged in a cross-

beam configuration.1The apparatus has been described in chapter 1

4.3 Samplepreparationfor Laser Flash Photolysis Experiments

All samples were prepared for laser flash photolysis in a degassing bulb
attached to a fluorescence cell and protected from light by aluminum foil. Samples
were prepared in the dark by dissolution in the appropriate spectroscopy grade
solvent. The concentration of solution was adjusted so that the absorbance at Xoc
(266, 355 or 532 nm) was between 0.8 and 1.2 AU. The solutions were subjected to
degassing by three cycles of a freeze-pump-thaw procedure to 10'2 Torr. The solution
at room temperature, was then subjected to a dynamic vacuum (liquid pumping), a

process which has been shown to remove traces of water.

The atmosphere of interest (Ar or CO) was placed over the sample solution.
The concentration of gas permitted over the sample was controlled by a pressure
gauge. On flashing the sample over a range of 650 - 270 nm the filters for X > 340,
400 and 500 nm were employed to ensure selective irradiation of the sample. The
UV/Vis spectral changes before and after degassing the sample were recorded as well

as periodic monitoring of spectra throughout the photolysis experiment.
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4.4 General Experimental Details for the Preparation of Acetylene Cobalt

carbonyl complexes

The preparation of acetylene cobalt carbonyl complexes was carried out in
conventional glassware consisting of three-necked flask equipped with gas inlet,
reflux condenser and mercury check valve; distilled or spectroscopic grade pentane
was used as a solvent under an argon atmosphere. Typically the starting components
were allowed to react at room temperature with continuous magnetic stirring
overnight in hydrocarbon solvent. The reaction solutions were filtered and their
volume reduced under low pressure; the products were isolated by flash
chromatography (Kiesegel B.F. Merck) with mixtures of light petroleum (40 - 60°)
and diethyl ether as eluents (1:1). The products were crystallised at 4 °C. In the case
of acetylene, products exist as an oil at room temperature. All products were stored at

low temperatures under an Ar atmosphere in sealed containers.

4.5 Synthesis of (pz-alkyne)hexacarbonyldicobalt Complexes. Reaction of

Co2(CO)s with alkynes

The (/"-alkyne)Co2(CO)s complexes were prepared by the standard method
which involves the slow addition of the alkyne to a degassed solution of Co2(CO)g in
pentane.3The solution was stirred overnight at room temperature following which the
solvent was removed under reduced pressure yielding the dark red products. Details

of synthesis for each alkyne are given below.

45.1 (fi-C2H29Co02(CO)6 - Acetylene hexacarbonyldicobalt(O)4

(pi-C2H2)Co2(CO)s was prepared by treating Co2(CO)g with acetylene gas according

Co2CO)8  + HOCH > CoXCO)HC=CH + 2CO
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Bright orange crystals of cobalt carbonyl (1 g, 2.9 mmol) was weighed under Ar in a
glove bag, added to a three-necked round bottom flask, protected from sunlight, and
flushed with Ar. The flask was charged with acetylene gas displacing the Ar. A
mercury bubbler allowed the emission of CO gas and maintained a positive pressure
of acetylene. The reaction was stirred overnight. The orange crystalline starting
material turned dark brown and liquefied with evolution of CO. The reaction flask
was flushed periodically with acetylene to keep a positive atmosphere of acetylene in
the gas phase. A deep red liquid obtained was first vacuum filtered, to remove an
unidentifiable brown solid (5 %, m.p. > 300 °C, insoluble), and then transferred to a
distilling flask and distilled under reduced pressure with temperatures not exceeding
30 °C yielding the dark red product.

Spectroscopic and analytical data for (/*-C2H2)Co2(CO)s:- *HNMR (CDCl3s, 8/ppm)
6.01(s, 2H, M>H); 13 NMR (CDCL13 5/ppm) 71.4 (C-H), 198.99 (C-O); IR vco
(pentane) 2099, 2059, 2035, 2029, 2018(sh) cm'L UV/Vis (pentane) 308 (sh), 346,
447 nm; M.p. 13 -13.5 °C; yield 95 %; Anal. Calc. C 30.80 %, H 0.65 %, Found C
31.07 % ,H 0.65 %.

4.5.2 (h2-CeHsC2H)Co02(CO) 6 - Phenylacetylene hexacarbonyldicobalt(0) 4a5

A three-necked flask was fitted with a gas inlet and a mercury bubbler to permit the
escape of CO gas and Ar flushing gas. Dicobalt octacarbonyl (1.5 g, 44 mmol) was
weighed as previously and added to pentane (12 cm3). Phenylacetylene (490 cm3, 44
mmol) was added stepwise using a pressure equalising addition funnel. The flask was
kept under a positive pressure of Ar and left to stir overnight. A deep red solution had
formed. The solution was filtered through a glass sintered funnel filled with silica gel
(60 mesh) wetted with pentane. 3 x 30 cms aliquots of pentane were used. The first
fraction eluted (//2-CeHsC2H)Co02(CO)s which was identified by IR. The second

fraction eluted unreacted phenylacetylene.
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Spectroscopic and analytical data for (//2-(CeHs)C2H)Co02(CO)s:- *HNMR (CD3CN,
5/ppm) 6.3 (1H, s, =C-H), 7.19 (1H, s, Ar CH), 7.25 (2H, d, Ar CH, J = 6.2 Hz), 7.45
(2H, d, Ar CH, J = 6.2 Hz); 13C NMR (CDC13, 5/ppm) 132(s), 128.7(s), 128.6(s),
123.6(s) (CeH5), 89.7(s, C=C); IR vco (pentane) 2094, 2056, 2032, 2029, 2018(sh)
cm'l, UV/Vis (pentane) 352, 422, 536 nm; M.p. 52-53 °C, Anal. Calc. C 43.33 %, H
1.56 %, Found C 43.06 %, H 1.65 %.

453 (fj,2-(CeHsC)2Co2(COy6 - Diphenylacetylene hexacarbonyldicobalt(O)

A three-necked flask was fitted with an Ar inlet and a mercury bubbler to permit the
escape of CO gas and Ar flushing gas. Dicobalt octacarbonyl (1.5 g, 44 mmol) was
weighed out as previously and added to pentane (12 cm3). A diphenylacetylene (7.8 g,
44 mmol) solution (pentane 3 cm3) was added stepwise using a pressure equalising
addition funnel. The flask was kept under a positive pressure of Ar and left to stir
overnight. A deep red solution had formed. The solution was chromatographed on
silica gel (60 mesh). The first fraction eluted with pentane gave (p2-
(CeHsC)2)Co2(COys which was identified by IR spectroscopy. The second fraction
eluted unreacted diphenylacetylene. Typical yields were in the range 90 - 95 %.
Spectroscopic and analytical data for (/"-(CeH5C)2)Co02(CO)6:- 'H NMR (CD3Cls,
e/ppm) 7.53 (2H, d, Ar C-H ,J = 7.2 Hz), 7.29 (2H, m, Ar C-H, J = 7.2 Hz), 7.19
(1H, s, Ar C-H); 13C NMR (CDC13) 138 (g-C), 129.2(s), 128.9(s), 127.8(s), (CeHH),
76.5 (s, C=C), 76.1 (s, =C-H) ppm; IR vco (pentane) 2091, 2055, 2029, 2026 and
2021(sh) cm'L, UV/Vis (pentane) 330, 360, 455 and 540 nm; Calc. C 51.75 %, H 2.17
%, Found C 51.64 %, H 2.46 %.
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4.6 Synthesis ofthe Ligand Substituted Pentacarbonyl Complexes. Reaction of

(p.2-alkyne)Co2(CO)ye with ligands triphenylphosphine and pyridine

4.6.1 Thermal Synthesis of (A2-RC2R)Co02(CO)s(PPhs) - Alkyne dicobalt

pentacarbonyltriphenylphosphine complexes

The thermal synthesis of Ca2-RC2R’)Co2(CO)s(PPh3) complexes was carried out
according to the method of Manning.e Typically (//2-C2H2)Co02(CO)s (15 mg, 4.9 X
10's moles) was added to equimolar PPli3 (128.5 mg, 4.9 x 10's moles) in benzene (5
cm3), previously dried over CaCl2, and distilled under Ar. The mixture was heated to
reflux temperature (75 °C) under Ar after which time the solvent was removed under
reduced pressure. The residual dark red oil was dissolved in a minimum volume of
DCM and chromatographed on silica gel (60 mesh). The unreacted starting material
(//2-C2H2)Co2(CO)6 was removed by elution with petroleum ether. The product was
eluted by diethyl ether-petroleum ether (1:1 v/v). Evaporation of the solvent in an Ar
stream yielded the crystalline product. Identification was determined by IR and

UV/vis spectroscopy. Typical yield was in the range 90 - 95%.

