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ABSTRACT
Abstract

Jennifer McKenna

The photochemical and thermal activation of C-X (X = F or H) bonds in 
heteroaromatic compounds

This thesis consists o f six chapters. Chapter 1 reviews the development o f 
organometallic chemistry and the bonding and symmetry features dealt with in later 
chapters.

Chapter two deals with the treatment o f /ram'-NiF(C5F3RN)(PEt3)2, where R =F or H, 
with a variety o f (C H ^ S iX  compounds (X = N3, NCO or C=CSi(CH3)3), which 
resulted in the formation o f complexes in which the activated fluorine atom was 
replaced; yielding ira«s-NiN3(CsF3RN)(PEt3)2, ira«5-NiNCO(C5F3HN)(PEt3)2 and 
irara-NiC=CSi(CH3)3(C5F3HN)(PEt3)2. The trifluoropyridylazide complex, trans- 
NiN3(C5F3HN)(PEt3)2, is reactive, forming the metal isocyanate complex, trans- 
NiNCO(C5F3HN)(PEt3)2 upon reaction with CO. Attempts were made to effect 
reductive elimination o f the Ni(PEt3)2 fragment and form fluoropyridines substituted at 
the 2-position with the functionalities, N3, NCO and CsCSi(CH 3)3.

Previous studies have shown that (ri5-C5F[5)(ri5-C4H4N)Fe has an extensive 
photochemistry that is dominated by haptotropic shifts o f the coordinated pyrrolyl 
ligand. In an attempt to control the degree to which the hapticity o f the pyrrolyl ligand 
can be altered, the photochemistry o f (r|5-C5H5)(r|5-2 ,5 -(CH3)2C 4H2N)Fe has been 
investigated. The results o f matrix isolation studies o f (r|5-C5H5)(r|5-2 ,5 - 
(CH3)2C4H2N)Fe are presented in chapter three. The photochemistry o f this analogue is 
also dominated by haptotropic shifts. Both monochromatic and broad-band irradiation 
of this complex in CO doped Ar matrixes at 20 K gives rise to three species 
characterised as (r^ -C sH sX V -A H C H s^ lW F eC C O ) (2 ), (t^-CsHjXti'-N- 
(CH3)2C 4H2N)Fe(CO)2 (3 ) and (r|5-C5H5XTi3-A-(CH3)2C4H2N)Fe(CO) (4). Subsequent 
annealing o f the matrix results in a conversion o f the r\l-monocarbonyl complex to the 
dicarbonyl complex and an isomerisation o f the aza-allyl species to the corresponding 
7r-allyl complex (r|5-C 5H5Xr|3-C-(CH3)2C4H2N)Fe(CO) (5).

Chapter four presents the results o f matrix isolation studies of (r|5-C4H4Se)Cr(CO)3 in 
inert (Ar and CH4) and reactive (CO and N2) matrixes at 20 K. The results indicate that 
the ri5-coordinated selenophene ring undergoes haptotropic shifts upon photolysis. The 
photoproducts observed depend on the host matrix employed. In all four matrixes, short 
wavelength irradiation (A,cxc = 405 nm) yields a three carbonyl band pattern that has 
been assigned to (r|4-C4H4Se)Cr(CO)3, whereby the selenophene ring has undergone a 
ring slip from r|5 —> r|Coordination, [(Ti4-C4H4Se)Cr(CO)3N 2 in N2 matrixes]. 
Subsequent photolysis o f this photoproduct in inert matrixes produces the CO loss 
product, (r|4-C4pl4Se)Cr(CO)2. In N 2 matrixes subsequent photolysis o f the primary 
photoproduct results in the formation o f the dicarbonyl species, [(r]5- 
C4H4Se)Cr(CO)2N 2]. In CO matrixes the initial photoproduct yields Cr(CO)o upon
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extended photolysis. There is evidence to support a possible photochemical r)5 —> r]4 —>

'y
r| stepwise exchange of the selenophene ring.

Chapter five deals with the steady state photolytic studies of the complex, 
[(r|5-C5H5)Fe(r|6-(CH3)2CHC6H5)] PF6. These studies indicate that the arene ring 
undergoes replacement when donor ligands are present in solution and the metal 
complex undergoes decomposition in their absence. CO was employed as the ligand of 
choice. [(r|5-C5H5)Fe(CO)3]PF6 was formed upon photolysis in CO purged acetone and 
dichloromethane solutions while [(r)5-C5H5)Fe(CH3CN)2(CO)]PF6 was produced in CO 
purged acetonitrile solutions. The decomposition products include ferrocene, ‘free’ 
arene and Fe2+. These results along with laser flash photolysis studies point to a 
mechanism involving a solvated intermediate of the type [(r|5-C5H5)Fe(solv)3]+. In 
addition preliminary steady state photolysis studies were carried out on the 
heteroaromatic complex, [(ri5-C5H5)Ru(r|5-2,5-(CH3)2C4H2S)]BF4.

Outlined in Chapter 6 are the experimental details and suggestions for future work.
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ABBREVIATIONS

aq aqueous

bipy bipyridine

C* carbon radical

COD 1,5-cyclooctadiene

Cum cumene

Cp cyclopentadiene

d doublet

DBT dibenzothiophene

depe diethylphosphinoethane

dfp e (C F 3)2PCH 2P (C F 3)2

diphos (C H 2)2[P(Ph2)2]

dmpe dimethylphosphinoethane

DMF dimethylformamide

DMSO dimethylsulfoxide

DP A diphenylanthracene

*DPA singlet excited state of diphenylanthracene

3DPA triplet excited state of diphenylanthracene

2,6-DMP 2,6-dimethylphenanthrene

dppe diphenylphosphinoethane

A heat

H* hydrogen radical

Hg* mercury radical

hv photon

HDS hydrodesulfurisation

FIOMO highest occupied molecular orbital

HMPT hexamethylphosphoric triamide

I0 initial intensity

I intensity

J coupling constant (Hz)

LUMO lowest occupied molecular orbital

(m) medium
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m multiplel

Methf methyl tetrahydrofuran

M-C bond metal carbon bond

M-CO bond metal carbonyl bond

M-F bond metal fluorine bond

M-L bond metal ligand bond

M-M bond metal metal bond

M-PR3 complex metal phosphine complex

[Ni]-F NiF(PEt3)(C5F3RN)

Nuc nucleophile

OTf iriflate

pCF para-cyclophane

PhCN bcnzonitrile

Phen 1,10-phenanihroIine

PNN 2-(p-pyridyl)-4,4,5i5-tetramethylimidazole-1 -oxyl-3-

o xid e

5 chemical shift in ppm

7t* orbital pi antibonding orbital

q quintet

(s) strong

s singlet

a  orbital sigma bonding orbital

a* orbital sigma antibonding orbital

solv solvated

Red Al Nap l2AI(OCIIjCJI2OCH3)]

t triplet

td triplet of doublets

d R-th f deutrated tetrahydrofuran

tol toluene

(py terpyridine

triphos CIl3(C(Ph2)3)



DCU, Dublin, 2003 Acknowledgements
ACKNOWLEDGEMENTS

This thesis could not have been written without the help o f many people both directly 

and indirectly. Above all many thanks must go to Dr. Mary Pryce whose supervision, 

guidance and support has been constant throughout the last three and a half years.

Many thanks are also due to Prof. Conor Long for all his help and advice.

I have to give a big thank you to all the technical staff in DCU for all the help they have 

given me down through the years and without whom many experiments could not have 

been performed and success would not have been achieved. In particular thanks to 

Maurice for all his help with the matrix isolation apparatus on which a lot of my work is 

based.

Thanks a million to the other members o f my group both past and present who have 

given me a lot o f help throughout the duration o f my postgrad: Davnat, Peter, Kevin, 

Karl, Jonathon, Clare and Mohammed. This is extended to all the members o f the 

inorganic lab and fellow postgrads in the department. A  special word o f thanks goes to 

Wes for all his suggestions, input and ideas throughout the three or so years and to 

Rachel for the many useful discussions.

Thanks must be extended to Prof Robin Perutz for giving me the opportunity to work in 

his lab in York and supporting me throughout my stay in North Eastern England. In 

particular a huge thanks to Naser who ran all those NMRs for me! I also wish to thank 

all the members of the Perutz group and those that 1 shared the lab with: Phil, Anders, 

Naser, Iman, James, Paul, Dave and Eleonora. A  big thank you goes to you Eleonora 

for all the help you gave me with my work but mainly with all those shopping sprees 

and all those lessons in Italian cooking!! Cheers Simon for the many non-scientific 

discussions we had in P-house.

To my friends Alan, AnnMarie, Julie, Lorna, Maria, Mark, Susan, Ursula, Nicola and 

Mary for all the support and encouragement that you gave me throughout the last few 

years. In particular, thanks for all those great nights out.



DCU, Dublin, 2003 Acknowledgements
Thanks also to D an Kavanagh, Jackie M ulhall and all the members o f  the sprinting 

group in  C lontarf for rearranging many training sessions to fit in w ith all my 

experiments. That was much appreciated.

Finally, huge thanks m ust go to my mum , dad, David, Paula, Brenda, Rebecca and 

Auntie Eileen for all their support (financial and other) and encouragement given to me 

for the duration o f  m y postgrad. I could not have completed it without your help.



Chapter 1 Introduction

Chapter 1

Introduction

A b s t r a c t

A brief overview o f the development o f organometailic chemistry is provided in addition 

to a discussion o f the bonding modes observed throughout this thesis and the symmetry 

o f the reactants encountered. Finally, a description o f the techniques employed is

presented.

1



Chapter 1 Introduction

1. INTRODUCTION

1.1 Definition o f an organometallic compound

An organometallic compound is defined as a compound that contains at least one direct 

metal to carbon bond and as such organometallic chemistry is at the interface between 

organic and inorganic chemistry. M any applications o f  organometallic chemistry make 

use o f the various properties o f the metal-carbon bond such as the Ziegler-Natta 

catalyst. D iscovered in the 1950s, this catalyst consisting o f  a mixture o f titanium 

tetrachloride and an alkyl derivative o f aluminium enabled the polymerisation o f 

ethylene to be achieved at atmospheric pressure. This method has been extended to 

other olefins and m odified catalysts involve many mixtures o f halides o f  transition 

metals, such as titanium, chromium, vanadium, and zirconium, with organic derivatives 

o f non-transition metals, particularly alkyl aluminium compounds.

1.2 The development of organom etallic chemistry

The field o f  organometallic chemistry is relatively new with widespread study o f  the 

subject beginning only in the 1950s.1 Despite this, the first organometallic compounds 

were produced in the nineteenth century.

The first organometallic complex to be synthesised was [(C H ^ A s^ O , cacodyloxide, by 

the French scientist Cadet in Paris.2 This was followed with the first olefm-transition 

metal complex, [(C2H 4)PlCl3]"K+, isolated by Zeise in 1827 (Eqn. 1.1).3

Frankland first synthesised organo-zinc compounds by treating organo-halides with zinc 

metal (Scheme l . l ).4

C2H4 + K 2PtCl4(aq) ► [(C2FI4)PtCl3]-K+ + KC1 Eqn. 1.1

^ Znl2 +  2C2H 5

4C2H5I + 3Zn
► (C2H5)2Zn + Znl2

Scheme 1.1

2
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Subsequent work led to the preparation o f  alkyl mercury compounds v ia  alkyl transfer 

type reactions (Eqn. 1.2).

2CH3X  + 2NaHg ____ ► (CH3)2Hg + 2NaX Eqn 1.2

In 1890, M ond isolated nickel tetracarbonyl. This research led to the discovery o f the 

first transition metal hydride complex, Fe(CO)4H2 in 1931.5

The most im portant development in organometallic chemistry was the synthesis and 

discovery o f ferrocene, (r^-C sH s^Fe, the first sandwich complex, which was prepared 

independently by Pauson and M iller in 1951.6 A reaction between cyclopentadienyl 

magnesium bromide and anhydrous Fe(III) chloride in ether was carried out in an attempt 

to synthesise fulvalene v i a  oxidation o f  the Grignard reagent (Scheme 1.2). The 

expected product was not produced, instead a new complex, ferrocene, was formed.

3C 5H 5M gBr + FeCl3 '

(C 5H 5)2Fe + >/2C 10H ]0 + 3MgBrCl

Scheme 1.2

Simultaneously M iller reported the formation o f orange crystals, (CsHs^Fe, by the 

direct reaction o f  cyclopentadiene with iron in the presence o f aluminium, potassium or 

molybdenum oxides at 300 °C (Eqn. 1.3).

2C5H6 + Fe -----► (C5H5)2Fe + H2 Eqn. 1.3

Using chemical, physical and spectroscopic techniques, the precise structure o f 

ferrocene was elucidated. The structure o f  ferrocene involves equal bonding between 

all o f the ten carbon atoms o f the cyclopentadienyl rings and the Fe centre. The stability 

o f  ferrocene results from the strong overlap between the metal d-orbitals and the n  

electrons in the p-orbitals o f  the cyclopentadienyl ligands. Subsequent research 

revealed that this type o f  structure was not unique to iron and many analogues were
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synthesised, such as nickel and cobalt sandwich complexes. The entire class o f 

transition metal dicyclopentadienyl complexes has become known as ‘m etallocenes’ 

and accounts for a large portion o f organometallic chemistry.

1.3 The 18 electron rule

In 1927 Sidgwick proposed the 18 electron rule. Since the noble gases are relatively 

inert and have filled s and p shells it was proposed that metal complexes with 18 

electrons might exhibit similar stability. There are two methods to count electrons, the 

neutral/covalent m ethod and the ionic method.

In the ionic method all the ligands are removed from the metal centre and the proper 

number o f  electrons are added to each ligand to bring it to a closed shell state. For 

example, when a methyl group is removed from  the metal centre with a closed shell 

configuration it is formally CH3‘, a tw o-electron donor. The metal centre must be 

oxidised by one to m aintain complex neutrality; thus its electron count is reduced by 

one.

In the covalent m ethod all the ligands are removed from the metal centre and made 

neutral. For the m ethyl group, neutrality is achieved with a neutral methyl radical, a 

one-electron donor. The metal centre retains its full set o f  d electrons, as the oxidation 

state is never changed from zero. This method does not give information about the 

oxidation state o f the metal however.

Table 1.1 provides a  summary o f the common ligands encountered in transition metal 

chemistry and the num ber o f  electrons donated by each one.

A general trend observed among transition metal centres is that first row transition 

metals favour 18 electron complexes, although there are exceptions such as the Ni(II) 

complexes prepared in Chapter 2, which are sixteen electron species. In contrast to first 

row transition metal complexes, second and third row transition metals tend to form 

complexes with < 1 8  electrons that are stable, for example PtCl2[P(CH3)3]2-

4
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Ionic method Covalent method

R (H, CH3, C2H5), -CN, OH 2 1

CO, PR3, amines, NH3, RCN, olefins, alkynes 2 2

arenes 6 6

cyclopentadiene 6 5

(V -A H CH 3)2C4H 2N) 2 1

(ti3-7V-(CH3)2C4H2N) 4 3

(r| 3-C-(CH3)2C4H2N) 4 3

Cn 5-(CH 3)2C4H 2N) 6 6

(r|2-C4H 4Se) 2 2

(r|4-C4H 4Se) 4 4

(r |5-C4H 4Se) 6 6

Table 1.1: The num ber o f  electrons donated to a metal centre for the ionic method and 

covalent method o f  electron counting

1.4 Bonding encountered in this thesis

1.4.1 M -L (L = CO or PR3) bonding

The CO molecule constitutes the m ost common and the most important 71-bonding 

ligand. In this thesis, the complexes investigated are transition metal complexes o f  the 

type N iN 3(PEt3)2('n1-C 5F3HN), (r |5-C4H 4Se)Cr(CO )3 and sandwich complexes o f the 

type (r |5-C5H 5)Fe(Ti5-(CH 3)2C4H2N ) or [(Ti5-C5H 5)M (r|6-arene)]+ (M = Fe or Ru and 

arene = C6H 5(C3H 7), C6H 5C1, C6H4Cl2 or (CH3)2C4H2S). Their photochemistry is 

conducted in various environments and under different photolytic conditions. The arene 

molecules undergo ring slippage upon photolysis, leaving a vacant site on the metal 

atom. In the presence o f  CO, a CO molecule occupies the vacant site. The bonding 

between a metal centre and a carbon monoxide molecule is discussed below and 

diagrams are included to illustrate this [Fig. 1.1(a) and 1.1(b)].

The bonding between a metal centre and a carbon monoxide molecule involves overlap 

o f  the a  orbital o f the carbon atom with a a  type orbital on the metal. The donation o f 

two electrons from the carbon to the metal leads to a build up o f electron density on the 

metal (if its oxidation state is +2 or less). To reduce the electron density, the metal
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Chapter 1 Introduction
engages in a backbonding interaction with vacant antibonding orbitals o f low enough 

energy on the carbonyl ligand [Fig. 1.1(a)]. Thus the bonding between the metal and a 

CO molecule is described as being synergistic in nature. The net effect o f this bonding 

is that the C -0  bond strength is weakened while the M-C bond is strengthened. 