Spectroscopic and analytical data for (//2-C2H2)Co2(CO)s(PPh3):- IR vco (pentane):
2069, 2017, 2009, 1997, 1975 (vs) cm'L, UV/Vis (pentane): “nmex 323 and 376 nm;
M.p. 123 °C;

Spectroscopic and analytical data for (//2-CeH5C2H)Co2(CO)s(PPh3):- IR vco
(pentane): 2065, 2016, 2006, 1997, 1972(vs) cm'l, UV/Vis (pentane): Anax 328 and
346 and 382 nm; M.p. 104 °C;

Spectroscopic and analytical data for (/*-C2(CeHs)2)Co2(CO)s(PPh3):- IR vco
(pentane): 2062, 2016, 2004, 1995, 1970(vs) cm"L UV/Vis (pentane): Xnmax 352 and
392, 482 and 526 nm; M.p. 230 °C dec.
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4.6.2 Thermal Synthesis of (Wb-RC2H)Co02(CO)s(C*HsN) - Alkyne dicobalt

pentacarbonylpyridine complexes

Synthesis ofthe (//HA"R"Cc”r"CO~”CeHsN) complexes was carried out in the same
manner as above using an equimolar amount of pyridine. Typically (/?-
C2H2)Co02(C0Oys (20 mg, 6.5 x 10'5moles) was added to CsHsN (67 fiL, 6.5 x 105
moles) in benzene (5 cm3), previously dried over CaCl2, and distilled under Ar. The
mixture was heated to reflux temperature under Ar after which time the solvent was
removed under reduced pressure. The residual dark red oil was dissolved in a
minimum volume of DCM and chromatographed on silica gel (60 mesh). The
unreacted starting material (/2-C2H2)Co2(CO)s was removed by elution with
petroleum ether. The product was eluted by diethyl ether-petroleum ether (1:1 v/v).
Evaporation of the solvent in an Ar stream yielded the crystalline product.
Identification was determined by IR and UV/Vis spectroscopy. In general longer
reactions times were necessary for pyridine substitution to occur. Typical yields were

in the range 85 - 90 %.

Spectroscopic data for (//2-C2H2)Co2(CO)s(CeHsN):- IR (pentane): Vco
2064, 2014, 2002, 1996,1968 cm'L UV/Vis (pentane): Amax 324, 342 and 416 nm;

Spectroscopic data for (/i2-(CeéHs)C2H)Co2(CO)s(CsHsN):- IR (pentane): vco 2069,
2018, 2005, 1994, 1966 cm'L UV/Vis (pentane): >max322, 352 and 396 nm;

Spectroscopic data for (//2-(CeH5)2C2)Co2(CO)s(C(TIN):- IR (pentane): vco 2060,
2016, 2003,1990,1964, cm'L, UV/Vis (pentane): Amex 354,423 and 506 nm
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4.7 Synthesis of the (®2-R2C2H)Co02(CO)4(L)2 Tetracarbonyl Complexes (L =
CsHsN or PPh3.

4.7.1 Synthesis o f (n2-R2C2H)Co2(CO)4(CsHsN)2 complexes

The thermal synthesis of (//2-R2C2H)Co2(CQO)4(CsHsN)2 was carried out according to
a method reported by Manning for the preparation of similar complexes.e Typically
(/12-C2H2)Co02(CO)s5(CsHsN) (20 mg, 17.8 x 103 moles) was added to equimolar
CsHsN (45.5 jaL, 17.8 x 103 moles) in dry benzene (10 cm3). The mixture was
allowed to reflux under Ar for 4 hours at 80 °C after which time the solvent was
removed under reduced pressure. The residual dark red oil was dissolved in a
minimum volume of DCM and chromatographed on silica gel (60 mesh).
Evaporation of the solvent in an Ar stream yielded the crystalline product.
Identification was determined by IR and UV/Vis spectroscopy. Typical yield was in

the range 90 - 95 %.

Spectroscopic data for (//2-(C2H2))Co2(CO)4(CsHsN)2:- IR Vco (CsH12): 2021, 2004,
1970, 1941 cm'L,

Spectroscopic for (/i2-(CeHs)C2H)Co2(CO)4(CeHsN)2:- IR Vco (CsH12): 2018, 2002,
1967,1942 cm'];

Spectroscopic data for (//2-(CeHs)2C2)C02(C0O)4(CeHsN)2:- IR v (CsH12): 2016,
1966, 1962, 1942 cm'l
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4.7.2 Synthesis of (p2-R2C2H)C02(CO)4(PPhs)2 complexes

The thermal synthesis of (//2-R2C2H)Co2(CO)4(PPh3)2 was carried out according to
the method of Manning.6 Typically (/*-C2H2)Co2(CO)s(PPlis) (20 mg, 17.8 x 10"3
moles) was added to equimolar PPl3 (4.66 mg, 17,8 x 10‘3moles) in dry benzene (10
cm3), and distilled under Ar. The mixture was allowed to reflux under Ar for 4 hours
at 80 °C after which time the solvent was removed under reduced pressure. The
residual dark red oil was dissolved in a minimum volume of DCM and
chromatographed on silica gel (60 mesh). Evaporation of the solvent in an Ar stream
yielded the crystalline product. Identification was determined by IR spectroscopy.
Typical yield was in the range 90 - 95 %.

Spectroscopic data for (juz-(C2i12)C02(C0O)4(PPh3)2IR vco (C5H12): 2027, 1982,
1965,1950 cm’L;

Spectroscopic and analytical data for (/*-(CeHs)C2H)Co2(CO)4a(PPh3)2:- IR vco
(CsH12): 2021, 2004,1972, 1942 cm'L, M.p. 200 °C;

Spectroscopic and analytical data for (//2-(CeHsC)2)Co02(CQO)4(PPh3)2:- IR vco
(CsH12): 2022, 1978, 1971.3, 1944 cm'L M.p. 200 °C dec.;

4.8 Steady-state photochemical experiments. Photochemical synthesis of (pr-

RC2H)Co2(CO)s(L) (L = CsHsN orPPh3

4.8.1 Photochemical synthesis of (p2-RC2H)Co2(CO)*(CsHsN) complexes

The relevant alkyne was dissolved in either cyclohexane or pentane with a 4-fold
excess of (CsHsN). The solution was flushed with Ar gas for 20 minutes before being
transferred to NaCl IR solution cells for irradiation in front of a Xenon arc lamp.

Coming filters were used to select light at X > 340, 400 and 500 nm. Typically
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solutions were irradiated for 0.5, 1, 2, 5, 10, 15, 20 and 30 minutes. In most cases
spectra were recorded in absorbance mode. The spectrum of the solvent/pyridine
mixture was recorded before addition of the hexacarbonyl complex. This spectrum
was then subtracted from all sample spectra in order to eliminate any solvent peaks
appearing in the region of interest. Subtraction of a spectrum of prephotolysed sample
from the photolysed spectra gave the difference spectra with increasing bands
showing the appearance of newly formed species while the negative spectra indicate
the depletion of parent material. IR vco data for these compounds are provided in

Chapter 2.

4.8.2 Photochemical synthesis o f (Lb-RC'2H)Co2(CO)s(PPh”) complexes

The relevant alkyne was dissolved in either cyclohexane or pentane with a 4-fold
excess of (PPI3). The solution was flushed with Ar gas for 20 minutes before being
transferred to NaCl IR solution cells for irradiation in front of a Xenon arc lamp.
Coming filters were used to select light at X > 340, 400 and 500 nm. Typically
solutions were irradiated for 0.5, 1, 2, 5, 10, 15, 20 and 30 minutes. In most cases
spectra were recorded in absorbance mode. The spectrum of the solvent/pyridine
mixture was recorded before addition of the hexacarbonyl complex. This spectrum
was then subtracted from all sample spectra in order to eliminate any solvent peaks
appearing in the region of interest. Subtraction of a spectrum of prephotolysed sample
from the photolysed spectra gave the difference spectra with increasing bands
showing the appearance of newly formed species while the negative spectra indicate
the depletion of parent material. IR vco data for these compounds are provided in

Chapter 2.
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4.9 Preparation of (Ju-C2H2Co02(CO)6for I1H NMR monitored Steady-state

Photolysis

A sample of achc was dissolved in ds-pyridine, filtered through a plug of cotton wool
and placed in a degassable NMR tube. The solution was subjected to three cycles of
freeze-pump-thawing using an acetone : liquid N2 mixture to bring the temperature
down to -35 °C (the temperature of liquid N2 is too low and would crack the
degassable tube). 1 atm of Ar was placed over the sample. A '"H NMR spectrum was
recorded before photolysis. The sample was then photolysed in front of the Xe arc
lamp with X > 340 nm for 5 minutes, an NMR recorded and then photolysed for a
further 5 minutes and another NMR recorded.
Spectroscopic data for (//2-C2H2)C02(COye  'H NMR (d-pyridine, 5/ppm)

t =0 mins :5.08 (s, 1H, =CH), 7.13 (s, 2H, ortho H), 7.48 (s, 1H), 8.71 (s, 2H);

t =5mins :5.39 (s, 1H, =CH broad), 7.11 (s, 2H,), 7.46 (s, 1H), 8.70 (s, 2H);

t = 10 mins: 5.6(s, 1H, sCHj v. broad), 7.11 (s, 2H,), 7.45, (s, 1H), 8.71 (s, 2H);

t =24 hrs :no =CH, 7.07 (s, 2H), 7.38 (s, 1H), 8.71 (s, 2H);
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4.10 Cyclopentenone Synthesis

4,7-methanohexahydroindanone skeleton o fketones

410.1 Thermal synthesis of 2-Phenyl-3a,4,5,6,7,7a-Hexahydro-4,7-methano
inden-1-one (36)

Method A

Norbomene (178 mg, 1.90 mmol) was added to a three-necked RBF containing (ji2-
CeHsC2H)Co02(COys (0.5 g, 1.3 mmol) in spectroscopic grade n-hexane (30 cm3). The
mixture was heated to reflux temperature for 48 hours at 100 °C under Ar after which
time the solution colour had changed from deep red to orange. Solvent was removed
under vacuum and the product was columned on silica gel (60 mesh). Hexane:diethyl
ether (85:15 v/v) eluted (//2-CeHsC2H)Co02(CO)s (15 %) as a red band, followed by
Co4(CO)i2 (30 %) as a blue band and finally cyclopentenone (50 %) as a yellow band.
Spectroscopic and analytical data for 2-Phenyl-3a,4,5,6,7,7a-Hexahydro-4,7-
methanoinden-l-one:- M.p. 95 °C, 'H NMR (CDCls, 5/ppm): 1.01 (d, 1H, 2] 10Hz),
1.14 (d, 1H, 2 10Hz), 1.35 (m, 2H), 1.66 (m, 1H), 1.76 (m, 1H), 2.28 (d, 1H), 2.38
(d, 1H), 2.50 (d, 1H), 2.71 (t, 1H), 7.32 (m, 2H), 7.38 (m, 1H), 7.65 (d, 1H), 7.72 (m,
2H); 13C NMR (CDCb, 5/ppm) 208.1, 159.3, 145.1 (q), 103.5 (q), 127.7, 126.0, 53.9,
46.7, 38.4, 37.3, 30.3, 28.7. 28.1, 27.3; IR (CHCI3): v : 1699, 1677 cm'lL UV/Vis
(pentane) 290, 332 nm.
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Method B

The second method of cyclopentenone synthesis was carried out according to
Sugihara et al? Typically a solution of (//2-CeHsC2H)Co02(CO)e (442 mg, 1.13 mmol)
and norbomene (168 mg, 1.71 mmol) in 1,4-dioxane (3.0 cm3) and 2 M aqueous
solution of NH4OH (9.0 cm3) was stirred at 100 °C for 10 min. After cooling, diethyl
ether was added, and the resulting suspension was filtered. The filtrate was washed
successively with H20, 5 % aqueous HC1, and saturated aqueous NaHCOs, dried over
MgSC>4, and concentrated in vacuo. The product was columned on silica gel (60
mesh) with diethyl ethenhexane (15:85 v/v). Yield 40 %.

Spectroscopic and analytical data :- M.p. 95-96 °C, *H NMR (CDCls, 5/ppm): 1.01
(d, IH, 2 10Hz), 1.14 (d, IH, 20 10Hz), 1.35 (m, 2H), 1.66 (m, IH), 1.76 (m, IH),
2.28 (d, IH), 2.38 (d, IH), 2.50 (d, IH), 2.71 (t, IH), 7.32 (m, 2H), 7.38 (m, IH), 7.65
(d, IH), 7.72 (m, 2H); 13 NMR (CDClIs, 5/ppm) 208.1, 159.3, 145.1(q), 103.5(q),
127.7, 126.0, 53.9, 46.7, 38.4, 37.3, 30.3, 28.7. 28.1, 27.3; IR (CHCL13): vco : 1699,
1677 cm'L UV/Vis (pentane) 290, 332 nm.

4.10.2 Thermal synthesis of2-Phenyl-3a,4,5,6,7,7a-hexahyroinden-1-one (37)

Cyclohexene (195 cm3, 1.9 mmol) was added to a three-necked RBF containing (ji2-
CeHs5C2H)Co02(CO)s (0.5 g, 1.3 mmol) in spectroscopic grade n-hexane (30 cm3. The
mixture was heated to reflux temperature for 48 hours under Ar after which time the
solution colour had changed from deep red to red/brown. Solvent was removed under
vacuum and the product was columned on silica gel (60 mesh). Hexane:diethyl ether
(85:15 v/v) eluted O 2-CeHs5C2H)Co2(Co)s (15 %) as a red band, followed by
Co04(CO)i2 (30 %) as a blue band and finally cyclopentenone (50 %) as a yellow band.
Spectroscopic and analytical data for 2-phenyl-3a,4,5,6,7,7a-hexahyroindene-I-one :-
IHNMR (CDCIs, 5/ppm): 1.12 -1.66 (complex m, sH, CH2), 1.82 (m, IH), 2.60 (s,
IH), 2.81 (s, IH), 7.36 (s, IH), 7.48 (m, 2H), 7.75 (s, IH), 7.79 (d, 2H); 13 NMR
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(CDCls, 8/ppm) 27.3, 28.1, 30.3, 28.7, 46.7, 53.9, 126.0, 127.7, 130.5(q), 145.1(q),
159.3,208.1; IR (CHC13): vco: 1734,1698 cm'L

4.10.3 Thermal synthesis 0f3a,4,7,7a-Tetrahydro-4,7-methanoinden-1-one (38)

Norbomadiene (34.5 (JL, 320 mmol) was added to a three-necked RBF containing (j4
-C2H2)C02(CO)ys (105 mg, 320 mmol) in spectroscopic grade toluene (30 cm3). The
mixture was stirred for 18 hours at 110 °C under Ar after which time the solution
colour had changed from deep red to dark orange. The solution was filtered to remove
a light brown precipitate. Solvent was removed under vacuum and the product was
columned on silica gel (60 mesh). Hexane:diethyl ether (85:15 v/v) eluted (ji2-
C2H2)Co2(COy)s as a red band and was followed by cyclopentenone as a yellow band.