Spectroscopically, the effect of M-CO bonding is evident in the carbonyl region o f the 

IR spectrum, where the carbonyl stretching frequencies occur at lower wavenumbers 

compared to uncoordinated CO (2143 cm '1).

(a) a  bond:

x 5 E > c ^ °

em pty filled
d or p-orbital a-oibital

filled empty
d-orbital ^ o r b i t a l

(b) L rM L*M(CO) CO

/  a* '•

m o

ft*

9

JI

a

/  \ 1

\  1 /

Fig. 1.1: (a) the synergistic bonding between a carbon monoxide molecule and a 

transition metal, (b) the molecular orbital diagram o f the bonding in a M-CO complex

3i backbond:
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Chapter 1 Introduction
For carbonyl complexes o f  the type (r |6-arene)M (CO)3, one photochemical pathway 

available is CO loss. Dissociation o f one CO molecule from the parent complex means 

that the electron density, originally 'off-loaded' onto three CO ligands, is now 'off

loaded' onto the remaining two CO ligands. The C -0  bond strengths o f  these are 

reduced compared to the parent complex. Hence the dicarbonyl stretching frequencies 

occur at lower wavenumbers than in the parent complex.

Another possible photochemical pathway for (t) 6-arene)M (CO )3 complexes is an 

haptotropic shift o f  the arene ring. In the presence o f  CO, a CO molecule will occupy 

the vacant sites on the m etal produced by arene ring slippage. Thus, in the IR spectrum, 

this photoproduct will have a  different set o f  carbonyl bands associated w ith it 

compared to the parent complex.

Another ligand encountered in this thesis is the phosphine ligand, denoted by the 

general formula PR3 where R = alkyl, aryl, H, halide etc. Phosphines are neutral two 

electron donors that coordinate to metals v ia  their lone pair. The bonding is similar to 

that for M-CO complexes and consists o f  two components as illustrated in Fig. 1.2. 

Initial a  donation o f  the lone pair on the phosphorus atom to an empty <7 type orbital on 

the metal is followed by back donation o f a filled metal orbital to an empty orbital on 

the phosphorus atom.
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(a) a  bondi

Introduction 
K backbondT^

M < g n > P R 3

empty 
d o r p-ortdtal

filled
u-ortiital

filled
d-orbital

empty
orbital

(b) LnM LnM iPRa) P R 3

mO

Jt*

> *

V ■ V . I '

V'.. U  /
\  JC

W

,PRs

0 PR3

Fig. 1.2: (a) the synergistic bonding between a phosphine molecule and a transition 

metal, (b) the molecular orbital diagram o f the bonding in a M -PR3 complex

1.4.2 M -arene bonding

The molecular orbital diagram for ferrocene is illustrated below (Fig. 1.3). The lowest 

energy orbital, a \ interacts to a small extent with the metal dz2 orbital. The e ig set o f 

degenerate orbitals overlap with dxy and dX7. to form a set o f n  bonds. The e lu interaction 

between the metal px and pv also gives some stabilisation. Although the metal dx2.y2 and 

dxy can overlap with the e2g orbitals on the ligand, the degree o f overlap is not very large 

and these levels are essentially non-bonding. The eighteen electrons o f  ferrocene are 

accommodated in the bonding and non-bonding molecular orbitals, giving a closed shell
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Chapter 1 Introduction
configuration. This is reflected in the stability of the ferrocene molecule towards further 

reaction, especially photochemical pathways.

M IvlCf̂ 2 Cp

4p
a 2u. e 1u

4s
a1g

3d 
a 1g. e 1g. e

1'3

Fig. 1.3: The molecular orbital diagram of the bonding in ferrocene in the staggered 

conformation (M = Fe) 1

In the case of azaferrocene, the introduction of a nitrogen atom in the place of one of the 

carbon atoms and a hydrogen atom of one of the cyclopentadiene rings reduces the 

symmetry of the molecule. The degeneracy of the valence orbitals is lifted and thus, 

photochemical pathways that are not available to ferrocene now become possible.

1.5 Symmetry of the complexes encountered in this thesis

The most common oxidation state for nickel complexes is the +2 state. This is due to 

the instability of higher oxidation states. In addition, lower oxidation states of nickel 

are rare unless the complex contains strongly n bonding ligands. An example of a Ni(0) 

complex is Ni(COD)2. This air and moisture sensitive yellow complex is the starting 

material for the C-F activation reactions studied in Chapter two. This eightccn-clectron 

d 10 complex has C2V symmetry and adopts a tetrahedral configuration [Scheme 1.3(i)].
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Reaction w ith PEt3 and fluoropyridines produces the sixteen electron d8 complexes 

NiF(PEt3)2(C 5F3RN) (R =  H or F). These complexes adopt square planar geometry, 

w ith the two phosphine groups t r a m  to each other. These complexes belong to the Cs 

point group [Scheme 1.3(ii)].

Like the C-F activated complexes, the sandwich complex, (r |5-C5H5)(r|5-2,5- 

(CH3)2C4H2N)Fe (Chapter three) adopts Cs symmetry when in the staggered or eclipsed 

configuration [Scheme 1.3(iii) and (iv)]. The only symmetry elements present in these 

configurations are the identity, E, and the plane o f  symmetry containing the nitrogen 

atom o f the disubstituted pyrrole ring, C(3) o f  the cyclopentadienyl ring and the central 

Fe atom. Reflection through this plane transforms each atom onto an identical atom.

Cs symmetry is observed again in the complexes (r |5-C4H 4Se)Cr(CO )3 (Chapter four) 

and [(r)5-C 5H5)Ru(r|5-2,5-(CH3)2C4H2S)]+ (Chapter five) while Ci symmetry is adopted 

in [(V -C 5H 5)Fe(Ti6-(CH3)2CHC6H 5) ]+ and [(Ti5-C5H 5)Fe(ri6-C6H 5Cl)]+ [Scheme 1.3(v), 

(vii), (viii) respectively].
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3PI
>

Ni »»»*"

(i) (H)

Te

'N

(iii)

r e

N

(iv)

C r \  
o c  I CO 

CO

(V)

n n n +

Ru

cz 
S

Fc Fe

Cl

(vi) (v i i ) (viii)

Scheme 1.3
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1.6 Techniques employed in this thesis

1.6.1 M atrix Isolation

Low temperature photochemical studies have the advantage o f extending the lifetimes 

o f reactive intermediates such that their spectroscopic properties can be recorded. 

Initially low temperature studies were confined to emission studies at 77 K 7 because o f 

the poor optical quality o f  the solutions frozen or cooled to this temperature. W ith the 

development o f solutions that did form clear glasses at 77 K, absorption photochemistry 

o f many complexes could be determined. This method is still used today. The 

photochemistry o f [(r)5-CsH5)M n(CO)3] and [(r|5-C5(CH3)5)M n(CO)3] was studied by 

Braterman e t  a l .8 in a variety o f  glasses cooled to 77 K. Photolysis o f these complexes 

at low temperature produces the CO loss products, [(ri5-C 5H 5)M n(CO)2] and [(r|5- 

C5H 5)Mn(CO)] and the pcntamethylcyclopentadiene analogues. In the case where 

reactive solvent glasses were used, coordination o f  the solvent molecules was observed, 

the products include [(ri5-C5H 5)M n(CO)(thf)2], [(Ti5-C5H 5)M n(CO)2(C2H 5OH)] and 

[(r|5-C 5(CH3)5M n(CO)2(Methf)]. However, the development o f  matrix isolation by 

Pimentel9 has allowed even lower temperatures to be obtained (12 K) and has enabled 

inert gases to be used, which has put this technique at the forefront o f low temperature 

photochemical techniques.

Matrix isolation stabilises reactive species by trapping them in a solid unreactive matrix 

such as argon. The lifetime o f the intermediate is extended for sufficient time for the 

determination o f their spectral properties. The use o f  solidified noble gases has the 

advantage o f  (i) extreme chemical inertness, (ii) transparency throughout the UV- 

visible-IR region and (iii) the tendency to form clear glasses at very low temperatures (« 

12 iC). Reactive species can be prepared by in  s i tu  photolysis o f  an appropriate matrix 

isolated precursor (Chapter six includes a description o f the apparatus). Individual 

molecules are trapped and isolated from each other at very low temperatures. The very 

cold environment restricts the movement o f the trapped molecules. They do not rotate 

and cannot diffuse through the inert host. Under these conditions bimolecular reactions 

are precluded. In addition the trapped molecules only interact weakly with the 

surrounding inert matrix. This technique is well suited to the study o f highly reactive 

chemical species such as ions and free radicals that cannot be detected at room
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temperature, in addition to photochemically generated intermediates with vacant sites 

on the metal. Reaction o f  the trapped molecules with the matrix can occur when a 

reactive gas (CO, N 2) is employed as the host. This technique allows the observation o f 

intermediates, which may play a role in many room temperature chemical reactions. 

N ote that in matrix isolation experiments N 2 usually acts as an inert host but in the 

experiments carried out on (r |5-C4H4Se)Cr(CO)3, N 2 acts as a reactive host.

1.6.2 UV-vis laser flash photolysis

UV-vis laser flash photolysis, developed by Porter, 10 generates a transient species when 

a short but intense laser pulse is absorbed by a sample (Chapter six includes a 

description o f  the apparatus). A  transient is an excited state o f an absorbing molecule or 

a reactive intermediate generated from it. Transient species can be detected by a 

number o f spectroscopic techniques:

(i) The decay or growth o f  the transient is monitored by a second light source o f 

longer duration but lower intensity than the laser. This method is selective 

for a single wavelength allowing the kinetics o f  the reaction to be 

determined.

(ii) UV-vis absorption allows detection o f the transient over the complete 

wavelength range (280-800 nm).

This technique is suitable for the detection o f metal-carbonyl complexes since they give 

rather intense UV-vis absorptions.

Very often matrix isolation and laser flash photolysis studies are used together to probe 

the photochemistry o f  transition metal complexes. Perutz e t  a l . 11 employed laser flash 

photolysis to determine the kinetic data for the reaction o f Ru(Y )2 w ith H2 while matrix 

isolation provided evidence for the formation o f the Ru(Y )2 fragment (Y = depe, dppe 

and dfpe).
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Chapter 2 C-F activation

Chapter 2

C-F activation of fluoropyridines 

w ith  N i(0) com plexes

A b s t r a c t

T r e a tm e n t o f  tr a n s - N iF (C '¡F3R N )(P E l 3) 2, w h e r e  R F  o r  11, w ith  a  v a r ie ty  o f  ( C l l j j j S i X  

c o m p o u n d s  (X  -  N j, N C O  o r  C ^ C S ifC I I r f s )  r e s u l t e d  in  th e  f o r m a t io n  o f  c o m p le x e s  in  

w h ic h  th e  a c t i v a t e d  f lu o r in e  a to m  w a s  r e p la c e d ;  y i e ld i n g  tr a n s - N iN j(C s F jR N )( P E ti ) 2, 

t r a n s - N iN C ( ) ( C 5F 3I I N ) (P E t3)2 a n d  t r a n s - N iC ^ e S i ( C H 3) 3(C 5F 3I I N ) (P E t3) 2. The  

t r i f lu o r o p y r id y la z id e  c o m p le x , tr a n s - N iN 3( C 5F 3IIN ) ( P l i t 3) 2. i s  r e a c t iv e ,  f o r m in g  th e  

m e ta l  i s o c y a n a te  c o m p le x , N iN ( ' ( ) ( (  5F 3H N )( P E t3)2 u p o n  r e a c t io n  w ith  C O . A t te m p ts  

w e r e  m a d e  to  e f f e c t  r e d u c t iv e  e l im in a t io n  o f  th e  N i ( PEI3)  2 f r a g m e n t  a n d  f o r m  

f lu o r o p y r id in e s  s u b s t i tu te d  a t  th e  2 - p o s i t io n  w ith  th e  f u n c t io n a l i t ie s ,  N 3, N C O  a n d

c = c : s i ( c i i 3 ) 3.
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Chapter 2 Literature survey
2.1 LITER A TU R E SURVEY

There are numerous examples o f metals that can cleave C-H bonds,' but reagents that 

break C-F bonds are more rare. However, advances have been made in this area with the 

discovery that transition metal reagents can successfully activate C-F bonds.

2.1.1 Physical and chemical properties o f perfluorocarbons

Fluorine is the m ost electronegative element. M oreover, the van der Waals radius o f 

fluorine is 1.50 A and the complete replacement o f  hydrogen by fluorine is possible, 

resulting in many compounds analogous to the perhydrocarbons being available.

However, the chemical properties o f fluorocarbons differ substantially from their 

hydrogen derivatives. Fluorocarbons have lower boiling and melting points, are non-polar 

and have very low  polarisability. They have the lowest dielectric constants and refractive 

indices o f  any liquids at room temperature and have found application in the 

pharmaceutical, agrochemical and medical industries. Perfluoroalkanes and their 

derivatives are good solvents for oxygen and have been used as blood substitutes,2 while 

the low hydrocarbon solubility o f perfluoroalkyl chains has found application in the 

fluorous biphase system.'

Despite their numerous applications, fluorocarbons are noted for their chemical inertness. 

This is a m anifestation o f  the strength o f  the C-F bond, as the C-F bond is the strongest 

single bond formed to carbon (Table 2.1). The bond dissociation energy has been cited as 

being as high as 546 kJ m ol'1 for the F3C-F bond .4 Fluorocarbons are highly resistant to 

oxidative degradation with some species having atmospheric lifetimes exceeding two 

thousand years. Fluorocarbons have ozone depletion potential; hence interest lies in the 

conversion o f  these compounds into disposable products. The activation o f the C-F bond 

provides a chemical challenge. While fluorocarbons can be destroyed by strong reducing 

agents such as sodium in liquid am monia,5 it is the selective activation o f a C-F bond that 

proves difficult.
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X c h 3x CH2X2 c h x 3 CX4

F 459.8 499.9 533.5 546.0

Cl 353.9 335.1 324.7 305.9

Br 296.6 267.7 259.4 235.1

I 239.3 214.6 191.2 -

Table 2.1: Halomethane bond dissociation energies (k j m o l ')

Interest in the organometallic chemistry o f  fluorocarbons has grown w ith the discovery 

that perfluorocarbons undergo selective C-F activation w ith electron rich transition 

metal complexes. A n example is the room  temperature oxidative addition o f a 

pentafluorophenyl group to W(0), involving oxidation o f  the metal to W(II) (Eqn. 2 .1).6

W (CO)3(C2H 5CN)3_ j - n f n h ,  E t [ n 2 1

-3C2H 5CN ”  < T J>  W — CO

v  O C  CO 
F4

2.1.2 Activation of perfluoroaliphatic compounds by transition metal reagents

Coordination o f  perfluoroalkyl groups to transition metal centres reduces the reactivity o f 

these compounds. The C-F bonds a  to the metal centre are weakened, as illustrated by 

longer bond lengths and lower stretching frequencies in the infrared spectra. However, 

reactions o f perfluoroalkanes are still very rare compared to perfluoroaromatics and 

perfluoroalkenes. It is the absence o f  71 orbitals in these saturated compounds that 

eliminate many modes o f  attack common to the arenes and alkenes. The high electron 

affinity o f  aliphatic compounds, however, enables them  to be attacked by reducing agents. 

Electron transfer to a C-F a* orbital can result in facile C-F bond cleavage and loss of 

fluoride.
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2.1.3 C-F activation via reducing agents

Tatlow e t  a l ?  reported the first example o f  high temperature m etal catalysed 

defluorination o f  saturated cyclic perfluorocarbons to perfluoroaromatics in 1959. 

Perfluorobiphenyl, perfluoro-p-xylene and perfluoroethylbenzene were prepared from the 

corresponding saturated perfluorocarbons. Iron pieces or nickel turnings (in the 

temperature range 400-600 °C) were used as the reducing agents. Over twenty years later 

the same research group discovered milder defluorination processes.8 Using CSC0F4 as 

the organometallic reductant in the temperature range, 380-400 °C, perfluoromethyl- 

cyclohexane andperfluoro-l,4-dim ethylcyclohexane were converted to octafluorotoluene 

and perfluoro-/?-xylene in 90 % and 45 % yield respectively (Eqns. 2.2 and 2.3). A 

mechanism for these reactions was not proposed, however.

C sC oF4

380°C J & S P  Eqn. 2.2

C sC oF4

400°C  Ecln - 2 -3

M ilder conditions have been used by Bennett e t  a l ?  to synthesise perfluorotoluene. The 

more strongly reducing decamethylcobaltocene catalyses this reaction (Eqn. 2.4). 