Spectroscopic and analytical data for 3a,4,7,7a-Tetrahydro-4,7-methanoinden-I-one:-
*HNMR (CDCls, 8/ppm): 0.8 (m, 2H,CH), 2.26-2.39 (m, CH, 2H), 2.91 (s, br, 2H),
6.3 (d, 2H), 7.31 (dd, 1H, =CH), 7.53 (dd, 1H, =CH); 13 NMR (CDC13, 8/ppm):
24.1, 31.6, 32.7, 37.0, 39.6, 49.5, 52.7, 137.3, 163.8, 210.5; IR (toluene): vco : 1701

4.10.4 Thermal synthesis 0f3a,4,5,6, 7a-Hexahydro-4,7-methanoinden-I-one

Norbomene (0.68 g, mmol) was added to a solution of (/*-C2H2)Co2(CO)s (150 mg,
0.48 mmol) in degassed toluene (20 cm3) in a three-necked RBF fitted with a gas inlet
and a bubbler to permit the escape of CO gas. The mixture was stirred for 16 hours at
70 °C under Ar after which time the solution colour had changed from deep red to
orange. Solvent was removed under vacuum and the product was columned on silica
gel (60 mesh) using hexane:diethyl ether (85:15 v/v) as eluent. The cyclopentenone
was eluted as a pale yellow band.

Spectroscopic and analytical data for 3a,4,5,6,7a-Hexahydro-4,7-methanoinden-I-

one:- 'H NMR (CDCls, s/ppm): 1.0 (m, 2H, CH2), 1.23-1.73 (m, 4H, 2 x CH2), 2.16
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(m, 2H, CH), 2.38 (broad s, IH, CH), 2.69 (m, IH, CH), 6.3 (d, 2 x IH, =CH), 7.52
(dd, 1H); IR (toluene): v : 1701 cm'l

4.11 Photochemical synthesis ofNorbornene derived Cyclopentenones

4.11.1. Reaction ofphenylacetylene dicobalthexacarbonyl with norbornene

Method A

GM-CeH5C2H)C02(C0)6 (0.2 g, 0.43 mmol) and norbornene (81 mg, 0.86 mmol) were
added to a two-necked RBF containing spectroscopic grade w-hexane (25 cm3. The
solution was purged with carbon monoxide for 20 minutes. A blank sample was
obtained by withdrawing 2 cm3 of the solution through a syringe and placed in a
covered sealed container and kept under a carbon monoxide atmosphere. The flask
was then placed 15 cm in front of a Kodex Carousel S-Av2020 slide projector and
left exposed to the beam for 24 hours after which time the solution colour had
changed from deep red to pale yellow. Solvent was removed under vacuum and the
product was columned on silica gel (60 mesh) using a hexane:diethyl ether mixture
(85:15 v/v) as eluent. The resulting cyclopentenone (36) was eluted as a colourless

fraction and was characterised by IR, 'H and 13C NMR spectroscopy.

Method B

N - C eH5C2H)Co02(CO)s (0.2 g, 0.43 mmol) and norbornene (85 mg, 0.90 mmol) were
added to a two-necked RBF containing spectroscopic grade toluene (25 cmA) g?ving a
deep red solution. The solution was purged with carbon monoxide for 20 minutes.
The flask was then placed on a window and exposed to natural light for 48 hours after
which time the solution had become colourless and a light brown precipitate had
formed. After filtration to remove the precipitate the solvent was removed under

vacuum and the product was columned on silica gel (60 mesh) using a hexane:diethyl
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ether mixture (85:15 v/v) as eluent. The resulting cyclopentenone (36) was eluted as a

colourless fraction and was characterised by IR, *Hand 13C NMR spectroscopy.

4.11.2 Reaction ofphenylacetylene dicobalthexacarbonyl with cyclohexene

(/12-CeH5C2H)Co02(COys (0.2 g, 0.43 mmol) and cyclohexene (212 cm3, 1.72 mmol)
were added to a two-necked RBF containing spectroscopic grade cyclohexane (25
cm3) giving a deep red solution. The solution was purged with carbon monoxide for
20 minutes. The flask was then placed on a window and exposed to natural light for
48 hours. The solution had changed to pale orange colour and a light brown
precipitate had formed. After filtration to remove the precipitate the solvent was
removed under vacuum and the product was columned on silica gel (60 mesh) using a
hexane:diethyl ether mixture (85:15 v/v) as eluent. The resulting cyclopentenone (37)

was eluted as a pale yellow fraction and was characterised by IR, *H and 13C NMR

spectroscopy.

4.11.3  Reaction ofphenylacetylene dicobalthexacarbonyl with norbornadiene

(Mj-CgHsC2H)Co2(C0)<j (0.2 g, 0.51 mmol) and norbornadiene (205 jiL, 2.04 mmol)
were added to a two-necked RBF containing spectroscopic grade cyclohexane (30
cm3) giving a deep red solution. The solution was purged with carbon monoxide for
20 minutes. The flask was then placed on a window and exposed to natural light for
48 hours after which time the solution had become dark orange and a light brown
precipitate had formed. After filtration to remove the precipitate the solvent was
removed under vacuum and the product was columned on silica gel (60 mesh) using a
hexane:diethyl ether mixture (85:15 v/v) as eluent. The resulting cyclopentenone (38)

was eluted as a pale yellow fraction and was characterised by IR, H and C NMR

spectroscopy.

179



Experimental Procedures Chapter 4

4.11.4  Reaction ofphenylacetylene dicobalthexacarbonyl with hept-l-ene

(/"2-CeH5C2H)Co02(COys (0.2 g, 0.51 mmol) and hept-l-ene (194 ~L, 2.1 mmol) were
added to a two-necked RBF containing spectroscopic grade cyclohexane (25 cm3)
giving a deep red solution. The solution was purged with carbon monoxide for 20
minutes. The flask was then placed on a window and exposed to natural light for 48
hours after which time the solution had become colourless and a light brown

precipitate had formed.

4.11.5 Reaction of phenylacetylene dicobalthexacarbonyl with cis-cyclooctene

(cco)

(/12-CeHsC2H)Co2(CO)ys (0.25 g, 0.64 mmol) and cco (0.28 cm3, 2.16 mmol) were
added to a two-necked RBF containing spectroscopic grade cyclohexane (25 cm3
giving a deep red solution. The solution was purged with carbon monoxide for 20
minutes. The flask was then placed on a window and exposed to natural light for 96

hours. No visible reaction was detected.
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4.12 Photolytic synthesis of Olefin Substituted (lk-alkyne)dicobaltcarbonyl

Complexes

412.1 Photolysis apparatus

The apparatus employed in the preparation of the substitution complexes is
depicted in Figure 4.2. It consists of a double-walled pyrex glass vessel containing a
medium pressure mercury arc lamp (400 Watt). Cooling is achieved by means of a
low temperature circular containing ethanol (-20 °C) and thus maintains a low
reaction temperature inside the photolysis apparatus. The solutions to be photolysed
are placed in the external vessel and are left stirring throughout the photolysis. The
immersion-well is very effective in capturing the lamp’s output. Argon purging
ensures deaeration and removes carbon monoxide liberated during the reaction.
Samples can be extracted at any time throughout the experiment through a tap at the
base of the vessel. The products were isolated by removing the solvent under reduced
pressure and purified by flash chromatography. Identification was achieved using IR

and NMR spectroscopy.

Figure 4.2 Low temperature photolysis apparatus
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4.12.2  Attempted synthesis o f (iJ2-CgH$C2H)Co2(CO)s(cis-cyclooctene)

The attempted synthesis of (/*-CeHsC2H)Co02(CO)s(cco) was carried out according to
the method of Grevels and Skibbe8 for the preparation of similar olefin substituted
species. (/i2-CeHsC2H)Co2(CO)s (385 mg, 0.99 mmoles) was dissolved in pentane
(250 cm3) and purged with argon for 30 minutes. Cw-cyclooctene (1.03 cm3 7.94
mmol) was added and the solution was irradiated with a 400 watt medium pressure
Xe arc lamp (Applied Photophysics, Xexc>300 nm) at -20 °C for 5 hours under argon
in the dark. Samples were extracted periodically and analysed by IR spectroscopy. No
evidence was obtained for formation of the pentacarbonyl species (p2-

CeHsC2H)Co2(CO)s(cco).

4.12.3  Attempted synthesis o f (fa- CeH5C2H)Co2(CO)s(THF)

(//2-CeH5C2H)Co2(CO)s(THF) was synthesised according to the method of Grevels
and Skibbe.s (//2-CeHsC2H)Co02(CO)s (200 mg, 0.51 mmol) was dissolved in THF
(250 cm3) and purged with argon for 30 minutes prior to irradiation with a 400 watt
medium pressure Xe arc lamp (Applied Photophysics). The solution was continuously
stirred at -20 °C for 5 hours under argon in the dark. Samples were extracted
periodically and analysed by IR spectroscopy. No evidence was obtained for

formation of the pentacarbonyl species (//2-CeéHsC2H)Co02(CO)s(THF).

4.13 Purification Procedures

4.13.1 Purification ofNorbornadiene (nbd)

Norbomadiene (nbd) is likely to polymerise when stored over long periods therefore
purification before use is important. Nbd was placed in a round bottom flask

containing activated alumina. The mixture was heated to reflux temperature. The
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solvent was distilled using a short path distillation apparatus into a collecting flask

and used immediately. 'H NMR was used to confirm purity.

Spectroscopic data fornbd 'H NMR (CDCls, s/ppm):- 2.1 (m, IH, CH), 3.7 (t, 2H,
CH2), 6.85 (t, IH, =CH); IHNMR (CDC13,5/ppm):- 51 (q-C), 76 (CH2), 144 (=CH).

4.13.2  Purification o fHept-1-ene

Sodium was placed in a round bottom flask containing spectroscopic grade
hept-l-ene. The mixture was heated to reflux temperature with the RBF attached to
an insulated Vigro column. The solvent was distilled into a collecting flask and used

immediately. 'H NMR was used to confirm purity.

Spectroscopic data for hept-l-ene:- *HNMR (d-acetone, 5/ppm):- 0.82 (t, 3H, CH3),
1.27 (m, 4H, 2 x CH2), 1.34 (m, 2H, CH2), 1.96 (q, 2H, CH2), 4.88 (m, 2H, OCH 2,
5.73 (m, IH, CH=CH2); 13C NMR (CDC13 5/ppm):- 14.19, 22.6, 31.5, 31.5, 33.9,
114.3 and 139.4.

4.13.3 Purification ofHex-1-ene

Sodium was placed in a round bottom flask containing spectroscopic grade hex-1-
ene. The mixture was heated to reflux temperature with the RBF attached to an
insulated Vigro column. The solvent was distilled into a collecting flask and used

immediately. H and C NMR was used to confirm purity.

Spectroscopic data for hex-1-ene:- *HNMR (CDClIs, 5/ppm):- 0.91 (g, CH3), 1.34 (m,
CH2), 1.36 (m, CH2), 2.06 (q, CH2), 4.9 (dd,=C//CH2).
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4.13.4  Purification of Tetrahydrofuran (THF)

Freshly cut sodium and benzophenone were added to a RBF containing
spectroscopic grade THF. The mixture was heated to reflux temperature until a colour
change from yellow to blue was observed. Solvent was distilled into a collecting

flask, discarding the first 10% and used immediately. *H NMR was used to confirm

purity.

Spectroscopic data for THF  I3H NMR (d-acetone, 8/ppm):- 1.85 (CH) and 3.74
(OCH).
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5.0 Conclusions

The scope of this thesis is the application of photochemical reactions to the
synthesis of organic molecules with the aim of finding a more useful, convenient, or
new synthetic route to known molecules, or of establishing new syntheses of previous

unattainable and often complicated molecules.

In this work, the synthesis and photochemistry of a number of (juz-
alkyne)Co2(C0Oys complexes is described. The (/*2-alkyne)Co2(CO)s complexes were
prepared by published thermal means and characterisation was achieved by IR, NMR,
UV/Vis spectroscopy and elemental analysis. The photochemical reactions of (jiz-
alkyne)Co2(C0O)6 complexes (alkyne = C2H2, C6H5C2H or (C6H5C)2 with ligands
CsHsN and PPhs was described in Chapter 2. The (//2-alkyne)Co2(CO)s complexes
(where alkyne = CeHsC2H or C2H2) undergo CO-loss at wavelengths greater than 500
nm. CeHsN and PPli3 were used as trapping ligands (L) to enable the isolation of
these pentacarbonyl complexes. These (//2-alkyne)Co2(CO)s(L) complexes were

prepared both by thermal and photochemical means.

The photochemistry of the (Q-(C6H5C)2)Co2(CO)6 complex was shown to
follow a different reaction pathway. Excitation at Xexc= 532 nm resulted in a haptieity
change of the acetylene ligand. Ultimately a ligand substitution reaction results
producing (/"-(CeHsC)2)Co2(CO)s(L). Further irradiation of this pentacarbonyl
species produces the tetracarbonyl (//2-(CeH5C)2)Co2(CO)4(L)2 complex in a similar
reaction. It would be interesting to prepare complexes with different alkyne ligands
on the {Co2(CO)6} moiety. The photochemistry of such complexes could be studied
with regard to looking at similarities between (a) symmetrical and unsymmetrical
complex behaviour (b) the effect of the extent of alkyne substitution and (c) the effect

of differing functional groups on the alkyne moiety.
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The photochemical reactions of (//2-alkyne)Co2(CO)s complexes (alkyne =
CoH2 or CeHsC2H) with alkenes was described and attempts to isolate (p.2-
alkyne)Co2(CO)s(alkene) type complexes were outlined. The resulting complexes
were identified by IR spectroscopy. The synthesis of (//2-alkyne)Co2(CO)s(alkene)
complexes proved more complicated than the corresponding (//2-alkyne)Co2(CO)s(L)
complexes (where L = C5H5N or PPl3). The thermal reactions of alkenes with
dicobalt hexacarbonyl complexes were also carried out in order to aid with
identification of products derived by photochemical means. The cyclopentenones
resulting from these reactions, typical Pauson - Khand adducts, were characterised by

IR and NMR spectroscopy.

Cyclopentenones were generated by photochemical means using one or both
of two synthetic routes. The first method involved subjecting a solution of the {ib-
alkyne)Co2(CO)ys complex - alkene mixture to visible irradiation (natural light) under
an atmosphere of carbon monoxide. The second route involved subjecting a similar
solution to irradiation by a Kodex Carousel lamp under an atmosphere of carbon
monoxide. Similar experiments conducted under an atmosphere of argon produced a

lower yield of cyclopentenone.

As a result of this study, the photochemistry of a series of cobalt carbonyl
complexes with varying alkyne ligands was described and is a basis for a more in-
depth study into the photochemical reactions of related (//2-alkyne)cobalt carbonyl
complexes. From this work develops new projects which are necessary in completing
the study of the role of photochemistry in the Pauson - Khand reaction. Some of the

concepts are as follows

a) Further studies into the preparation of (//2-alkyne)Co2(CO)s(alkene) type

complexes.
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b)

Studies on the photochemistry of (/~-alkyne)Co2(CO)s(alkene) complexes
with Xexc > 320, 400 and 500 nm with the ultimate goal of tuning the PK
reaction to be carried out photochemically.