Li0 3 SCF3 acts as a fluoride acceptor and six molecules o f  LiF are liberated. A 

mechanism for this reaction has not been determined, although electron transfer is 

believed to be involved. The parent cobaltocene complex, (r^-CsH s^Co, also catalyses 

C-F activation reactions. Although less reactive than the decamethyl analogue, 

cobaltocene defluorinates perfluorodecalin at room temperature (Eqn. 2.5).
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6 0 i5-C5(CH3)5)2Co

6 L i0 3SCF3

-6  ( ^ - C 5( C R 3) 5) 2C o 0 3S C V

+  6LiF Eqn. 2.4

io Cn5-c 5H5)2co  
10 L i0 3SCF3

 ►
-10 (C5H 5)2C o 0 3SCF3

+ 10 LiF Eqn. 2.5

Me Alexander e t  a l . w  reported that perfluorodecalin is converted to perfluorotetralin and 

perfluoronaphthalene in the presence o f  sodium oxalate. It is believed that the 

decom position products o f N a2C2C>4 (which are carbon and N a2C0 3) are the active 

species. In the presence o f  activated carbon only, perfluorodecalin is converted to 

perfluoro-9,10-octalin or perfluorotetralin .10 In the presence o f carbon and N a2C0 3 

significant yields o f  perfluoronaphthalene and small amounts o f perfluorotetralin are 

formed (Eqn. 2.6).

perfluorodecalin perfluoronaphthalene perfluorotetralin

Eqn. 2.6

2.1.4 Catalytic C-F activation

Kiplinger and R ichm ond11 showed that group four metallocenes function as catalysts in 

the conversion o f perfluorodecalins to perfluoronaphthalene (Eqn. 2.7). Using 

(r |5-C5H 5)M F2 (M =  Ti or Zr), with activated M g or A1 as the reductant, turnover numbers 

o f  up to twelve have been recorded. Low valent zirconocene and titanocene have been 

postulated as intermediates in this catalytic cycle.
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(Tl5"C5H 5)2ZrCl2
>  Eqn. 2.7

M g/HgCl2 

8 THF, rt

The C-F activation step is proposed to involve the low valent zirconocene fragment, 

[(r|5-C5H 5)2Zr].

The corresponding dihydride complex (ti5-C5(CH 3)5)2ZrH2 has recently been shown to be 

an effective C-F activation reagent. K raft e l  a l . l2a have reported that the reaction between 

(r |5-C5(CH3)5)2ZrH 2 and monofluorinated aliphatic complexes, produces the complex, 

(r |5-C5(CH3)5)2ZrHF and the hydrogenated product. More recently,l2b research has shown 

that the (r |5-C 5(CFl3)5)2Z r(lll)H complex is the reactive species in this process (Eqn. 2.8).

(715-C5(CH3)5)2ZrH2 / \ / \ / XF C ^ ' 2 -  (Tl5-C5(CH3)5)2ZrHF + / W \

Eqn. 2.8

Fluorocyclohexane was found to yield similar products upon reaction with 

(r)5-C5(CH 3)5)2ZrH2. A  radical mechanism for the C-F activation reaction is proposed and 

is supported by the reaction o f  (r |5-C 5(CH3)5)2ZrH 2 with cyclopropylcarbinyl fluoride.

The cyclopropylcarbinyl radical is known to ring open irreversibly to give the butenyl 

radical.13 Reaction o f  this fluoride with (ri5-C 5(CH3)5)2ZrH2 produces a mixture o f 

(r |5-C5(CH3)5)2ZrHF and (r|5-C5(CH3)5)2Zr(«-butyl)H. These products can be accounted 

for by the following mechanism (Scheme 2.1). A small amount o f  (r |5-C5(CH3)5)2Zr(III'lH 

abstracts a fluorine atom to give the cyclopropylcarbinyl radical. Rapid ring opening 

yields the butenyl radical that abstracts an I I atom from a second molecule o f 

(ri5-C5(CH 3)5)2ZrH 2 , continuing the radical chain. Insertion o f butene into a third 

molecule o f  (r |5-C 5(CH 3)5)2ZrH2 gives the butenyl hydride complex that has been 

characterised by 'l 1 NMR. Further reaction o f the hydride complex w ith II2 produces 

(r |5-C5(CH 3)5)2ZrH2 and butane that has also been characterised by NM R and GC/MS.
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( r ^ C H - U - Z r - * H H

CH2CH2CH2CH3
^  (ri5-C5(CH3)5)2ZrH 2 +

CHjCH2CH2CH3

(Ti5-C5(CH3)5)2ZrH2

in.

(Tl5-C 5(CH 3) 5)2ZrH 2

( r l5-C ,(C H ,).)2Z r“H

P ^ ( r l5-C5(CH3)5)2ZrHF

Scheme 2.1

2.1.5 Photochemical C-F activation of perfluoroaliphatic compounds

Some metal-based photochemical systems have proved to be useful for the C-F 

activation o f  saturated perfluorocarbons. Burdeniuc and Crabtree14,15 reported that the 

use o f  m ercury photosensitization enables perfluoroaliphatic compounds to react with 

ammonia. Products include amine, imine and cyano derivatives (Eqn. 2.9).

CF

Hg*, NH 3

% =  254 nm

CN

H N ^ - W p N H 2 Eqn. 2.9

11

Although initially believed to be restricted to tertiary bonds, recent studies have shown 

that secondary C-F bonds are also reactive under similar conditions.153 Research 

revealed that the first step o f  the reaction involves an exciplex, [Hg(NH3)2] ’, that acts as 

an electron donor and fluoride acceptor. The following mechanism, involving initial 

electron transfer accounts for the product formation (Scheme 2.2). A subsequent
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mulitstep dark reaction of NH3 with the exocyclic perfluoromethylenecyclohexane 

yields the nitrogen-containing product.

H ,H
=|=

CP3
f 3

1 | Hg*, NH, H - + e’ _F>  f l
W  hv In ., _ ..f - c f 2c 6f „

w
11

H "M g ' f V

Scheme 2.2

A sccond photolylic proccssIM’ converts periluoroalkanes to perfluoroalkencs upon 

irradiation in the presence o f  decamethylferrocene. Cyclic aliphatics are activated with 

this reagent, although in this case a tertiary bond is a requirement. The catalytic process 

is illustrated below (Scheme 2.3).
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CF

Zn ► 2(r,s-C 5(CH3)s)2Fe + 2LiF

3

Zn
2+

2 [(t15-C 5(CH3)5)2Fe]

F10

Scheme 2.3

Li0 3 SCF3 acts as a fluoride acceptor and the system can be made catalytic with the 

introduction o f  zinc to reduce [(r|5-C5(CH3)5)2Fe]+.

2.1.6 Perfluoroarenes and perfluoroalkenes

Perfluoroarenes and alkcnes are more reactive than their saturated analogues. They 

undergo nucleophilic attack or accept electrons from  a reductant. The driving force for 

conversion to analogous saturated derivatives is the stabilisation obtained upon 

coordination to a saturated carbon atom compared to an unsaturated carbon atom . 16,17

There are a number o f  common pathways available for activation reactions o f 

perfluoroarenes and alkcnes .3

1. Nucleophilic pathways: preferential route o f  attack for perfluoroarenes 

involving non-transition metal reagents. In contrast, perhydroarcnes tend to 

undergo electrophilic attack. The intermediate perfluoroalkyl carbanion 

reacts with the perfluoroarene.

2. Electron transfer pathways: the initial step o f  many C-F activation reactions is

the electron transfer from the reductant (Eqns. 2.10a and 2.10b).
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CF3 v  CF3. rF
c f / cf_ 7 ; > - c f2 ± ^ CF^ c= cf

I -F- CF, -F- CF 1
CFj J CF3 ~‘ 3 CF,

Eqn. 2.10a

c f 3 c f 3 c f 2

-F -

F n  P'io F,o

+ e*
Eqn. 2.10b

3. Homolytic pathways: involving radical formation

C-F + H* — !► H-F + C* Eqn. 2.11

4. Electrophilic pathways: removal o f  F" from perfluorocarbons

5. Oxidative pathways: insertion o f the metal into the C-F bond. It is unknown 

whether this process is concerted or is primarily electron transfer.

In many cases the activation process is a com bination o f  the above pathways. There are 

many organometallic reagents that participate in the C-F activation processes o f 

fluoroarenes and fluoroalkenes. They can be divided into electron deficient (transition 

metal groups three to five) and electron rich (transition metal groups six to nine) 

transition metal reagents.

2.1.7 C-F activation reactions o f electron deficient transition metal reagents

C-F activation reactions have been observed w ith a variety o f electron deficient 

transition metal reagents (d°, d 1). Early transition metal centres are highly electrophilic 

and quite often the processes o f  defluorination involve electron transfer as the initial 

step. Alternatively, a-fluorine abstraction by a coordinatively unsaturated metal centre 

occurs. Formation o f  a  strong M -F bond is often the driving force behind these 

abstractions. One o f  the earliest reports o f  C-F activation in a d° metal complex came
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from Stone e t  a l .18,19 They observed that (r^-C sH s^T ^C eFs^ underwent 

intramolecular fluorine m igration upon pyrolysis producing the C-F activated product 

(Eqn. 2.12).

(ri5-CsH5>x  ^ C6F5 isftor C6F5
j  15()HC A r  Eon 2 12

( V - c sHsr ^  c . f .  -----------------  (n 5- c 5H5K  f  q  '

A  mechanism  was not determined for this reaction. However, in the reaction o f 

tetrakis(trifluoromethyl)cyclopentadienone w ith d° bis(C 5H 5)2)Ti(CsHio), a  radical 

mechanism has been proposed (Eqn. 2.13).20

CH,
f 3c  C l 3 3

+
3

Eqn. 2.13

Burk e t  a l .  postulated the initial formation o f a  radical ion pair (Scheme 2.4), followed 

by reductive elim ination o f dimethyl cyclopropane. Subsequent collapse o f  the ion pair 

produces a titanocene-dienone complex (3a-b) (Scheme 2,4).
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Scheme 2.4

Coordination through the oxygen directly is quite probable as it places the titanium 

cation in close contact with the CF3 group. Fluoride migration to the electrophilic 

titanium centre can easily be achieved.

Zr has been shown to be equally effective as Ti as an activation reagent. While 

defluorinating perfluoroaliphatic compounds it also catalytically activates a variety of 

perfluoroaromatics. Edelbach et al.21 have shown that [(r^-CsHs^Zrtfek and 

(r|5-C5H5)3ZrH react with hexafluorobenzene yielding (Ti5-C5H5)2Zr(C6F5)F, 

(r|5-C5H5)2ZrF2 and C6F5H. Initial interaction between the Zr(IV) centre and a fluorine 

atom of fluorobenzene is believed to occur, forming an intermediate in which one of the 

aryl carbon bonds is coordinated to the hydride of the Zr complex (Fig. 2.1).
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Fig. 2.1: (i) possible transition state for the reaction w ith (r |5-C5H 5)2ZrH2(ii) possible 
transition state for the reaction w ith (r |5-C5H5)3ZrH

Further work by this group22 reported the form ation o f (r |5-C5H 5)2Zr(C6F 5)F v ia  the 

thermal reaction o f  (r |5-C 5H 5)2Zr(C 5F 5)2 w ith CôFô- By-products o f  the reaction include 

high m olecular weight oligomers o f  perfluorobenzene and tetrafluorobenzyne. A  dual 

m echanism  was proposed for the formation o f the products. A radical chain reaction 

accounts for the form ation o f  oligomers that contain varying numbers o f  monom er units 

(n = 2-13) (Scheme 2.5).

(ri5-C5H5)2Zr(C6F5)2

Radical 
Initiator (Q)

y  Step 1 

(V -C 5Hs)2Zr*(C6F s)

Q = l,l'-azobis(cyclohexacarbonitrile) 

Scheme 2.5 (n = 2)
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In addition to the radical mechanism, a  slower process involving formation o f 

tetrafluorobenzyne proceeds (Eqn. 2.14).

5

^  (ri 5-C5H 5)2Zr(C6F 5)F +

F

F

F

4 F

Eqn. 2.14

Once the radical m echanism  has term inated the reaction rate decreases and the slower 

process proceeds only.

Further research on the system, (r)5-C5(CH3)5)2ZrH2, has been carried out by Kraft e t  

a l .23 Reaction o f  ( r |5-C 5(CH 3)5)2ZrH2 with fluorobenzene produces the complex, 

(ri5-C5(CH3)5)2Zr(C 6H 5)F. This group postulated that hydride attack on the aromatic 

ring leads to formation o f  a C-H activated complex. Subsequent fluoride abstraction 

occurs generating a benzyne com plex that quickly inserts into the Zr-H bond, forming 

(r |5-C5(CH3)5)2Zr(C6H 5)F, (Scheme 2.6).

fluoride 11

abstraction

F

Scheme 2.6
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In this case C-H activation is initially selective over C-F activation. This selectivity was 

also observed in the reaction o f  (r |5-C5(CH 3)5)2ZrH2 w ith 1-fluoronaphthalene. Hydride 

attack on the aromatic ring followed by subsequent fluoride abstraction is believed to 

produce the observed products, namely, naphthalene and (r |5-C5(CH3)5)2ZrHF. This 

mechanism is also believed to occur for the C-F activation reaction o f fluorobenzene in 

addition to benzyne formation.

The most recent work carried out by this group has been on the reaction between 

(ti5-C 5(CH3)5)2ZrH2 and C6F6 23 Reaction products include (ri5-C5(CH3)5)2ZrHF, H and 

(r|5-C5(CH3)5)2Zr(C6F 5)H. A nucleophilic hydride attack on C6F6 followed by fluoride 

elimination accounts for formation o f  C6F 5H and one equivalent o f the complex

(ri5-C 5(CH3)5)2ZrHF. Formation o f  (ri5-C5(CH 3)5)2Zr(C6F 5)H and the second equivalent

possibility involves a metal to cyclopentadienyl ring hydride transfer, followed by 

attack o f the Zr intermediate on the C6F6, to form the Zr-C bond with 

hexafluorobenzene. Deprotonation o f the cyclopentadiene molecule by the fluoride ion 

would produce (Ti5-C5(CH3)5)2Zr(C6F5)H and HF. Reaction o f  HF with 

(r |5-C5(CH3)5)2ZrH2 accounts for the formation o f (r |5-C5(CH3)5)2ZrIIF (Scheme 2.7). 

An alternative mechanism involves homolytic cleavage o f  a C-F bond in C6F6 by a 

hydrogen depleted dim er such as [(r|5-C5(CPl3)5)2ZrFI]2.

o f  (T]3-C 5(CH3)5)2ZrHF can be accounted for by two possible mechanisms. The first

Scheme 2.7
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2.1.8 C-F activation reactions o f electron rich transition metal reagents

Group nine metals have been studied as possible C-F activation reagents. Perutz e t  a l .2A

showed that the complex, ( t |5-C 5(CH3)5)RhP(CH 3)3(C2H 4) enabled hexafluorobenzene

to undergo C-F activation (Scheme 2.8). Reaction w ith the cyclopentadienyl complex,

(r |5-C5H 5)RhP(CH 3)3(C2H4), produced the ri2-coordinated complex,

(ti5-C 5H 5)RhP(CH 3)3(ri2-C6F 6) only.

w w  (,1T H3)s)
J h  >  W >

(CH3)3P/  v  W
6

( if -C 5(CH3)5)

_ Rlv
(CH3)3P I

à .

Scheme 2.8

The extra electron donating ability o f the (r |5-C5(CH3)5) group promotes the insertion 

reaction. Subsequent studies by the same group compared the reactivities o f  the 

(T15-C5H 5)Ir(P(CH3)3)H 2 and the (r |5-C5(CH3)5)Rh(P(CH3)3)H2 complexes with C6F6. 

The thermal reaction o f  the R h complex also yielded the C-F activated product, while 

the reaction o f the Ir com plex with C(,F6 produced the hydride product rather than the 

expected fluoride complex. Two possible mechanisms for these processes were 

proposed (Scheme 2.9).
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Me3P - l|r- n

H (i) H shift
( ii)  C6F6

h h

Me3P — i C ' j i

(i) -HF
(ii) ring slip

(i) -HF
(ii) H  shift

Scheme 2.9

Recently Aizenberg and M ilstein25 reported the use o f Rh for the homogeneous 

transition metal catalysed C-F activation o f hexafluorobenzene (Scheme 2.10). Step 

two and three involve H-H oxidation and C-H reductive elimination processes. Step 

one is thought to occur v ia  electron transfer from the complex to the substrate with 

subsequent release o f  the fluoride ion.

C

L4RhH

I J ,  .,*‘11
L ^ R1i-X L

Step 2

Scheme 2.10
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Ni has been found to be an effective reactive reagent especially for polyfluorobenzenes 

and polyfluoropyridines. The reaction between CioFg and Ni(COD )2 takes several 

weeks to reach completion. The mechanism o f activation is believed to occur v ia  initial 

coordination o f  the fluorinated aromatic ring to the N i(0) centre, forming a sixteen
9 f\

electron intermediate (Scheme 2.11).

F T  T  f  
N i(CO D)(PEt3)2 --------— F >

Et3P

Scheme 2.11

Oxidative addition o f C 5F5N  at a Ni centre is complete within hours o f  addition o f the 

reagents. The product has been assigned as /ram ,-[NiF(C5I'4N)(PE^t3)2J.26,27 

Coordination o f  the metal occurs at the carbon o r th o  to the pyridine nitrogen. The 

discovery o f  this process has led to the activation o f a  variety o f  fluoroarenes by Ni(0) 

complexes, some o f  which are outlined in Scheme 2.12.
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n \ ci

Et,P—Ni— PRt,
I

Cl

0 ) PEt3

( i i )  F Cl 

C I - f V - F

F

N i(C O D ),
(i) PEt3

( ii)  \
r - ^ - F  Et3P — N i—  PEt3

( i )  PE t,

(ii)
F F 

F - ^ ^ —H

y  f

(3a) R = F 
(3 b) R = H

hy V f
^ F

Et3P - N i - P E t 3

Scheme 2.12

Further reaction o f the activated complex provides a convenient route to many new 

compounds (Eqns. 2.15 and 2.16).

F ^ N .  . F  
11

N .

F _ N _ F
Q

H
I

Kt3P— N i— PE t3 T H F /C sO H  E l p _ N i— PEt

n Vf hi

V Nr
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2.1.9 Assignment of the Ni C-F activated complexes

Perutz et a l.21 characterised  their first C-F activated  fluoropyridine nickel com plex [(a), 

Fig. 2.17] on  the basis o f  the characteristic N i-F  resonance a t «  5 -370 (19F NM R), the 

chem ical shift data for free pentafluoropyrid ine and the data  for the C-F activated 

fluorobenzene products docum ented in  the literature.

1

Fig. 2.17

Pentafluoropyrid ine [(b), Fig. 2.17] gives three resonances in  the 19F NM R. In dg-thf 

m ultiplets are observed at 8  -83.98 representing F2 ,6  (J2>4 =  14), at 8  -129.86 representing 

F4 (J3 4 =  19, J2j4 =  14) and at 8  -157.35 representing F 3 ’ 5 (J2,3 =  19). Since 19F has a spin 

num ber S =  V2, the coupling to other 19F atom s or other atom s w ith S =  Vi is the sam e as 

that observed fo r proton coupling. For the [Ni]-F com plex (com plex (a) Fig 2.17, [Ni]

= N i(C 5F 4N )(P E t3)2), the resonance observed at 8  -370 in the 19F N M R  spectrum  is 

characteristic o f  the m etal fluoride, w ith  coupling to both phosphorous nuclei (w hich are 

equivalent, Jpi- =  48 H z) and the F 3 nucleus o f  the  [N i](CsF 4N ) group. The four fluorine 

resonances o f  the arom atic ring are observed in the fluoroarom atic region o f  the l9F 

N M R  and are as fo llow s : 28 a m ultiplet at 8  -84.70, a trip let o f  doublets at 8  -131.33, a 

m ultiplet at 8 -150.75 and a m ultiplet at 8 -173.38. The fluorine atom  ortho  to the ring 

nitrogen is deshielded, as is a fluorine atom  ortho  to the site o f  m etallation. By 

com parison to the chem ical shifts for free pentalluoropyrid ine, the chcm ical shift o f  

8  -84.70 w as assigned to  F 6 (J (3 6) =  28, J(5>6) =  28, J'(4 ,g) =  14). The other deshielded 

resonance ( 8  -131.33) w as assigned to F3 (J (3 6) =  28, J ^ )  =  28, J3 ,iiUoridc= 6 ). The
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remaining resonances were assigned based on the shifts for the free ligand: 8 -150.75 

representing F'1 (J(3,4) = 28, J^s) = 16, J^/,) = 14), 8 -173.38 representing F5 (J(5,6) = 28, 

J(4,5) = 16, J(3.5) = small). I he C-F activated com plexes prepared in this chapter have 

been assigned their lluorine resonances by comparison with pentalluoro and 

tetrafluoropyridyl N i(PEt3)2 complexes2'1 and by comparison with data for the ‘free’ 

pyridines.
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2.2 RESULTS

2.2.1 Synthesis of /ra«j-NiF(C5F4N)(PEt3)2 and /m«5-NiF(CsF3HN)(PEt3)2

The synthesis o f  /nm v-NiF(C5F4N)(PEt3)2 (1) and /ram '-NiF(C 5F3HNXIJEt3)2 (2) was 

accomplished in  s i tu  during the preparation o f  subsequent complexes. Synthesis o f the 

|N i]-F complex ([Ni] = N i(C 5F3RN)(PEt3)2, R = F or H) involved treatment o f 

N i(COD )2 in hexane with PEt3. A red solution was obtained immediately upon addition 

o f  the phosphine. A yellow solution was obtained within a few minutes o f  addition o f 

the fluoropyridine to the solution containing Ni(COD)(PEt3)2. Isolation and 

characterisation o f the /r<ms-(Nij-F complexes has previously been reported .26

2.2.2 Synthesis of fraws'-NiN3(C5F4N)(PEt3)2 and i/'fl/is-NiN3(C5F3HN)(PEt3)2

The complexes /ram '-NiN 3(C 5F4N)(PEt3)2 (3) and /ram ’-NiN3(C 5F3FiN)(PEt3)2 (4) were 

prepared by the addition o f (CFI3)3SiN3 to solutions o f  (1) or (2) in hexane. After 

stirring for 2 hours the tetrafluoropyridylazide derivative (3) was isolated in 62 % yield 

while the trilluoropyridylazide derivative (4) was obtained in 71 % yield. Both 

complex (3) and (4) exhibit an azide IR stretching band at 2054 cm ' 1 (Fig. 2.2). The 

starting material, (CH3)3SiN3, exhibits an IR stretching band at 2130 cm '1. 

N iF(C 5F3RN)(PEt3)2 (R = F, H) does not have any IR stretching bands in the 2000-2200 

cm '1 region o f  the IR spectrum.

e
Wavenumbers (c m 1)

Fig. 2 .2 : The azide absorption band o f Ni(N 3)(CsF3HN)(PEt3)2 obtained in hexane 

solution
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Illustrated in Fig. 2.3 is the numbering o f  the carbon atoms in  the metallated 

polyfluoropyridine complexes w ith respect to the nitrogen ring atom. This is necessary 

to discuss the signals observed in  the N M R  spectra.

F

F

NQ4 . H

3
\

EtjP—Ni— PEtj

X

(B)

X = N3, NCO or C = C S i(C lI3)3

Fig. 2.3: The num bering o f  the [Ni]-X complexes w ith respect to the nitrogen ring atom. 

Structure A  refers to the tetrafluoropyridyl derivatives and structure B 

refers to trifluoropyridyl derivatives.

The 31P N M R  spectrum o f com plex (3) contains a singlet at ô 16.09 indicating that the 

two phosphorus nuclei are equivalent and that the t r a m  isom er is exclusively formed. 

For the trifluoropyridylazide complex (4), the phosphorus signal appears at a  lower 

chemical shift o f  8 15.76 (Fig. 2.4).

I i—i  I— »— |— » r  l— i— |— »— » i— i— i—r -  • » i  |  » «*•»—t** |— i—» » ■ «—r ' l T ' t —r~T —»—r r - f —j —»—*—»—t  -

17.5 16.5 15.5 14.5 13.5

S

* 31 • *
Fig. 2.4: ’ P N M R  spectrum  o f  co m p lex  (4) obtained in Q ,D (, solution

37



Chapter 2 Results
For complex (3), the 19F spectrum contains four peaks (refer to Fig. 2.3 for ring fluorine 

labels): a m ultiplet at ô -85.25 (F6), a triplet at Ô -132.91 (F3), a m ultiplet at 8 -150.32 

(F4) and a multiplet at 8 -172.64 (F5) (Fig. 2.5).

T T T T T T T T T T T T T T T T T T JT T T T T T T T T IT T T T T T T T T JT T T T T T T T T JT rT T T  l TT T I T r n v  i 'T "f '?■ J"T 'f■ f T I

-90 -110 -130 -150

8

Fig. 2.5: 19F N M R spectrum o f  complex (3) obtained in  C (,D 6 solution

M eanwhile for complex (4), the 19F N M R spectrum contains three peaks: a triplet o f 

doublets at 8 -90.91 (F6), a doublet at 8 -111.45 (F3) and am ultip let at 8 -150.63 (F5) 

(Fig. 2.6). There is no signal corresponding to position 4 on the ring observed in the 19F 

NM R. The proton signal is observed at 8 6.25 in the ' i l  N M R spectrum. In the 19F 

N M R spectra o f complex (3) and (4), integration ratios o f  1:1:1:1 and 1:1:1 respectively 

were recorded for the fluorine substituents on the ring.

r m  f - m  r r i  i i i p  i i i

-170

-90 -100 -110 -120 -130 ' -140.......... -1 5 0

8

Fig. 2.6: 19F NM R spectrum o f complex (4) obtained in CôD6 solution
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2.2.3 Molecular structure of irarts-NiN3(CsF3HN)(PEt3)2

Crystals of ira«,v-Ni(N3)(C5F3HN)(PEt3)2 (4) suitable for x-ray structural determination 

were obtained from hexane at -2 0  °C .29 The molecular structure of this complex 

confirms the tr a n s - s q u a r e  planar geometry (Fig. 2.7). Coordination of the pyridyl ring 

to the nickel centre occurs at position 2 , i.e . adjacent to the ring nitrogen atom, while the 

proton is at position 4. The angles between the adjacent ligands at nickel vary from 

89.78(8)° to 90.55(7)°. The N (l)-N i(l)-C (l)  bond angle is 170.4(1)° and is smaller 

than the corresponding bond angle in other C-M -N3 complexes. For example, in 

NiF(C6F5)(PEt3)2, F (l)-N i(l)-C (l)  = 177.4(3)° and in NiF(C5F3HN)(PEt3)2, F (l)-N i(l)- 

C (l)  = 176.58(12)°.26 The N i(l)-N (l)  bond length is 1 . 923(2) A while the N (l)-N (2) 

and N(2)-N(3) bond distances are 1.185(3) A and 1.160(3) A respectively. The azide 

ligand is not linear with a N (l)-N (2)-N (3) bond angle of 175.3(3)° and the N i(l)-N (l)- 

N(2) bond angle is 132.3(2)°. Further crystallographic data for complex (4) is included 

in the appendix.

H (l)

Fig. 2.7: M olecular structure of complex /m/Lv-NiN3(C5F3HN)(PEt3)2 (4)
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Bond Length

(A)

Bond Length

(A)

Bond Angle (°)

N i( l) -C ( l) 1 .88(2 ) C (4)-F(2) 1.35(3) N i( l) -N (l) -N (2 ) 132.3(2)

N i( l) -P ( l) 2.205(9) C (5)-F(3) 1.35(3) N ( l) -N i( l ) -C ( l) 170.4(1)

N i(l)-P (2 ) 2.200(9) N (4 )-C (l) 1.35(3) P (l) -N i( l) -P (2 ) 174.35(3)

N i( l) -N ( l) 1.92(2) N (l)-N (2 )-N (3 ) 175.3(3)

N (l)-N (2 ) 1.185(3) C ( l) -N i( l) -P ( l) 90.54(8)

N (2)-N (3) 1.16(3) C (l)-N i( l) -P (2 ) 90.55(7)

C (2 )-F (l) 1.35(3) N ( l) -N i( l) -P ( l) 89.78(8)

N (4)-C (5) 1.30(3) N (l) -N i( l) -P (2 ) 90.08(8)

Table 2.2: Principal bond lengths (A) and bond angles (°) o f 

^«m '-N iN 3(C5F3HN)(PEt3)2 (4)

2.2.4 Synthesis o f i/-a«s-NiNCO(CsF3HN)(PEt3)2

The isocyanate complex, ira«s-N iN CO (C 5F3HN)(PEt3)2 (5) was synthesised by adding 

M e3SiNCO to a solution o f complex (2) in hexane. After stirring for 2 hours the 

trifluoropyridyl derivative was isolated in 79 % yield. This complex was also observed 

as a product o f  the photolysis reaction between com plex (4) and CO (to be discussed 

later). Complex (5) exhibits a strong isocyanate band in the IR spectrum at 2225 cm ' 1 

(Fig. 2.8). M ultinuclear N M R data confirms that the isocyanate derivative is 

isostructural w ith the azide analogue; resonance signals occur at similar chemical shifts 

in the 19F N M R spectrum to those o f complex (4).

Wavenumbers (cnr1)

Fig: 2.8: Isocyanate absorption band o f  complex (5) obtained in hexane solution
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In complex (5) a singlet is observed at 8 15.76 in the 31P N M R spectrum (Fig. 2.9), 

while peaks in the 19F NM R spectrum appear at 5 -90.95, 8-111.53 and 8 -150.72 

confirming the presence o f  three fluorine atoms. The 'H  N M R spectrum exhibits 

signals at 8 0.85 (CH2 protons o f PEt3 groups), 8 1.05 (CH3 protons o f PEt3 groups) and 

8 6.25 (the ring proton).

15.8 15.6 15.4 15.2
8

F ig .2 .9 :3,P N M R spectrum o f complex (5) obtained in solution

2.2.5 Synthesis o f //•a/w -N K O C SiiC H abX C sFaH N X PE tjh

Treatment o f  N iF(C 5F3HN)(PEt3)2 (2) w ith (CH3)3SiC=CH and stirring for two weeks 

resulted in the formation o f  /ra«5,-Ni(C=CSi(CH3)3)(C 5F3HN)(PEt3)2 (6). In the 

presence o f  the base Et3N, the preparation o f the trimethylsilyl acetylene derivative is 

complete after one week with stirring. The IR spectrum o f the product contains a 

carbon-carbon triple bond absorption band at 2023cm '1 (Fig. 2.10). A singlet at 8 19.90 

is observed in the 31P spectrum (Fig. 2.11).

Wavenumbers (cnv1)

Fig. 2.10: Carbon-carbon triple bond absorption band o f complex (6) produced from the 

reaction o f  complex (4) with (CH3)3Si(C=CH) obtained in hexane solution
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20.4 20.0 19.6 19.2

Fig. 2.11: 31P NM R spectrum o f complex (6) obtained in C6D 6 solution

The 19F NM R spectrum exhibits three peaks confirming that the fluorine atom 

coordinated to the Ni centre in the starting material complex (2) has been replaced. The 

ring fluorine resonances occur at 5 -91.57, 5 -112.18, and 5 -151.15. A singlet is 

observed at 8 0.25 in the 1H N M R spectrum and is assigned to the protons o f the three 

methyl groups attached to the Si atom. Peaks for the ethyl groups o f the phosphine 

molecules and the proton in the position 4 o f  the pyridyl ring appear at 8 0.97 (CPl3 

groups), 8 1.4 (CH2 groups) and 8 6.4 respectively. Integration is as expected:

18:12:9:1 (methyl protons o f the ethyl group: methylene protons o f the ethyl group: 

methyl protons coordinated to the Si atom: pyridine ring proton respectively).

2.2.6 Reaction of fra«.s-NiN3(C5F3HN)(PEt3)2 (4) with CO

Azides are known for their lability and in fact undergo facile loss o f N 2.30’31 It was 

because o f  this reactivity that the reaction o f N iN 3(C5F3HN)(PEt3)2 (4) with CO was 

studied. The azide complex was prepared as discussed previously using Ni(COD )2 as 

the starting material. The hexane solution containing (4) was divided into two NMR 

tubes (samples A and B) fitted with Youngs stopcocks. Both were purged with CO. 

Tube A was placed in front o f  a mercury lamp for a total o f  30 h while tube B was left 

in the dark for the same length o f time. IR spectra o f both solutions were obtained 

before the addition o f  CO, during and after the reaction. For both samples the IR 

spectra are identical at the start, during and after the reactions. The IR spectra o f the 

starting material exhibit one band, the characteristic azide stretch at 2054 cm '1 (Fig.
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2.12a). After several hours o f  photolysis in the case o f  sample A and several hours in 

the dark for sample B, five bands were observed (Fig. 2.12b): the starting material band 

at 2054 cm '1, along w ith four new bands at 2225, 2066, 1992 and 1937 cm '1. After 

completion o f  the reaction (Fig. 2.12c), the starting material band had disappeared as 

had the band at 1937 cm ' 1 and only three bands remained, those at 2225, 2066 and 1992 

cm '1.