Matrix studies on (/*-alkyne)Co2(CO)s(L) complexes where L = CsH3N and
PPli3 with Aec> 500 nm.

Matrix studies on (//2-alkyne)Co2(CO)s(alkene) complexes with X@GC> 320,
400 and 500 nm.

Studies on mixed metal complexes including the preparation of alkyne mixed
metal hexacarbonyl complexes containing varying alkyne substituents

followed by studies of the photochemistry of such complexes.
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Abstract

The photochemistry of (*"2-RC2H)C02(C0O)6 (R =H or C(HS has been investigated by both time-resolved and steady-state
techniques. Pulsed excitation in cyclohexane solution with 4xC= 355 nm causes Co-Co bond homolysis while photolysis at
).ac = 532 nm results in CO loss. Steady-state photolysis {y.oc > 500 nm) in the presence of suitable trapping ligands (L) produced
the monosubstituted complexes (nr RC2H)Co2(CO)5(L) (L = CjHsN or PPh,) in high yields. © 1999 Elsevier Science S.A. All

rights reserved.

Keywords: Cobalt; Carbonyl; Photochemistry; Flash photolysis; Pauson-Khand

1. Introduction

We are currently interested in investigating the possi-
bility of using photochemical techniques to promote the
Pauson-Khand reaction [1], i.e. the cocylisation of an
alkyne, an alkene and carbon monoxide (Reaction 1).
The products of the Pauson-Khand reaction can be
highly regio- and stereo-chemically pure, explaining its
enormous potential in the synthesis of biologically im-
portant molecules such as hirsutic acid [2],
prostaglandins [3], fram-dihydrojasmonate [4], ste-
modin [5], and (% )-pentalene [6], amongst others.

(Reaction 1)

However, the high temperatures required for the Pau-
son-Khand process is a considerable disadvantage,

*Corresponding author. Tel.: +353-1-7048001: fax: + 353-1-
7048002.
E-mail address: conor.long@dcu.ie (C. Long)

particularly if the olefin substrates undergo thermally
induced rearrangements. Consequently, techniques that
reduce the thermal demands of this process will signifi-
cantly expand the range of its application.

The carbonyl functionality of the product enone is
usually supplied by a metal carbonyl fragment, gener-
ally derived from dicobalt octacarbonyl, although alter-
native sources such as tungsten [7], and iron [8] carbonyl
compounds have also been successfully used. Many
reactions to date require that the metal carbonyl frag-
ment be supplied in stoichiometric amounts, which is
undoubtedly a significant problem for commercialisa-
tion of the Pauson-Khand process. Consequently, there
is growing interest in the development of systems which
use only catalytic amounts of the metal carbonyl com -
pound [9], Recently it has been shown that visible light
effectively promotes catalytic Pauson-Khand reactions
[10], however the precise role the photon plays in the
reaction remains uncertain.

In the case of the cobalt system, and based on studies
of the regio- and stereo-chemical control of the prod-
ucts, it has been proposed that decarbonylation of an
initally formed (]i2alkyne)Co02(CO)6 species, is a prereq-
uisite to the overall reaction sequence. Confirmation of
this comes from the work of Krafft and co-workers [11]
who have successfully trapped such a CO-loss species by
a sulphur atom of a thio-substituent on the alkyne,

0022-328X/99/S - see front matter © 1999 Elsevier Science S.A. All rights reserved.
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Table 1
The vco band positions (cm-1; + 1cm-1) in pentane solution for the
dicobalt carbonyl compounds in this investigation

Compound vco

fe.CfiHsC2H)Co2(CO)6 2094, 2056, 2033, 2029, 2014(sh)
(u2-C2H,)Co2(CO0),, 2100, 2060, 2035, 2029, 2018(sh)
(H-C6H5C2H)Co2CO)3 2069, 2018, 2005, 1994, 1966,
(pyridine)

(H-CBH5CIH)Co2CO)5PPh3 2065, 2016, 2006, 1997, 1972
0 2-CfH5C2H)Co2(CO)4(PPli32 2021, 2004, 1972, 1949
al2-C,,H5C2H)Co2CO)4 2018, 2002, 1967, 1942
(pyridine)2

(H2-C2H2Co2(CO)s(pyridine) 2064, 2019, 2002, 1996, 1968
(H,-C2H,)Co,(CO)4(pyridine)2 2021, 2004, 1970, 1941
(H-C2H2)Co2(CO)5PPh3) 2069, 2017, 2009, 1998, 1975
(*-C,H,)Co,(CO)4(PPh32 2028, 1982, 1965, 1948

yielding an isolable pentacarbonyl complex amenable to
spectroscopic and structural analyses.

Conveniently, the 0i2-alkyne)Co02(CO)6 intermediates
are readily isolated, and while their thermal chemistry is
well known [12], few detailed studies of their photo-
chemical properties have appeared to date [13], Of
particular importance, in this regard, is a recent matrix
isolation study, which demonstrated that CO-loss oc-
curs following short-wavelength (Amc = 250 nm) photol-
ysis  of (n2-alkyne)Co2(CO)6 [14]. This work
demonstrated that (fi2-alkyne)Co02(C0O)6 is photochemi-
cally inert when irradiated with = 350 nm. How-
ever, it would not be feasible to use photons of
wavelengths less than 300 nm in the Pauson-Khand
reaction because of the risk of photochemical damage
to the unsaturated substrates.

A fuller investigation, in particular of the wave-
length-dependent nature of the photochemistry of (|x2-
alkyne)Co2(CO)6 compounds, might provide both
further evidence for the importance of the CO-loss
process to the Pauson-Khand reaction, and present an
alternative and more attractive means of promoting the

Wavelength (nm)

Fig. 1 The UV-vis spectra of (n22RC2H)Co2(CO)6 (R=H, —,
conc. = 1.6 x 10“3 M; R = C6H5, -------- , conc. = 3.2x 10—4 M) in
pentane solution at room temperature.

reaction particularly when thermally sensitive substrates
are required.

This paper reports the results of our investigation
into the photochemistry of a range of (p2-
alkyne)Co2(CO)6 compounds by both steady-state and
laser flash photolysis techniques and demonstrates the
importance of correct selection of excitation wave-
lengths in promoting the desired CO-loss process.

2. Results and discussion

Table 1 contains the band positions in the carbonyl
stretching region for the compounds used in this study.
Typical UV -vis spectra for the dicobalt hexacarbonyl
compounds are presented in Fig. 1. In general these
compounds absorb across a broad range of wavelengths
up to 630 nm providing the photochemist with a wide
choice of excitation wavelengths. Preliminary experi-
ments were conducted using broad-band photolysis
techniques in order to identify which spectral region
produced the desired CO-loss process.

2.1. Steady-state photolysis of (fi2-C68HsC2H)C02(CO)6
in the presence of trapping ligands

Broad-band photolysis of (p2-C6H5C2H)C02(C0QO)6
with iexc> 340nm in the presence of a trapping ligand
L (L= C5H5N or PPh3) produced the monosubstituted
(H2-C6HsC2H)C02(CO)5L) species. Product assignment
in each case was based on a comparison of the wo
bands with those of authentic samples of the appropri-
ate monosubstituted hexacarbonyl species (cf. Table 1).
Prolonged photolysis of ((x2-C6H5C2H)C02(CO)s(PPh3)
however, also produced the disubstituted species (|x2-
C6H5C2H)C02(C0O)4(PPh3)2. Qualitatively similar re-
sults were obtained in experiments using /iexc > 400 nm,
however, in general the photolysis times required were
longer under similar experimental conditions owing to
the lower optical density of the parent hexacarbonyl
compound within this spectral range. These results
clearly demonstrate that CO-loss can be achieved under
photochemical conditions, and these results prompted a
fuller investigation of this system using monochromatic
light sources.