Wavenumbers (cm1)

Fig. 2.12: (a) IR stretching frequency o f  N i(N 3)(C 5F3HN)(PEt3)2 (2), (b) IR stretching 

frequency o f  the reaction mixture after 6 h stirring, indicating that both 

starting material and product are present, (c) IR stretching frequencies o f the 

final products indicating that the starting material band at 2054 cm ' 1 has 

disappeared. IR spectra were obtained in hexane solution.

Once the reaction was determined as being complete from the IR spectrum, the volatiles 

were removed in  v a c u o  and the residues were redissolved in C6D6- 111, UF and 3IP 

NM R spectra o f the product solutions were obtained. The 31P NM R spectra o f both 

samples A and B contained two singlets at 8 15.76 and 8 21.05 (Fig. 2.13). The 1 F 

NM R spectra o f both samples A and B exhibited six peaks, one set o f three signals 

occurring at almost identical chemical shifts to the stalling material complex (4) (Fig. 

2.14): a trip le t at 8 -89.60, a doublet at 8 -111.45 and a multiplet at 8 -150.5. The other
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set o f three appears w ith smaller intensities but with the same splitting pattern: a triplet 

at 8 -88.50, a doublet at 5 -121.90 and a  multiplet at 8 -132.10. Further IR spectra o f  the 

two samples in C^Df, were taken and three bands at 2228,1985 and 1922 cm '1 were 

observed. The products associated w ith these three bands in also refer to the bands 

at 2225, 2066 and 1992 cm '1 in hexane. The shift o f these frequencies compared to 

those taken in hexane is consistent with a change in solvent. The rate o f  formation of 

products was faster for the photolysed solution compared to the solution left in the dark 

(note the solution left in the dark was at room temperature). The complex characterised 

by bands at 8 -89.60, 8 -111.45 and 8 -150.5 in the 19F N M R  spectrum, by the 

absorption band at 2225 cm '1 in the IR spectrum and by the signal at 8 15.76 in the 31P 

N M R spectrum is assigned as the isocyanate complex, N i(NCO)(C5F3HN)(PEt3)2 (5). 

An assignment for the remaining bands was not made.

Fig. 2.13 (a) 3 'P  NM R spectrum o f the starting material Ni(N3)(C 6F3HN)(PEt3)2 (4)

20 19 18 1 17 16 15 14

6

21

(b) 31P N M R spectrum o f the reaction products from the reaction o f  complex 

(4) with 12CO. 31P NM R spectra were obtained in solution
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8

Fig. 2.14: (a) 19F N M R  spectrum o f  the starting material N i(N 3)(C6F3HN)(PEt3)2 (4)

(b) 19F N M R  spectrum o f the reaction products from the reaction o f 

complex (4) with l2CO. 31P N M R spectra were obtained in C eD e  solution

The reaction between the azide com plex (4) and CO was repeated by stirring a sample 

o f N iN 3(C5F3HN)(PEt3)2 (4) in hexane under a 13CO atmosphere (~ 0.6 atm). The 

experiment was repeated to confirm whether the IR bands that were unassigned in the 

12CO experiment were metal carbonyl bands. A fter allowing the solution to stir for five 

days an IR spectrum o f the hexane solution exhibited three bands at 2166, 1949 and 

1892 cm '1 (Fig. 2.15).

Wavenumbers (enr1)

Fig. 2.15: IR spectrum o f the reaction products o f  complex (4) with ,3CO after five days 

o f  stirring in hexane solution
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202.90 202.80 202.70

6

16.00 15.80 15.60 15.40

5

Fig. 2.16: (a) 13C N M R spectrum o f the reaction product in C(,D(, ( b )31P NM R 

spectrum o f the reaction product in C6D 6 solution

The stretching band at 2166 cm ' 1 has an absorbance o f 0.75 and is assigned as the

isocyanate IR absorption band, while the other two bands have lower absorbance

values, 0.04 and 0.05 for 1949 and 1892 cm '1 respectively. The volatiles were removed

in  v a c u o  and the residue was redissolved in C6D 6. * H, 19F, 31P and 13C NM R spectra

were recorded. The carbonyl stretch o f  the isocyanate complex was observed at

5 202.80 as a triplet in the 13C N M R spectrum indicating coupling to the two

phosphorus nuclei (Fig. 2.16a). The 1H, 19F, 31P NM R spectra contained signals similar

to those observed for the isocyanate complex (Fig. 2.16b). The unassigned bands

observed in the reaction with I2CO (at 8 -88.50, 8 -121.90 and 8 -132.10 in the 19F NM R

spectrum, at 8 21.05 in the 31P NM R spectrum and at 2066 and 1992 cm '1 in the IR

spectrum) did not appear to be present in the multinuclear NM R spectra for the 
1 ̂experiment with CO.
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Table 2.3: Spectroscopic data recorded at 298 K. NM R data are reported in ppm  and IR data are reported in cm 1

C om plex H 3,P{H} IR

(3) (C6D6) 0.90 (t, 18H. CH3) 

1.05 (s, 12H, CH2)

16.10 (s) -88.25 (m, IF, CF) 

-132.91 (t, IF, CF) 

-150 .32  (q, IF, CF) 

-172 .64  (m, IF, CF)

2054

(4) (C6D6) 0.93 (m, 18H, CH3) 

1.10 (m, 12H, CH2) 

6.25 (m, 1H, aryl-H)

15.76 (s) -90.91 (td, IF, CF) 

-111.45 (d, IF, CF) 

-150.63 (m, IF, CF)

2054

(5) (C6D6) 0.88 (m, 18H, CH3) 

1.40 (m, 12H. CH2) 

6.25 (m, 1H, aryl-H)

15.76 (s) -90.95 (m, IF, CF) 

-111.53 (d, IF  CF) 

-150.72 (m, IF, CF)

2228

(6) (C6D6) 0.26 (s, 9H, S i-C H 3) 

0.97 (m, 18H, CH3)

1.40 (s, 12H, CH2)

6.40 (m, 1H, aryl-H)

19.90 (s) -91.56 (m, IF, CF) 

-112.14 (d, IF, CF) 

-151.12 (m, IF, CF)

2039
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2.3 DISC U SSIO N

2.3.1 Com plexes (1), (2), (3), (4) an d  (5)

The reaction o f N i(COD )2 with PEt3 and fluoropyridines leads to the formation o f 

N iF(C 5F3RN)(PEt3)2, [(1) R = F, (2) R  = H], w ithin minutes. This is in contrast to the
27reaction with hexafluorobenzene, which takes several weeks to reach completion.

Fahay and M ahan32 have reported that N i(PEt3)4 can be used as a more reactive 

precursor than Ni(COD)(PEt3)2, where Ni(PEt3)3 is believed to be the active reagent. 

Both mono- and dihalobenzenes react rapidly with this triphosphorus reagent affording 

high yields o f  organonickel products. However, as the substitution o f the ring increases, 

the reaction time lengthens and yields decrease. The same holds true for the reagent, 

Ni(COD)(PEt3)2. Hence, the reaction time o f several weeks for the formation o f the C-F 

activated product o f hexafluorobenzene.

Compared to the reaction with pentafluorobenzene, the rate o f the reaction o f Ni(COD )2 

and PEt3 w ith pentafluoropyridine is much faster. Since the C-F activation reactions 

were complete w ithin a few minutes w ith Ni(COD )2 and two molar equivalents o f PEt3, 

it was not necessary to use Ni(PEt3)4. The reaction is believed to proceed through an 

oxidative addition mechanism. For the perfluorobenzenes, initial coordination to the Ni 

centre v ia  an r |2-interaction with a diene fragment o f the benzene ring is postulated.
Oft 9Perutz e t  a l. reported the formation o f  a Ni-r| -octafluoronaphthalene complex, 

[Ni(r)2- l ,2 -CioF8)(PEt3)2], upon the addition o f  PEt3 and octafluoronaphthalene to a 

room temperature solution o f N i(COD )2 (Scheme 2.11, literature survey). 

Crystallography confirmed the r |2-coordination mode. Furthermore, heating this r |2- 

complex, in toluene for 24 hours resulted in the conversion o f the r |2-complex, [Ni(r|2- 

l,2-CioFx)(PEt3)2], to the C-F activated product, t r a n s - [NiF(2 -C [()F7 )(PEt3)2]. For the 

perfluoropyridines, initial coordination to the Ni centre v ia  an r \]-interaction with the
• • 97pyridine N atom is postulated (Eqn. 2.17). Intermediates o f this type have not been 

observed however.
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F

F F

F
Ni(COD)(PEt3)2 >

F

heat

F

Eqn. 2.17

E t3P—Ni —  PEt3

F

These N iF(C 5F3RN)(PEt3)2 complexes were prepared in  s i tu  in the reactions described 

above and are highly air sensitive. In contrast, the analogous metal chloride product is
' l ' l

air stable.

The reaction o f  2,3,5,6-tetrafluoropyridine with Ni(COD)(PEt3)2 is selective for C-F 

activation and there is no trace o f  the C-H activated product. Some transition metal 

reagents can discriminate between C-H and C-F bonds. For example hexafluoro- 

benzene undergoes C-F activation at the Rh(r)5-C 5M c5)(PM e3) fragment34 while 

pentafluorobenzene only undergoes C-H activation with this reagent. In contrast, 

Ru(dmpe)2H 2 forms C-F activated products w ith both hexafluorobenzene and 

pentafluorobenzene.35 Incidentally, reactions o f  fluoropyridines with Ni(0) centres are 

also selective for C-Cl over C-F bonds. This is most likely due to the weaker bond 

strength o f  the C-Cl bond (the dissociation energy for a C-Cl bond in CH3C1 is 353 kJ 

m o f 1 compared with 454 kJ m ol’1 for C-F bond in C II3F).

This selectivity is observed with the complexes described here, for example in the 

complex NiN 3(C5F3FIN)(PEt3)2 (4). The crystal structure confirms that activation has 

taken place at the 2-position o f  the pyridine ring. The azide molecule has subsequently 

replaced the fluorine atom  in complex (4). Tetrafluoropyridincs substituted at the 2-
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position represent a difficult synthetic problem  and so this work is o f  great interest.

Due to the presence o f  a proton in position 4, disorder about the N i(l)-C (l)  bond is not 

observed. Disorder would be expected for complex (3); hence the determination o f a 

crystal structure was not attempted. Disorder has been observed in other Ni complexes
• 97prepared from pentafluoropyridine.

The N i(l)-N (l)-N (2) bond angle o f complex (4) is 132.3(2)° and compares favourably 

w ith other metal azide complexes. The complex Co(N3)2(PNN)436 contains two azide 

ligands with a  C o(l)-N (l)-N (2) bond angle o f  128.91°; the [Ru(tpy)(PPh3)(N3)]+ 

cation37 has a R u(l)-N (l)-N (2) bond angle o f  139.6(4)°. An example o f an azide
| TO

molecule bridging two metals is observed in the polymeric [Cu(py)3(N3)] cation. A 

bond angle o f  124.0(9)° for the C u(l)-N (l)-N (2) bond is observed. Coordination to two 

Cu metal centres does not cause a great deal o f change in the bond angle o f  the three 

nitrogen atoms o f the bridging ligand. The bond angle for N (l)-N (2)-N (3) o f  the Cu 

complex is 176.7(7)° while the analogous bond angle for the monocoordinated azide in 

the N iN 3(C5F3HN)(PEt3)2 complex is 175.3(3)°.

2.3.2 Synthesis o f N i(C ^C Si(C H 3)3)(C 5F 3H N )(PE t3)2 (6)

The presence o f  the triple bond makes alkynes very reactive. Alkynes undergo 

electrophilic addition o f hydrogen, halogens and hydrogen halides to the triple bond. It 

was because o f  their potential for further reaction that the metal alkynyl derivative (6) 

was prepared. The driving force behind this reaction is the formation o f  HF. HF has a 

bond energy o f  568 kJ m o l 1 compared to a terminal alkyne proton (acetylene) that has a 

bond energy o f  525 kJ m ol’1. The presence o f base in this reaction merely reduces the 

stirring time required and the reaction is successful even in the absence o f E t3N. A 

number o f  possible pathways were available to (CH 3)3SiC=Cli when reacted with the 

metal fluoride complex (2 ):

(i) Formation o f  the strong Si-F bond and coordination o f  the -C=CH fragment 

to the Ni centre.
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(ii) Reaction o f the acidic acetylenic proton with the metal fluoride to form the 

strong H-F bond and coordination o f the -CsCSi(CFI3)3 group to the Ni 

centre.

(iii) Competition between (i) and (ii).

Only one process was observed to occur in both the presence and absence o f  base. Data 

obtained from the IR and multinuclear N M R spectroscopy o f  the reaction between 

(CH 3)3SiC=CH and N iF(C 5F3HN)(PEt3)2 (2) confirmed that process (ii) had occurred. 

The starting alkyne material exhibits two characteristic absorptions in the IR spectrum, 

a C=C stretch at 2039 cm '1 and a C-H stretch at 3279cm '1 (Fig. 2.18). A stretch at 2023 

cm '1 corresponding to the C=C stretch was observed in the product IR spectrum. 1H 

N M R spectra further confirmed that process (ii) had occurred. The acetylenic proton 

that appears at 5 2.5 in the ‘H N M R o f the starting material complex does not appear in 

the product N M R spectrum. A signal is observed at 8 0.27 in the ’H N M R spectrum 

corresponding to the nine protons o f the trimethylsilyl group. The reaction o f 

(CH3)3SiC=CH is completely regioselective for the trimethylsilyl acetylenic derivative.
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(i)

(ii)

3297 crrr1

Wavenumbers (cm-1)

Wavenumbers (cm-1)

Fig. 2.18: (i) (a) alkync C-l I stretch o f  the starting material complex (Cl I^ S iC sC I  I

(i) (b) IR spectrum o f  the product showing the absence o f  an alkync C-II 

stretch (ii) (a) C sC  strctch o f the starting material complex (CFFj^SiC^CFI

(ii) (b) IR spectrum o f the product (6) showing the C'sC stretch

2.3.3 Reaction o f N iNj(C5F3NH)(PEt3)2 (4) with CO

A/.ides are rather labile ligands and undergo a number o f  reactions. Photolysis o f 

phenyl a/.ides results in the formation ofa/.cpines and hydrazines (Kqn. 2.18). Azcpinc
* 30

formation occurs v ia  ring closure away from the substituent.
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N,

R

R = F

hv

HNuc

N-

R

NHNuc
-Nuc

-H
+

H

Eqn. 2.18

R

Studies involving reactions o f  metal azides have been carried out for Co and Pt 

complexes. Rehorek e t  a l .11 have reported that upon photolysis with a mercury lamp 

[Co(NH3)5N 3]Cl2 gives rise to azide radicals. Knoll e t  a l . 30 exposed Pt(I1)(N3)2- 

(P(C6H 5)3)2 to photolysis with a mercury lamp. The major reaction taking place is the 

photoreduction o f the complex to the azide free product Pt(11)(P(C6H 5)3)2(2 -Methf)n, 

when carried out in 2-Methf. As a result o f  the photolability o f  azides, further studies 

on the chemistry o f  N i(N 3)(PEt3)2(C5F3FIN) (4) were undertaken.

The reaction o f  complex (4) with CO produces the isocyanate complex (5). The 

difference spectrum shown below (Fig. 2.19) illustrates a decrease in the intensity o f the 

starting material (band at 2054 cm '1) and the appearance o f  the new bands (already 

discussed in the results section). A sample o f the isocyanate complex, prepared by an 

independent method, exhibited identical spectroscopic parameters to one o f  the products 

observed in the photolysis reaction. The dark and photolysed reactions give rise to the 

same products. Conversion o f  the [Ni]-N3 into the [Ni]-NCO occurs both thermally and 

photochemically. Photolysis merely increases the speed o f formation o f the isocyanate 

complex (5) (note that filters were not used for photolysis; a UV lamp was the light 

source). I9F N M R data is almost identical to the 19F NM R data for the [Ni]-N3 complex 

(4). These two complexes are isoelectronic having the same number o f electrons and 

have the same number o f  and connectivity o f atoms.
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Wavenumbers (cm-1)

Fig. 2.19: IR spectrum for the reaction o f  complex (4) under 12CO subtracted from the 

starting material spectrum, in hexane solution.

To determine w hether the remaining peaks observed in the reaction o f complex (4) with 

CO arose from azide or carbonyl containing compounds, the reaction was repeated 

under a 13CO atmosphere. 13CO is a heavier molecule than 12CO and the stretching 

frequencies due to 13CO complexes absorb at lower energy, hence they occur at lower 

frequencies in the IR spectrum.

The reaction solution was stirred for 5 days to allow for maximum conversion to 

products. The resulting IR spectrum confirmed that all the peaks (1992 and 1937 cm '1) 

were due to m etal carbonyl containing compounds. NM R spectroscopy suggests that 

the major product form ed was the isocyanate derivative (5). The 13C NM R spectrum 

showed a triplet at 5 202.80 corresponding to the carbonyl group o f  the isocyanate 

complex. The signal is observed as a triplet because o f  the coupling to the two 

phosphorus nuclei. In the 31P N M R spectrum the signal is split to a small extent by 

coupling to the ,3C o f  the carbonyl group. The wavenumbers at which the IR peaks 

appeared in the 13CO spectrum were determined using the reduced masses ratio (Fig. 

2 .20).
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m, * m 2

m, + m 2

M'b

M-iis \

M-12 /
M"13 ^12

13 * 16 

29

12  * 16 

28

1-1,2 y =  0.977

Hi 3

Fig. 2.20: p. = reduced mass, p.12 =  reduced m ass o f  12CO, ja.13 = reduced mass o f 13CO

By multiplying the carbonyl peaks in the ,2CO IR spectrum by 0.977 (the ratio o f the 

reduced masses), the positions o f the new peaks can be calculated. For example, the 

carbonyl peak that was observed at 1992 cm '1 in the 12CO IR spectrum is calculated to 

appear at 1947 cm '1 in the 13CO IR spectrum. This carbonyl peak is actually observed 

at 1949 cm "1 in the 13CO IR spectrum. The isocyanate peak will shift to a lesser extent 

in the 13CO experiment. This peak in the 12CO IR spectrum is multiplied by a factor o f

0.972 to give the corresponding peak in the i3CO spectrum (Table 2.4). The remaining 

peaks that are observed in the 12CO experiment are not observed in the 13CO IR 

spectrum.

v exp (cm ) v exp (cm ) v 13caic (cm ') Assignment

2225 2166 2163 N i-N C O

1992 1949 1947 Carbonyl

1937 1892 1894 Carbonyl

     .  1 ")   _   ------

Table 2.4: Summary o f  peaks observed in CO spectrum and their analogous peaks in

the l3CO spectrum

While the multinuclear NM R data indicates that the main product in the 13CO 

experiment is the isocyanate complex (5), the IR spectrum indicates that the species 

represented by the band at 1992 cm ' 1 is the major product. However, without knowing 

the identity o f  these metal carbonyl complexes and their extinction coefficients, the
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major product cannot be confirmed. W hether these carbonyl bands are intermediates in 

the preparation o f  the metal isocyanate assuming a three membered or five membeed 

ring structure is unknown (azides are know n to form three and five membered rings 

upon photolysis).

2.3.4 Reductive elimination reactions

The aims o f  this project were twofold. Firstly, to prepare novel C-F activated 

complexes where the activated F atom is replaced by a new functional group. Three 

new  fluoropyridine-Ni-X complexes; X  = N 3, NCO, C=CSi(CH3)3 were successfully 

prepared. The second aim  was to reductively eliminate the Ni(PEt3)2 fragment to 

produce novel 2-substituted fluoropyridine complexes [Fig. 2.21 complexes (c), (d), 

(e)]. However, attempts at reductively eliminating the Ni(PEt3)2 fragment have been 

unsuccessful to date. Possible reasons will be discussed below.

F F F

Fig. 2.21: The novel 2-substituted fluoropyridines that would be expected if  reductive 

elimination was successful

The reaction o f Ni(COD)(PEt3)2 with fluoropyridines is an oxidative process as already 

mentioned earlier in the discussion. Reductive elimination is essentially the reverse of 

oxidative addition. However, reductive elimination requires that the groups being 

eliminated be in a mutual c is  position. Gillie and Stille40 undertook a number o f 

experiments to test this hypothesis. In this experiment, the authors examined a system 

that was known to reductively eliminate and synthesised an analogue where the alkyl 

groups had to be mutually ir o n s . The complex with the tr a n s  methyl groups did not 

undergo reductive elimination (Fig. 2.22):

56



Chapter 2 Discussion

C
P h 2

P ""--Pd-> CH3  S0°C_^  H3C -----CH3 + Pdo

Ph2
CH3 d m s o

CIS

80°C no reaction
DMSO

tr a n s p h o s

Fig. 2.22: Illustration o f the complexes investigated by Gille and Stille to demonstrate 

that reductive elimination requires that the fragments to be eliminated be in 

a mutually c i s  position

In the complexes (4), (5) and (6) the two PEt3 groups are in a  mutual tr a n s  position. It 

is necessary for them to rearrange into a m utually c i s  orientation if  reductive elimination 

is to be successful. Two attempts were made to force the PEt3 groups in complex (4) 

into a c i s  position. Initially a sample o f  complex (4) was heated in hexane. Often 

thermal agitation is sufficient to bring about a change in stereochemistry o f  the 

molecules. However, this attempt was unsuccessful. M ultinuclear NM R data revealed 

there was no conversion o f  the starting material com plex to the c i s  isomer.

An attempt to replace the two PEt3 groups with chelating phosphines containing short 

alkyl chains between the two phosphine molecules was unsuccessful. The idea behind 

this attempt was that a short chelating phosphine would have to assume the c is  

orientation. The alkyl chain length between the phosphine atoms would not be long 

enough to permit the tr a n s  structure. A sample o f  complex (4) was dissolved in hexane 

in the presence o f 1 mol. equivalent o f PPh2-CH2-PPh2 or 1 mol. equivalent o f PPh2-
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CH2-CH 2-PPh2 (Eqn. 2.19). A sample o f  each phosphine was stirred for several days in 

a hexane solution containing complex (4) and a  second sample o f  each phosphine under 

similar conditions was heated to 70° C for several days. M ultinuclear N M R  data o f all 

samples revealed only starting material.

F
F .  H

N / \  
Ph2P PPh2

E t3P—  N i— PE t3  ► 110 ta c t io n
A

N 3

Eqn. 2.19

A lthough the attempts to obtain novel fluoropyridines substituted at the 2-position have 

been unsuccessful, three new  complexes were prepared. Should a  general method o f 

reductively eliminating the Ni centre from the complexes be achieved a  relatively 

simple route to preparing the substituted pyridines will be available.
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2.4 CO N C LU SIO N

Three new  Ni complexes have been prepared; N iN 3(PEt3)2(CsF3HN), 

N iNCO(PEt3)2(C 3F3HN) and Ni(C=CSi(CH 3)3)(PEt3)2(C 5F3HN), with yields in the 

range 62-79%, although crystals o f  the metal-acetylene complex could not be obtained. 

A  m olecular structure for N iN 3(PEt3)2(C5F3HN) was determined confirming the tr a n s  

geometry and providing details on relevant bond angles and bond lengths (see 

discussion and appendix). Conversion o f  the trifluoropyridyl nickel azide complex to 

the analogous isocyanate derivative was observed upon stirring o f the m etal azide 

complex under CO. Experiments under an enriched 13CO atmosphere aided in the 

assignment o f the IR peaks and N M R signals. It was noted that the metal isocyanate 

and metal azide complexes have very similar N M R  resonances.

Unfortunately attempts to eliminate the Ni(PEt3)2 fragment have failed to date. 

Attempts to replace the two phosphine groups coordinated to the nickel centre with 

chelating phosphines were also unsuccessful. Stirling solutions o f the metal azide 

complex in the presence o f  diphenylphosphino methane and ethane resulted only in the 

recovery o f  starting material. Even with heating, product formation was not observed.

59



Chapter 2 References
2.5 REFERENCES

1. Labinger, J. A.; Bercaw, J. E. N a tu r e  2002, 417, 507

2. Burdeniuc, J.; Jedlicka, B.; Crabtree, R. H. C h em . B e r . R e c e u i l  1997, 130, 145

3. Horvath, I. T.; Rabai, J. S c ie n c e  1994, 266, 72

4. Smart, B. E. M o l. S tr . E n e r g . 1986, Vol 3, 141

5. Miller, J. F.; Hunt, H.; McBee, E. T. A n a l. C h em . 1947, 19, 148

6 . Kiplinger, J. L.; Richmond, T. G. O r g a n o m e la l l ic s  1996, 15, 1545

7. Tatlow, J. C.; Gething, B. N a tu r e  1959, 183, 588

8 . Bailey, J.; Plevey, R. G.; Tatlow, J. C. J. F lu o r in e  C h e m . 1987, 37, 1

9. Bennett, B. K.; Harrison, R. G.; Richmond, T. G. J. A m . C h em . S o c . 1994, 116, 

11165

10. McAlexander, L. H.; Beck, C. M.; Burdeniuc, J.; Crabtree, R. H. J. F lu o r in e  C h em . 

199 9 ,9 9 ,6 7

11. Kiplinger, J. L.; Richmond, T. G. J. A m . C h em . S o c . 1996, 118, 1805

12. (a) Kraft, B. M.; Lachicotte, R. J.; Jones, W. D. J. A m . C h em . S o c . 2000, 122, 8559

(b) Kraft, B. M.; Lachicotte, R. J.; Jones, W. D. J. A m . C h em . S o c . 2001, 123, 10973

13. Matthew, L.; W arkentin, J. J. J. A m . C h em . S o c . 1986, 108, 7981

14. Burdeniuc, J.; Crabtree, R. H. J. A m . C h em . S o c . 1995, 117, 10119

15. (a) Burdeniuc, J.; Crabtree, R. H.; Siegbahn, E. M. N . J. C h em . 1998, 503 (b) 

Burdcniuc, J.; Crabtree, R. H. J. A m . C h em . S o c . 1996, 118, 2525

16. Schlag, E. W.; Peatman, W. B. J. A m . C h em . S o c . 1964, 86, 1676

17. Schlag, E. W.; Kaiser, E. W. J. A m . C h e m  S o c . 1965, 87, 1171

18. Treichel, P.; Claudhari, M. A.; Stone, F. G. A. J. O r g a n o m e t.  C h em . 1963, 1, 98

19. Treichel, P.; Claudhari, M. A.; Stone, F. G. A. J. O r g a n o m e t. C h em . 1964, 2, 206

20. Burk, M. J.; Stanley, D. L.; Tumas, W. J. C h em . S o c .;  C h em . C o m m u n . 1990, 809

21. Edelbach, B. L.; Rahman, A. K. F.; Lachicotte, R. J. O r g a n o m e t a l l i e s  1999, 18, 

3170

22. Edelbach, B. L.; Kraft, B. M.; Joncs, W. D. J. A m . C h em . S o c . 1999, 121, 10327

23. Kraft, B. M.; Jones, W. D. J. O r g a n o m e t.  C h em . 2002, 1

24. Belt, S. T.; Jones, W. D.; Perutz, R. N. J. A m . C h em . S o c . 1993, 115, 1429

25. Aizenberg, M.; Milstein, D. J. A m . C h em . S o c . 1995, 117, 8674

26. Braun, T.; Fliggit, L.; Perutz, R. N. N. J. C h em . 2001, 25, 19

60



Chapter 2 References
27. Cronin, L.; Higgit, L.; Perutz, R. N. O r g a n o m e ta l l ic s  1997, 16, 4920

28. Catherine Aspley, Thesis, U niversity o f  York, 1998

29. Crystal structure was determined by S. Archibald o f  Hull University

30. Knoll, H.; Stich, R.; Hennig, H. In o rg . C h im . A c ta  1990, 178, 71

31. Rehorek, D.; Thomas, P.; Hennig, H. In o rg . C h im . A c ta  1979, 32, LI

32. Fahey, R. E.; M ahan, J. E. J. A m . C h em . S o c . 1977, 99, 2501

33. Braun, T.; Hobson, J. E.; Perutz, R. N. J. C h em . S o c .;  D a l to n  T ra n s. 2001, 2013

34. Edelbach, B. L.; Jones, W. D. J. A m . C h e m  S o c . 1997, 119, 7734

35. Perutz, R. N.; Whittlesey, M. K.; Moore, H. J. C h em . S o c . C h em . C o m m u n . 1996, 

787

36. Zhang, L.; Li, L. C. In o rg . C h im . A c ta  2001, 320, 141

37. Seok, W. K.; Bin Yan, S.; W hite, P. S. J. O r g a n o m e t.  C h em . 1998, 559, 165

38. Goher, M. A. S. P o ly h e d r o n  2001, 20, 2971

39. Leyva, E.; Ruben, S. T e tr a h e d r o n  1998, 54, 26, 7367

40. Gille, A.; Stille, J. K. J. A m . C h em . S o c . 1980, 102, 4933

61



Chapter 3 (T1 5-C5H5)(ri5-(CH3)2C4H2N)Fe

Chapter 3

Matrix Isolation Studies 

of 2,5-dimethylazaferrocene

A b s tra c t

Previous studies have shown that (rf -C5l I5) (rj5 -C4 H4N)Fe has an extensive 

photochemistry that is dominated by haptotropic shifts o f the coordinated pyrrolyl 

ligand. In an attempt to control the degree to which the hapticity o f the pyrrolyl ligand 

can be altered, the photochemistry o f (rf -C^Hs)^5 -2 ,5 -(CH3) 2 C4TI2N)Fe has been 

investigated. The photochemistry o f this analogue is also dominated by haptotropic 

shifts. Both monochromatic and broad-band irradiation of this complex in CO doped 

Ar matrixes at 20 K gives rise to three species, which have been characterised as 

( 7J5 -C5H5)(r?1-N-(CH3) 2 C4H2N)Fe(CO) (2), (rf-C 5H5)(rf-N-(CH 3) 2 C4H2N)Fe(CO) 2  (3) 

and ( tj5 -C5H5) (  i f  -N-(CH3) 2 C4H2N)Fe(CO) (4 ). Subsequent annealing of the matrix 

results in a conversion of the rf -monocarbonyl complex to the dicarbonyl complex and 

an isomérisation o f the aza-allyl species to the corresponding 71-allyl complex 

(rf -CiIIs)(rf-C-(CH3) 2 C4H2N)Fe(CO) (5). These changes will be discussed in the

following chapter.
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3.1 L itera tu re Survey

3.1.1 Photochem istry o f (r|6-arene)Cr(CO )3  complexes

The photochem istry o f  (ri6-arene)Cr(CO ) 3 com plexes is dominated by C O  loss (Eqn. 

3.1).

(r|6-arene)Cr(CO ) 3 — (r|6-arene)Cr(CO )2L + C O  Eqn. 3.1

In the presence o f  two-electron donor ligands, novel dicarbonyl com plexes can be 

prepared photochem ically . 1 Interestingly, the analogous W  derivatives appear to be 

photoinert, despite the similarity o f  the photochem istry o f  the group six (M  = Cr, M o or 

W ) hexacarbonyl com plexes.

Early studies indicated that these C O  loss reactions occurred by  dissociative C O  loss .3 ,4 

The overall reaction is one o f  C O  substitution, where the ligand occupies the vacant site 

on the metal created by  C O  dissociation. W righton el al? reported that photolysis o f  

(r|6-arene)Cr(CO )3 (arene = C 6H 3(C H 3) 3 or C 6H 6), in the presence o f  pyridine forms the 

substituted dicarbonyl com plex, (ri6-arene)Cr(CO )2(r|l-C 5H 5N).

Transient species observed during laser flash photolysis studies o f  (r|6-C 6H 6)C r(C O )3 in 

cyclohexane w ere tentatively assigned as the dicarbonyl com plex, (ri6-C 6Hfi)Cr(CO)2.4 

M atrix isolation studies o f  (r|6-C 6H 6)C r(C O )3 in inert and reactive matrixes (C II4, A r 

and N 2 respectively) confirm ed the formation o f  this coordinatively unsaturated 

intermediate upon U V -v is  photolysis .5 Under inert conditions the intermediate 

dicarbonyl com plex w as characterised by two C O  stretching frequencies at 1937, 1885 

cm ' 1 (A r matrix). In the N 2 matrix, a N 2 m olecule occupies the vacant site on the 

coordinatively unsaturated com plex (Eqn. 3.2) (M  = C r and L = CeHe).

rn 1 A r  m atrix ,^rw i N , matrix r, „  , T , „
[M L (C O )2] + ___  [M L (C O )3] 2 [M L(C O )2N 2] Eqn. 3.2

h v hv
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The Vn=n o f  (r|6-arene)Cr(CO )2N 2 was observed at 2145 cm ' 1 w hile Vco w ere observed 

at 1940 and 1899 cm '1. The mechanism suggested by Rest et al.5 is illustrated below  

(Schem e 3.1).

(r,‘ -c6H6)Cr(C0)3 [ f tM y y c r ic o y
L

 ► [Ol 6_C 6H 6)C r(C O )2] + C O

L
▼

Scheme 3.1 [(r(6-C 6H 6)C r(C O )2L]

I f  the m echanism o f  formation o f  the dicarbonyl com plexes were to involve a ring slip 

intermediate, a dependence on the incom ing nucleophile w ould be observed. N o such 

dependence w as recorded however.