2.2. Laser flash photolysis of (p.2-C6HsC2H)C02(C0O)6
in cyclohexane solution (/.exc= 355 nm)

Pulsed photolysis  (xexc= 355 nm) of (p2-
RC2H)Co02(C0O)6 (R = C6H3 or H) in cyclohexane solu-
tion results in a depletion of the absorption of the
hexacarbonyl compound within the rise-time of the
monitoring system (~ 20 ns). The depletion is followed
by a rapid recovery of the absorption to the pre-irradi-
ation level. This behaviour is observed at all monitoring
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wavelengths where the parent hexacarbonyl has signifi-
cant absorbance.

The recovery of the depleted absorption followed
first-order kinetics, and this provided an observed first-
order rate constant of 4 x 107 s- "' at 298 K. Addition
of CO to the solution had no effect on the rate of
recovery of the depleted absorption. This is strong
evidence that the depletion of the parent absorption
was not the result of CO-loss. No transient absorption
signals were detected out to monitoring wavelengths of
600 nm, indicating that the photoproduct has a lower
extinction across the entire accessible spectral range
when compared to that of the parent compound. Such
observations have precedence in the literature [15].

A series of experiments was conducted in which a
trapping ligand (C5H5N) was added to the photolysis
solution in a 20-fold excess over the parent carbonyl
compound (typical concentration of parent com-
pound = 1x 10“5 M). Again the only spectral change
observed was depletion of the parent hexacarbonyl
which recovered with an observed rate constant identi-
cal to that measured in the presence of CO. This
demonstrated that the intermediate produced does not
react with pyridine. However, an IR spectrum recorded
after flash photolysis experiments confirmed the pres-
ence of (h22RC2H)Co2(CO)5(C5H5N). Clearly the pho-
tochemical changes observed were the result of
excitation by the monitoring lamp rather than the laser
output. This result is consistent with the recently pub-
lished results of matrix isolation studies, which demon-
strated that no photochemistry results from irradiation
with = 350 nm [14].

To explain the depletion of the parent absorption
observed in these experiments, following laser excita-
tion, without resulting photochemical change, we pro-
pose that homolytic cleavage of the cobalt-cobalt bond
occurs, which rapidly undergoes efficient recombina-
tion. Consequently further time-resolved experiments
were conducted using the second harmonic of the Nd-
YAG fundamental at 532 nm.

2.3. Laser flash photolysis of (fi2-RC2H)C02(C0O)6 in
cyclohexane solution with Atxc-= 532 nm

Pulsed photolysis of (n2-RC2H)C02(C0O)6 (R = C6H5
or H) with xexc= 532 nm resulted in the formation of a
transient species which absorbs with a at 400 nm.
The position of this absorption compared well to that
observed in matrix isolation experiments on the same
system [14]. Addition of CO ([CO] =9 x 10-3 M) re-
duced the lifetime of the transient species while its yield
was not affected. A typical transient signal is presented
in Fig. 2. This behaviour is typical of the reaction of
CO-loss intermediates. Under these conditions the sys-
tem is fully reversible i.e. repeated exposure to the laser
radiation did not result in the build-up of high concen-

Tlrae (E-04*)

Fig. 2. A typical transient absorption signal observed at 400 nm
following pulsed photolysis of (k-C6HsC2H)Co0.(CO)6 in pentane
solution with /.exc= 532 nm at 298 K in the presence of CO (conc. =
9x 10-3M).

trations of photoproducts. The knbs was linearly depen-
dent on the concentration of CO, vyielding the
second-order rate constant (k2= 1.2 x 106 dm3 mol- '
s_| at 298 K) as the slope.

Experiments were then conducted in the presence of
a trapping ligand (PPh3. Again a transient absorption
was observed with /Imax at 400 nm assigned to (p.2-
C6H5C2H)C02(CO)5solvent). The lifetime of this tran-
sient species depended on the concentration of added
PPh3, and again the analysis of this dependence yields
an estimate of the second order rate constant for the
reaction of (fl2-C6H5C2H)Co02(C0O)5solvent) with PPh3
of 3.0 x 106 dm3mol~"s_1 at 298 K. Examination of
the resulting solution by IR spectroscopy confirmed the
presence of (*22C6H5C2H)C02(CO)5PPh3J).

2.4. Steady-state photolysis of (n2-RC2H)C02(C0O)6
(R= C&H5o0r H) in alkane solution

Steady-state experiments using visible light (xexc>
500 nm) in the presence of a trapping ligand (L) gave

Wavenumber (cm-1)

Fig. 3. Difference IR spectra obtained following broad-band photoly-
sis (/.go> 500 nm) of (ji2-C,H2CoZCO)Ein cyclohexane, acquired at
10, 30, 120, 300 and 600 s, respectively. The negative bands, indicate
depletion of the parent absorptions; while the positive bands are
assigned lo ((i2C,H2)Co2(CO)5PPh3) (see text).
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R.
> C-
VAL 2
_f()CQ_
i (@iv) xV 1/
_%})/CJ({ " —FOCQL
Scheme 1 (i) xeKI= 350 nm in alkane solvent, (i) = 25x 10“8sat

298 K, (iii) /.occ>400 nm, (iv) k2= 1.2 x 106 dm3 mol “ 1s_ lat 298
K for L = CO (carbonyl ligands are indicated thus — for clarity).

rise exclusively to the monosubstituted pentacarbonyl
complexes (p2RC2H)Co02(CO)5(L) (L = CBHSN or
PPhJ3. Fig. 3 shows the appearance of new bands and
the continual depletion of parent bands upon photoly-
sis of ([i22RC2H)Co02(CO)6 in the presence of PPh3.
W hile reducing the excitation wavelengths (/ltxc> 340
nm) increased the yield of the substituted product,
short wavelength photolysis also increased the yield of
the disubstituted derivatives particularly for L = PPh3.

3. Summary and conclusions

This work demonstrates the importance of the cor-
rect selection of excitation wavelength in inducing the
photochemical decarbonylation of (p2-RC2H)C02(CQO)6
complexes. Excitation at 355 nm does not result in
CO-loss and the time resolved behaviour can be inter-
preted in terms of a Co-Co bond cleavage followed by
a rapid reformation. In this respect, the compound acts
as a ‘photon sink’ in this region of the spectrum.
Long-wavelength excitation at 532 nm results in the
desired CO-loss process and consequently facilitates the
next step in the Pauson-Khand reaction. This explains
why Livinghouse et al. [10] observed the photochemical
promotion of the Pauson-Khand reaction following
visible light photolysis.

The overall photochemistry is summarised in Scheme

1

4. Experimental
4.1. Reagents

Co02(CO)(j (Fluka Chemicals), the alkynes phenyl-
acetylene (Aldrich Chemical) and acetylene gas (Air
Products), triphenylphosphine (Aldrich Chemical),
pyridine, cyclohexane, hept-l-ene, and pentane (spec-
troscopic grade, Aldrich Chemical) were used as re-
ceived. All manipulations involving Co02(CO), were
conducted under an argon atmosphere.

4.2. Equipment

IR spectra were recorded on a Perkin-Elmer 2000
FTIR spectrometer, solution cells were fitted with NaCl
windows (rf= 0.1 mm), and spectroscopic grade cyclo-
hexane or pentane was used. 'H- and ,3C-NMR spectra
were obtained using a Bruker model AC400 spectrome-
ter and were calibrated with respect to the residual
proton resonances of the solvent or with an internal
TMS standard. UV spectra were measured on a
Hewlett-Packard 8453A photodiode array spectrome-
ter using 1 cm quartz cells. Photolysis was performed
using an Applied Photophysics medium-pressure Xe arc
lamp (275 W). Wavelength selection was achieved using
Corning cut-off filters.