T R IR  studies6 further confirm ed the form ation o f  this dicarbonyl intermediate as the 

main photoproduct upon photolysis o f  the (r|6-arene)Cr(CO)3. Room  temperature 

irradiation o f  (r|6-C 6H 6)C r(C O )3 in alkane solution produces (ri6-C 6H6)Cr(CO)2(s) (s = 

alkane solvent), w hich  exhibits vco  IR bands at wavenum bers similar to those observed 

in the matrix experiments.

W righton et al.1 exploited this reactivity by oxidatively adding alkyl silanes to the 

photogenerated (r)6-arcne)M (CO )2 com plex. The sixteen electron species generated by 

U V -vis  photolysis o f  lo w  temperature hydrocarbon glasses, containing the com plex 

(r|6-C 6H 6)C r(C O )3, reacts with a series o f  silanes to form  the oxidative addition products 

(r|6-C 6H 6)C r(C O )2(H )(SiR 3), R  =  Et3, Ph3, z'-Pr3, EtM e2 and «-Pr3. Each is assigned the 

cis structure.

W hile irradiation o f  (r|6-arene)Cr(CO )3 in condensed phases results in the dissociation 

o f  one o f  the ligand m olecules, U V  photolysis o f  gas phase metal com plexes leads to 

the loss o f  more than one ligand. W ang et al* reported the formation o f  the species,
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(r|6-C 6H 6)C r(C O )2, upon 355 nm excitation, w hile both (r|6-C 6H 6)C r(C O )2 and the 

related m onocarbonyl (r|6-C6H6)C rC O , in the ratio 2:5, are produced upon 266 nm 

excitation in the gas phase. Photolysis w ith higher energy photons produces the more 

highly unsaturated species. Zheng et al. studied the coordination reactions o f  these 

intermediates in the gas phase. T R IR  spectra indicated the addition o f  N 2 and H2 to 

(r|6-C 6H6)C r(C O )2 upon 355 nm excitation o f  (r|6-C 6H 6)C r(C O )3, ([(Ti6-C 6H6)C r(C O )2N 2 

has v co  = 1922 and 1963 cm '1 and (r]r,-C 6H 6)C r(C O )2H2 has v Co = 1 9 1 7  and 1967 cm '1]). 

Excitation at 266 nm o f  (r|6-C 6H6)C r(C O )3 produces both the mono and di-addition 

products, (r|6-C 6H 6)Cr(CO)2L  and (r|6-C 6H 6)C r(C O )L 2 for N 2 and H2, 

([(ti6-C 6H 6)C r(C O )(N 2)2 has v co = 1922 cm '1 and (T16-C 6H 6)Cr(C O )(H 2)2 has v co =

19 17  cm '1]). The hydrides are o f  the non-classical type for all photoproducts. In all 

studies in the presence o f  C O , no evidence for arene ring slippage was obtained as the 

decay o f  all intermediate species, (r)6-arene)Cr(CO )x (x = 1 or 2), returns to the pre

irradiated absorbance without the appearance o f  further absorption features resulting 

from ring slip intermediates.

Although the primary photochem ical route for (r|6-arene)Cr(CO )3 com plexes is ligand 

dissociation, there is also evidence for arene exchange, albeit as a minor process.10,11

‘ ft
Strohmeier et al. observed exchange o f  the Q,H(, m olecule in (r| -Q,H(,)Cr(CO )3 

during photolysis o f  14C  benzene and C O  labelling experiments. W righton et a l3 found 

that C O  substitution w as six tim es more efficient than exchange o f  Q ,116 in 

(r|6-Q,H 6)Cr(CO )3 with C 5H 5N. C O  substitution proceeds with a quantum efficiency o f  

0.72. Gilbert et al 4 reported that exchange o f  C6H6 in (r|6-C 6H6)C r(C O )3 was 

suppressed b y  C O  and confirm ed the quantum efficiency o f  C O  substitution obtained by 

Wrighton.

In the absence o f  other ligands, the interaction o f  (r)6-C(,H(,)Cr(CO)3 with U V -vis light 

results in the decom position o f  the parent com p lex.13 The products o f  this reaction are 

‘ free’ C 6H(,and C r(C O )6. The rate o f  decom position o f  (r/’-CiJ lr,)Cr(CO) j was found to 

fo llow  first order kinetics. Substituents on the C 6I I(, ring were not found to affect the 

decom position rate, although replacem ent o f  one o f  the C O  ligands with aphosphine 

m olecule increases the rate by an order o f  magnitude. A  multistep process was 

proposed but no further mechanism w as presented for this decom position process.
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3.1.2 Photochemistry o f (r|6-C sH 5N)Cr(CO )3

Long et al. 14 have successfully characterised ring slipped intermediates in a variety o f  

matrixes for the class o f  compounds (Ti6-2,6-X2C5H3N )Cr(CO)3 (X  = H, M e or M e3Si). 

The C 5H 5N  ring can coordinate to a metal centre via its n system  or through the lone 

pair on the N atom, w hich can trap rin g  slip intermediates. M oreover, the H O M O  and 

L U M O  energies o f  pyridine are low er than the corresponding orbitals in benzene. A s a 

result, pyridine is a poorer 71-donor but a better 71-acceptor m olecule. Thus, the 

photochem istry o f  (r |6-2 ,6 -X 2C 5H 3N )C r(C O )3  varies greatly from  the photochemistry o f  

(r!6-C 6H 6)C r(C O )3 .

M atrix isolation studies follow ing photolysis o f  (t|6-C 5H 5N )C r(C O )3 in inert (C H 4) and 

reactive (N 2) matrixes reveal the form ation o f  both the C O  loss product and the ring 

slipped product where the pyridine m olecule coordinates as an r)1 ligand to the C r centre 

(Eqn. 3.3)

v c o = 1967, 1897, 1885 cm-i v c o = 1957, 1910 cm-'

= 2222, 2189 e n r 1 v NN = 2189 cm-'

Eqn. 3.3

The photochem istry o f  (r| -C 5I IsN )Cr(CO ) 3 is wavelength dependent. Long wavelength 

irradiation (A,exc = 460 nm) produces the 1 -com plex only, w hile short wavelength 

photolysis results in the formation o f  both the r|1 -com plex as w ell as the C O  loss 

product. In C O  doped matrixes prolonged photolysis o f  (r|6-C 5H 5N )C r(C O )3 produces 

Cr(CO)6 and free pyridine. Evidence for a stepwise process w as not observed.
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T R IR  studies o f  (r|6-C 5H 5N )C r(C O )3 in C O  saturated cyelohexane solution suggest that 

C O  loss is the principal route, as observed in the (r]6-arene)Cr(CO )3 systems. 

(r)1-C 5H 5N )C r(C O )3 is observed although in minor amounts. Laser flash photolysis 

w ith U V -v is  detection supports this, reporting a biphasic process, i.e. C O  recombination 

and an r\1 —> r\6 slippage, reform ing the parent com plex. C O  loss appears as the 

predominant process in room  temperature solutions because o f  the very fast reversal o f  

the aromatic coordination from r\l —> r|6.

3.1.3 Photochemistry o f (r|5-CsH 5)2Fe complexes

(r)5- C 5H 5)2Fe is photo inert in dry alkane solvents but is readily photo-oxidised in 

chlorinated solutions. Decom position o f  substituted ferrocenes is observed in solvents 

such as acetonitrile, methanol, D M S O , decalin, chloroform  and carbon tetrachloride . 15 

L a tif et al.16 reported the decom position o f  (ri5-C 5H 5)Fe(r|5-C 5H 4(C O C 6H 5)) upon 

photolysis in ‘ w et’ solvents. In D M S O  decom position occurs forming 

m onocyclopentadienyliron (II) benzoate salt, free cyclopcntadiene and (r^-CsHs^Fe 

(Eqn. 3.4) . 16

K x c  >  280 nm
►

D M S O

The above products are observed upon photolysis in a variety o f  solvents including 

pyridine, D M F and H M PT. H ydrolysis o f  the carbonyl group follow ed by Fe-(7i-C 5H 5) 

cleavage is proposed as a likely  mechanism. Decom position was not observed in these 

solvents when properly dried.

F A  + C p2Fe

Eqn. 3.4

+ CpFe(solv)n+P h C 0 2-
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3.1.4 Photochem ical reactions o f (Ti5-C5H 5)-m etal complexes

In contrast to the relative photoinertness o f  (r^-CsH s^Fe, haptotropic shifts o f  the 

cyclopentadienyl ligand have been observed for many (r|5-C sH 5)M  com plexes M  = Rh 

or Ir. The cyclopentadienyl ligand can adopt a variety o f  bonding modes; all ten 

illustrated below  have been observed (Fig. 3 .1). The most interesting are the r\ , r| and 

ri1 bonding modes because o f  their ability to intcrconvert.

Fig. 3.1: The different coordination modes observed between a cyclopentadienyl ligand 

and one or tw o metal centres

Crichton et al. 17 have reported the photochem ical generation o f  (r]3-C 5H 5)C o (C O ) 3 in a 

pure C O  matrix. Irradiation o f  (n 5-C 5H 5)C o (C O )2 (280 > Xcxc > 500 nm) causes the r e 

bound cyclopentadienyl ring to undergo ring slippage to the r|3-coordination mode, thus 

creating a vacant site on the metal centre, w hich is occupied b y  a host C O  m olecule
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The C O  stretching frequencies shift to higher wavenum ber as expected for an increase 

in the number o f  C O  ligands. Sim ilarly, photochem ically generated rp-bound 

cyclopentadienyl com plexes have been reported for a number o f  Re system s . 1 

Photolysis o f  (r)5-C 5H 5)2ReH  in a C O  matrix produces the ri3-intermediate, 

(T!3-C 5H 5XTi5-C 5H 5)R e(C O )H  (Eqn. 3.6).

18

Re H
C O  matri^ 

hv

R  . . . « " C O

Eqn. 3.6

H

The ^ -interm ediate w as formulated on the basis o f  the m onocarbonyl stretch observed 

at 1918 cm '1. This interconversion chem istry o f  (r|x-C 5H 5)-metal com plexes is o f  great 

interest, because o f  their possible applications in catalytic systems.

3.1.5 Photochemistry o f (r)5-pyrrole)M L 3 complexes

King and Efraty 19 reported that photolysis o f  (r|5-C 4H 4N )M n(C O ) 3 in the presence o f  

triphenyl phosphine derivatives results in the substitution o f  a C O  m olecule by a 

triphenyl phosphine group, (C 4H4N )M n (C O )2(PPh3)2- The IR spectrum o f  the starting 

material contained three carbonyl frequencies in comparison to the two frequencies 

observed for the analogous cyclopentadienyl derivative, (r)5-C 5H 5)M n(C O )3. 

Introduction o f  the nitrogen atom in place o f  one o f  the carbon atoms in the 

cyclopentadienyl ring changes the sym m etry o f  the m olecule from  C 3v for 

[(ris-C 5I l5)M n(C O )3l to C s for the r)5-C 4l l 4N derivative. The manganese-7i:-C4l l 4N  bond 

is no longer cylindrical causing a noticeable effect on the v Co IR frequencies. The 

substitution o f  a C O  m olecule in (r|5-C 4H4N )M n(C O ) 3 by a triphenyl group follow ing 

U V  irradiation is a substitution reaction similar to that observed for (ri6-arene)Cr(CO ) 3 

com plexes.
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3.1.6 Photochem istry of (r|5-C 5H 5)(r|5-C 4H 4N) Fe

The only reported photochem ical studies on (r)5-C 5H 5)(r)5-C 4H4N )Fe and 

(■n5-C 5H 5)(r|l-A^-C4H4N )F e(C O )2have been carried out by Heenan .20,21 In the sandwich 

com plex (ri5-C 5H 5)(ris-C 4Fl4N )Fe, the presence o f  the pyrrole group reduces the 

sym m etry o f  this m olecule compared to the symmetrical ferrocene m olecule. This 

asym m etry results in the lifting o f  the degeneracy o f  the valence orbitals and permits 

photochem ical routes that are not available to the more sym m etrical (r|5-C 5H 5)2Fe.

Photolysis o f  (ri5-C 5H 5)(r|5-C 4H 4N )Fe in a C O  matrix at 12 K , w ith long wavelength 

irradiation (Xexc > 495 nm) produces (r|5-C 5H 5)(ri l-Ai-C 4lI 4N )F e(C O )2 (2053 and 2008 

cm ’ 1, an 18 electron species) and (ri5-C 5H 5)(r|l-A^-C4H4N )F e(C O ), (1974 cm"1, a 16 

electron species). The identity o f  the dicarbonyl species w as confirm ed by comparison 

o f  the spectrum to that o f  an authentic sample o f  (r]5-C 5H 5)(r|1-7V-C4H4N )Fe(C O ) 2 

prepared by published procedures. Formation o f  the m onocarbonyl com plex was 

confirm ed by com parison with m atrix experiments on a sample o f  the dicarbonyl 

com plex, w hich upon irradiation produces the monocarbonyl species (1974 cm '1) and 

'free' C O  (2138 cm '1).

M o n o ch ro m a tic  photolysis (Xcxc = 538 nm) follow ed by broadband irradiation (Xcxc > 

495 nm) produces tw o additional products assigned to the ex o -^ -C sH sX T ^ -C -^ F ^ N ) 

Fe(CO ) (1949 cm '1, an 18 electron species) and the r|3-allyl species (r|5-C 5H 5)(r|3-jV- 

C 4H4N )F e(C O ) (1962 cm '1, an 18 electron species) (Schem e 3.2).

Solution photochem ical studies perform ed on (r)5-C 5H5)(r|5-C 4H4N )Fe are summarised 

in Eqn. 3.7. Irradiation o f  an A r  saturated cyclohexane solution o f  (r|5-C 5H 5)(r|5- 

C 4I-l4N )Fe does not cause any observable change in the U V -vis  spectrum. Subsequent 

addition o f  C O  to the reaction mixture leads to the formation o f  the dicarbonyl com plcx, 

(r|5-C 5H 5)(Ti ‘-7V-C41 l4N)Fe(CO)2(2048 and 2002 cm"1). Steady state photolysis o f  the 

parent com plex in C O  saturated cyclohexane results in formation o f  the dicarbonyl 

com plex and the 7r-allyl species, (r|5-C 5pl5)(r|3-C -C 4F[4N )Fe(C O ) (1949 cm '1). 

Subsequent photolysis o f  this solution reduces the intensity o f  the Tt-allyl species while
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increasing the intensity o f  the dicarbonyl bands. This illustrates that the r|3 com plex is 

itse lf photosensitive.

+

Fe

N

Broad band 
irradiation 

 >

Additional
products:

Vlonochromatic
irradiation

+

2008cm-1

1962cm-'

Schem e 3.2: Photoproducts observed from matrix isolation studies o f

(Ti^-CsHsXr^-CiF^IvOFe in a C O  matrix at 12 K 20

Solution
photochem istry

Pe Fe
A, = 5 32 nm 

C O O C N T * ,

N C O \ = J

+

O C
/

Fe

■N

v co = 2040cm-' 
1995cm-'

v co = 1949cm*'

Hqn. 3.7
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3.1.6 Photochem istry o f (ri5-C 5Hs)(r1 5-2 ,5 -(CH 3)2C4H 2N)Fe

Sim ilarly to (r|5-C 5H 5)(Ti5-C 4H4N)Fe, irradiation o f  the dimethyl-substituted derivative 

in cyclohexane solution also gives rise to a number o f  carbonyl containing species 

follow ing irradiation in the presence o f  C O .21 For the disubstituted pyrrolyl ligand, the 

presence o f  the tw o electron donating m ethyl groups makes it a stronger donor to the 

iron centre. Thus the backbonding o f  the extra electron density from the iron centre to 

the antibonding orbitals o f  the carbonyl groups w ill be greater. Hence, the carbonyl 

stretches occur at low er frequency in the IR spectra.