The laser system used was a pulsed Nd:YAG laser
capable of generating the second, third or fourth har-
monic at 532, 355 or 266 nm as required, with typical
energies of 150, 30, and 45 mJ per pulse, respectively.
The pulse duration was approximately 10 ns. The ap-
paratus has been described in detail elsewhere with the
excitation and monitoring beams arranged in a cross-
beam configuration [16], All samples were prepared for
laser flash photolysis in a degassing bulb attached to a
fluorescent cell and protected from light. The solutions
were subjected to three cycles of a freeze-pump-thaw
procedure to 10“ 2torr. The solution, at room tempera-
ture, was then subjected to a dynamic vacuum, a pro-
cess which has been shown to remove traces of water
[17]. The required atmosphere of Ar or CO was then
admitted to the sample cell.

4.3. Synthesis of (p2-alkyne)hexacarbonyldicobalt
complexes

The (Jizzalkyne)C02(CO)6 complexes were prepared
by the standard method, which involves the slow addi-
tion of the alkyne to a degassed solution of Co2(CO)8in
pentane [18]. The solution was stirred overnight at
room temperature, following which the solvent was
removed under reduced pressure yielding the dark red
products.

Spectroscopic  and analytical data for (liz-
C2H2)Co2(CO)6: 'H-NMR (CDC13): 6.01(s, 2H, C-H)
ppm. I3C-NMR (CDC13: 59.358 (C-H), 198.99 (C-0O)
ppm. UV (C5H,2): 346, 447 nm. M.p. 13-13.5°C. Yield
95%. Anal. Calc. C 30.80%, H 0.65%. Found C 31.07%,
H 0.65%. The wvco data are presented in Table 1
Spectroscopic and analytical data for (Ji.2-
C6H5C2H)C02(CO)6: 'H-NMR (CD3CN): 6.66(1H, s,
=C-H), 7.36-7.59(5H, m, Ar CH) ppm. UC-NMR
(CDCIj): 128.1(s), 128.85(s), 130.21(s), (C6H5 ppm.
UV (C5H 12): 352, 422, 536 nm. M.p. 52-53°C. Anal.
Calc. C 43.33%, H 1.56%. Found C 43.06%, H 1.65%.,.
The wo data are presented in Table 1
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4.4. Synthesis of (n2-RC2H)Co02(CO)5(CsH5N) and
(fi2-RC2H)Co02(CO)s(PPh3

The thermal syntheses of ([i2RC2H)Co2(CO)5L)
complexes where L = PPh3 or pyridine were carried out
according to the method of Manning and co-workers
[19]. Equimolar amounts of the desired ligand and
(ji2RC2H)Co02(CO)6 were added to benzene (5 cm3 and
brought to reflux temperature for 4 h yielding dark red
solutions. The solvent was then removed under reduced
pressure, followed by chromatography on silica gel.
The unreacted starting materials were removed by elu-
tion with petroleum ether. The products were eluted by
diethylether-petroleum ether (1:1 v/v). Evaporation of
the solvent in an Ar stream yielded the crystalline
products. Typical yields were in the range 90-95%. IR
vco data for these compounds are provided in Table 1.
UY 0i2C2H2Co02(CO)5PPh3) (C5H 12): xmax 322, 376,
and 506 nm.

4.5. Steady-state photochemical experiments:
photochemical synthesis of (fi2-RC2H)Co02(CO)5(L)
(L = CsllyN or PPh3

The relevant alkyne compound was dissolved in
cyclohexane together with a four-fold excess of the
desired trapping ligand L. The solution was purged
with argon gas for 15 min, before being transferred to
an IR solution cell for irradiation with light of selected
wavelengths. The reaction was then followed by IR
spectroscopy
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Appendix C

Calculations for determination of extinction
coefficients.
Peakfit Analysis of UV spectra.

Calculated rate of reaction from rate equations.
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1.1. Determination ofextinction coefficients

In order to calculate the concentration of the metal carbonyl complex in
solution, knowing the absorbance at a particular wavelength, and utilising the Beer-
Lambert law (eq. Al), the molar extinction coefficient in that solvent at that

particular wavelength must be known. The Beer Lambert Law is given by :-

A=ecl (Al

where A = absorbance at a particular wavelength (AU)
s = molar extinction coeffient (dm3mol'lcr}1-)
¢ = concentration (mol dm'3
1= pathlength ofthe cell (cm)
The data used in the determination of the extinction coefficients is given in

Appendix D.

1.2. PeakfitAnalysis of UV/vis Spectra

Although a peak may be just discernible in a UV/vis spectrum it may not
produce a local maxima in the data stream. A Jandel scientific peakfit package was
employed to observe low intensity overlapped absorptions. Initially a smoothing
algorithm is applied to the spectrum, the Savitsky- Golay procedure was employed in
this study. The algorithm is based on least squared quatic polynomial fitting across a
moving window within the data. The line-shape of the spectra are VVoigt in nature, a
convolution of Gaussian and Lorentzian line shape. The Lorentzian line shape is the
‘natural’ shape for spectra consisting of energy absorption or emission due to a

transition between energy states. The line broadening is attributed to the lifetimes of

C2



the energy stated and the Heisenberg principle. The Gaussian line broadening
originates from instrument optical and electrical effects, and is often referred to as
the spread function. The spectral lines are deconvoluted during the peakfitting to
yield the Lorentzian and instrument response width. In this study a residual method
was employed to elucidate ‘hidden’ peaks in the UV/vis spectra of some compounds.
A residual may be defined as the difference in Y - values between a data point and
the sum of component peaks evaluated at the data points X - value. The peaks are
then arranged in such a way that their total area equals the area of the data, and so

‘hidden’peaks are revealed by residues.

1.3. Calculated rate ofreactionfrom rate equations

Calculation of k2

kobs/ [CO] = k2 (dm3mol'l s']) at 298 K.
where
kols = the observed rateconstant,
latm [CO] = 9x 103 M,
1/2atm [CO] =  4.5xI03M
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Appendix D

Data for the determination of extinction coefficients
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(@ Data for extinction coefficient of (C2H2)Co02(COys in cyclohexane at 354

nm
[(CH2Co2ACO)f O.D @ 354 nm
(mol dm'3) (AU)
0.0 0.000
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(b) Data for extinction coefficient of (CEH5C2H)Co2(CO)6 in cyclohexane at

354 nm
[(CeHsC2H)Co02(CO)6] O.D @ 354 nm

(mol dm"3 (AU)

0.0 0.000
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C) Data for extinction coefficient of ((CsHs)2C2H)Co02CO)s in cyclohexane

at 354 nm
[(CeHH2C2H)Co2ACO)f] O.D @ 354 nm

(mol dm'3) (AU)

0.0 0.000

3.39 E-07 0.263

4.59 E-07 0.408
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(d) Data for extinction coefficient of (C2H2)Co02(CO)s in pentane at 354 nm

[(C2H2Co2(CO)f) O.D @ 354 nm
(mol dm"3) (AU)
0.0 0.000
6.62 E-06 0.770
4.42 E-06 0.541
1.10 E-06 0.148

Absorbance /A.TJ

OE0 |.E-06 2E-06 3.E-06 4E-06 5E-06 6.E-06 7.E-06

. -3
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(e) Data for extinction coefficient of (CeHsC2H)Co02(CO)s in pentane at 354

nm
[(C6H5C2H)Co2(CO)6] O.D @ 354 nm

(mol dm'3 (AU)

0.0 0.000
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()] Data for extinction coefficient of ((CsHs).C2H)C02(COy)s in pentane at

354nm
[(CeH52C2H)C02(CO)6) O.D @ 354 nm

(mol dm'3) (AU)
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() Data for extinction coefficient of ((CeHsC)2Co2(CO)s(PPlis) in pentane

at 354 nm
[(CBH5C2H)C02(CO)5PPh3)] O.D @ 354 nm
(mol dm'3 (AU)
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