Heenan21 has carried out room temperature solution studies on this dimethylated 

azaferrocene analogue. Room  temperature photolysis o f  (r|5-C5H5)(r|5-2,5- 

(C H 3)2C 4H2N )Fe under C O  reveals that the form ation o f  photoproducts is w avelength 

dependent. L o w  energy photolysis (A,exc > 500 nm) o f  (r|5-C5H5)(r|5-2,5- 

(C H 3)2C 4H2N )Fe in a C O  saturated cyclohexane solution produces four carbonyl 

com plexes; the dicarbonyl (r|5-C5H5)(r|1 -iV-(CH3)2C/|I I4N )F e(C O )2 (2041 andl995 

cm '1), the iron dimer [(r|5-C 5H 5)F e(C O )2] (2004, 1961 and 1793 cm '1), the methylene 

com plex, (r|5-C 5H 5)(C H 2C 4H2(CH 3)N H )Fe(C O )2  (2015 and 1966 cm '1) and the acyl 

com plex (T15-C 5H 5)(C O C H 2C 5H6N H )Fe(C O )2 (2022 and 1973 cm '1). The acyl IR band 

was not observed, w hile an IR band at 3482 cm '1 w as tentatively assigned as the N-H  

stretch. H igher energy photolysis (A,exc > 4 10  nm) precludes formation o f  the methylene 

and acyl com plexes but produces a significant amount o f  iron dimer and the dicarbonyl 

com plex. M onochrom atic irradiation at A,exc = 355 nm however, results in the formation 

o f  the com plexes observed follow ing photolysis with Xexc > 500 nm (i.e. (r)5-C 5I i5)(ri1- 

7V-(CH3)2C 4H 4N )F e(C O )2, [(T15-C 5H 5)Fe(C O )2], (ti5-C 5H 5)(CH 2C 4H2(CH 3)NFI)Fe(CO)2 

and (r|5-C 5H 5)(C O C H 2C 5H 6N II)F e(C O )2. The bulky C H 3 groups do not prevent 

formation o f  the r|1 com plex but this com plex is less stable than the azaferrocene 

analogue as attempts to isolate it failed. The formation o f  the acyl and methylene 

com plexes is a secondary thermal process. A  summary o f  the solution photochemistry 

o f  (r|5-C 5H5)(r|5-(CH 3)2C 4H2N )Fe is given in Schem e 3.4.

The assignments o f  the allyl com plexes have been made by comparison with earlier 

published w ork21 and with other ally! systems synthesised and characterised by Green 

and coworkers.22 Green prepared 7t-allyl com plexes (r|3-C 3PI4R)(r]5-C 5H5)Fe(CO );
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R  = H, M e; by U V  irradiation o f  the related r| 1 com plexes. The carbonyl stretches for 

the tw o com plexes are: R  = H, v co  = 1950 cm ' 1 and R  = M e, Vco = 1948 cm '1. The 7t- 

allyl com plexes are usually form ed as tw o isom ers, nam ely the endo and exo forms. 

Green et al. did not characterise the stereoisomer present in their sample, but from the 

subsequent studies it can be concluded that it w as the exo isomer, w hich w as formed.

v co = 2040cm-1 
1995cm -’

O

+ O C - F e  
T15-C 5H5̂

e ^ T l5-C 5H5

'" 'C O

O

v co = 2004cm-’ 
1961cm -1 
1793cm -’

v co= 2015cm -’ 
19 6 6 cm 1

hv
C O  insertion 

hv
decarbonylation

v co = 2 0 2 0 cm -1 

1973cm -’

Schem e 3.4: Photoproducts obtained follow ing solution photolysis o f  

(Ti5-C 5H 5)(Ti5-2 ,5 -(C H 3)2C 4H2N )Fe in cyclohexane20

Belm ont et a l23 reported that the exo isom er is the more stable M-(r|3-allyl) isomer, 

with a carbonyl absorbance for (r|5-C 5H 5)(ri3-C 3H 5)Fe(C O ) at 1962 cm '1. The endo 

isom er exhibits a carbonyl stretch at a lower frequency in the IR spectrum o f  1940 cm '1.

It has been shown by Fish et al. that the endo species therm odynam ically isomerises to 

the exo isomer at a moderate rate at ambient temperature.24 Furthermore, for the
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analogous r|3-allyl com plexes o f  M o and W , the carbonyl-stretching trend is reversed. 

The carbonyl stretch o f  the exo isom er occurs at a low er frequency in the IR  spectrum. 

D ow ns et a l25 have shown that the com plex (r)5-C 5H 5)(r|3-C 3H 5)M o(C O )2, exists as two 

isom ers (exo and endo) in an A r  matrix at 10 K : the exo isom er having low er carbonyl 

stretching frequencies than the endo species (Fig. 3.2). In this case the process is 

irreversible. In a solid C O  matrix the r\[ com plex cannot be generated. The M -(r|3- 

allyl) bond is stronger than the M -c  bond ;26 hence the former coordination mode is 

favoured. Photolysis o f  matrixes (both C O  and A r) containing the endo and exo isomers 

possibly w eakens the M o-allyl n bond, w hile the a  bond remains intact. The allyl 

species can rotate more freely and interconvert.

Mo.

r)1 -com plex

l ' W '  Mo A
* I ^  / 1• rr\ nr. Ioc CO oc co

(b) (c)
Endo Exo

Fig. 3.2: Structures o f  the (ri5-C 5H 5)(ri1-C 3H 5)M o (C O )3 species and the corresponding 

endo and exo r] -allyl species

The only other documented exam ple o f  a m ononuclear Fe-t/za-allyl species is that 

reported by Nakanishi el a l21 W ith selective dimérisation o f  a-brom oam ines, 

(r|3-l-az<3-allyl)(nitrosyl)Fe(C O )2 com plexes are formed. The presence o f  the weaker 

donating nitrosyl ligand and second C O  group result in the higher stretching frequencies

1 3observed for the carbonyl groups [2036 and 1977 cm ' for (C O )2Fe(NO)(r| - 

C 2H3N O M e)]. A ll other reported (r|3-l-a za-a lly l) com plexes o f  Fe are o f  dinuclear 

com plexes.28,29

The results presented in this chapter are a continuation o f  the study into the 

photochemistry o f  (ri5-C 5H 5)(ri5-(CH 3)2C 4H2N)Fe. M atrix isolation experiments were 

carried out in inert A r  m atrixes and reactive C O  matrixes and monitored with IJV-vis 

and IR spectroscopy.
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3.2 RESULTS

The IR spectroscopic data for (r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe and all its 

photoproducts obtained during these m atrix experiments is given in Table 3.1.

COMPLEX Vch/VcN

(cm 1)

MATRIX TEMP.

(K)

(îl5-C 5H 5)(î1 5-2 ,5 -(C H 3)2C 4H2N )Fe (1) 950-1500 Ar 2 0

V co (cm 1)

O f-C sH sX îi 1-N -(C H 3)2C 4H2N )Fe(C O ) (2) 1999 5 %  CO/Ar 2 0

(r|5-C 5H 5)(ri1-N -(CH 3)2C 4H 2N ) F e(C O ) 2 (3) 2044, 1992 5%  CO/Ar 2 0

(ti5-C 5H 5)(ti3-AH CH 3)2C 4H2N) Fe(C O ) (4) 1957 5 % C O /A r 2 0

(î1 5-C 5H 5)(îi3-C -(C H 3)2C 4H2N) Fe(C O ) (5) 1947 5 %  CO/Ar 2 0

Table 3.1 : Spectroscopic data for (r|5-C 5H 5)(r| -2 ,5 -(ÜH3)2C 4H 2N )Fe (1) and all

photoproducts observed

The IR and U V -v is  spectra for (r|5-C 5H 5)(ri5-2 ,5 -(CH 3)2C 4H2N )Fe (1) in an A r matrix at 

20 K  are represented in Figs. 3.1 and 3.2 respectively. The IR spectrum o f  the starting 

material exhibits bands in the region 950-1500 cm '1. The U V -vis spectrum o f

(r|5-C 5H 5)(r|5-2 ,5 -(C H 3)2C 4H 2N )Fe in an A r  matrix exhibits an intense band below  200
„ * 

nm due to diene absorption in both the Cp and disubstituted pyrrole ring (tt —> 7i

transition). The band at 325 nm is due to n —» re* transitions in the heterocyclic ring,

w hile the absorption at 423 nm is due to charge transfer transition between the iron

centre and aromatic rings.
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W avenum bers (c m ')

Fig. 3.1: IR spectrum o f  (r^-CsH 5)(Ty-2,5-(CI h^CaHiNOFe (1) in an A r matrix at 20 K  

follow ing deposition

Wavelength (nm)

Fig. 3.2: U V -vis spectrum o f  ( i | - C 51 I5)(tv-2,5-(C1 I.O2C 4I I?N)Fe (1) in an A r matrix at 

20 K. fo llow ing deposition
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3.2.1 Photolysis o f (Ti5-CsH5)(ri5-2 ,5 -(CH 3)2C4H 2N)Fe in Ar matrixes at 20 K

550 nm 30 min
500 nm +45 min
410 nm +45 min
320 nm +30 min

0.6  -  

-r- 0 .5 -

I  0,4 “ ! I ICO - i

I  0 .3 -  i
_Q
c  - I

0 .2 - '

1600 1500 1400 1300 1200 1100 1000

Wavenumbers (cm'1)

Fig. 3.3: IR spectra obtained fo llow in g broadband photolysis o f

(Jl5-C 5H 5)(r|5-2 ,5 -(C H 3)2C 4H2N )Fe (1) in an A r  matrix at 20 K

Photolysis o f  (r|5-C 5H 5)(r)5-2 ,5 -(CH 3)2C 4H2N )Fe (1) w ith broadband irradiation (A,cxc =

> 550, > 500, > 4 1 0  and > 320 nm) in an A r matrix resulted in the changes illustrated in 

Fig. 3.3. The spectroscopic changes are similar for all irradiation wavelengths and have 

been assigned as depletion o f  the starting material com plex (1 ) w ith concomitant 

formation o f  a ring slipped product o f  the type (r|5-C 5H 5)(Ti*-2 ,5 -(CH 3)2C 4H2N)Fe. A  

similar result is obtained fo llow in g monochromatic irradiation (Xexc = 546, 436, 405 and 

365 nm) o f  (T|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) in an A r  matirx (Fig. 3.4). The 

hapticity change o f  the disubstituted pyrrole ring is uncertain however, as the IR data 

cannot provide conclusive evidence.
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A, = 546nm 45min

Wavenumbers (cm'1)

Fig. 3.4: IR spectra obtained follow ing monochromatic photolysis in an A r 

matrix at 20 K  o f  (r|5-C 5H 5)(Ti5-2 ,5 -(CH 3)2C 4H 2N )Fe (1)

W hen the difference spectra obtained follow ing both broadband and monochromatic 

photolysis o f  (r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N)Fe (1) in an A r matrix are contrasted it is 

clear that broadband photolysis gives sharper peaks and a greater depletion o f  the parent 

com plex (Fig. 3.5). The X e-arc lamp used for broadband irradiation provides greater 

intensity photons compared to the H g-X e lamp, w hich is used for monochromatic 

irradiation. Hence broadband photolysis produces a higher concentration o f  

photoproducts within a given tim escale compared to m onochromatic irradiation.
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Wavenumbers (cnr1) Wavenumbers (cm1)

Fig. 3.5: The difference spectra obtained after (a) broadband photolysis and (b)

m onochrom atic photolysis o f  (ri5-C 5H 5)(r|5-2 ,5 -(C H 3)2C 4H2N )Fe (1) in an A r 

m atrix at 20 K

A  general increase in absoiption in the region 300-450 nm  is observed in the U V -vis 

spectrum along w ith the appearance o f  a  new, broad and intense band centred at 660 nm 

(Fig. 3.6) fo llow ing irradiation o f  (r)5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) in an A r 

matrix. Com paring the changes observed with the U V -v is  data obtained for the 

analogous azaferrocene reaction ,20 the band centred at 660 nm is associated with the r)3- 

allyl species (Ti5-C 5H 5)(Ti3-7V-(CFl3)2C 4FI2N )Fe and (r)5-C 5H 5)(Ti3-C -(C H 3)2C 4H 2N)Fe.

A s  a result o f  the lack o f  information provided by photolysis in A r matrixes, the 

majority o f  experiments w ere carried out in C O  doped matrixes.
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Wavelength (nm)

Fig. 3.6: The U V -vis difference spectrum recorded follow ing monochromatic irradiation 

o f  (t|5-Csl 1 s)(ri5- 2 , 5 - ( C I h N J F e  ( I ) in an A r matrix at 20 K. A  sim ilar 

spectrum w as recorded follow ing broadband photolysis.

Fe

N

(1)

O C

(3)

(4)

Fig. 3.7: The assigned structures for com plex (1) and species (2)-(5)

80



Chapter 3
3.2.2 Photolysis (A,exc > 410 nm or Xtxc = 436 nm) o f (Ti5-CsH5)(r|5-2,5- 

(CH 3)2C4H 2N)Fe at 20 K in A r matrixes containing 5 % CO

Results

o
as

-Q
OCO

-O
<

Wavenumbers (cm'1)

Fig. 3.8: The carbonyl containing species produced upon photolysis w ith Xcxc = 436 nm 

o f  (r)5-C 5H 5)(r|5-2 ,5 -(CFl3)2C 4H2N )Fe (1) in a 5 %  CO /Ar matrix at 20 K

Photolysis o f  (T]5-C 5Fl5Xr|5-2 ,5 -(CPl3)2C 4f l 2N )Fe (1) in 5 %  CO /Ar matrixes with Xexc > 

410 nm or A,exc = 436 nm for 60 m in produces three species, one with vco  = 1999 cm"1, a 

second w ith v co  = 2044 cm ' 1 and a third w ith vco  = 1957 cm ' 1 (Fig. 3.8). The ratio o f  

the bands at 1999 cm ' 1 to 2044 cm ' 1 is dependent on the irradiation used. W ith 

^exc > 4 1 0  nm the band at 1999 cm ' 1 is five times as intense as the band at 2044 cm ' 1 

w hile w ith Xcxc =  436 nm the band at 1999 cm ' 1 is ten times as intense as the band at 

2044 cm"1. W ithin individual experiments this ratio remains constant (Fig. 3.9).
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Wavenumbers (cm'1)

Fig. 3.9: Spectrum  illustrating that photolysis o f  (T|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) 

in 5 % CO /A r matrix with X£xc = 436 nm produces the V  monocarbonyl 

species and the dicarbonyl species in the same ratio

The species absorbing at 1999 cm ' 1 is assigned to the r)1-monocarbonyl species 

(rj5-C 5H5)(Ti1-Af-(CH3)2C 4H2N )Fe(C O ) (2). This assignment is based on a number o f 

arguments, w hich w ill be described in detail in the discussion. Alternative structures for 

this m onocarbonyl spccies at 1999 cm "1 that were considered are presented and 

discounted in the discussion. The band at 2044 cm ' 1 is assigned to the dicarbonyl 

species (ri5-C 5H5)(ri1-A^-(CH3)2C 4H 2N )F e(C O )2 (3). The low er energy band o f  the 

dicarbonyl species absorbs at 1992 cm '1. A t 20 K  it is masked b y  the broad and intense 

band o f  the m onocarbonyl species at 1999 cm ' 1 and only becom es apparent upon 

annealing. The assignment o f  the dicarbonyl species is based on comparison with the 

azaferrocene analogue, ( r ^ - C s H s X V - N ^ H ^ F e iC O ^ , which has Vco = 2053 and 

2007 cm "1.20 A  third band is observed to have formed w ith both A,exc > 4 10  nm and Âcxc 

= 436 nm and has Vco = 1957 cm '1. This band is assigned to the aza-allyl species,
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(r| 5-C 5H 5)(r| 3-jV-(CH3)2C 4H 2N )F e(C O ) (4) by comparison w ith the azaferrocene

analogue, (V -C jH s X V -W -C A N ^ e C C O ), w hich has vco = 1962 cm ' 1.20

3.2.3 M onochromatic photolysis (A,exc = 546, 436, 405 and 365 nm) of

(r|S-C5H 5)(ri5-2 ,5 -(CH 3)2C4H 2N)Fe in an Ar matrix containing 1% CO

W a v e n u m  b e r s  ( cm '1)

Fig. 3.10: D ifference spectrum observed follow ing monochrom atic photolysis o f  

(r|5-C 5H 5XTi5-2 ,5 -(C H 3)2C 4H2N )Fe (1) in a 1 %  CO /A r matrix

Initial photolysis o f  ( r ^ - C s H s X r i ^ X C I ^ ^ t W F e  (1) in a 1 %  CO/Ar matrix with 

A-exc= 546 nm for 20 min did not result in any new  bands being observed in the matrix. 

Changing to shorter w avelength photolysis (A.exc = 436 nm for 30 min) produced a band 

at 1999 cm '1, w hich is related to the r^-m onocarbonyl species (Y|5-C 5I I5)(r|I-/V- 

(CFI3)2C 4H2N )Fe(CO ) (3). Further shorter wavelength photolysis (XQXC = 405 nm for 20 

m in and 365 nm for 180 min) increases the intensity o f  this band but did not produce 

any o f  the other bands i.e. 2044 or 1957 cm '1, observed in previous experiments.
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3.2.4 Initial photolysis (A*xc = 436 nm) o f (T|5-C5H 5)(r|5-2 ,5 -(C Il3)2C4H 2N)Fe at 

20 K in Ar matrixes containing 5 %  CO and subsequent monochromatic 

photolysis (Aexc = 405 and 365 nm)

-  Deposition

Wavenumbers (cm'1)

Fig. 3 .11: Spectral changes observed follow ing m onochromatic irradiation o f  

(r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) in a 5 % CO /A r matrix

Initial photolysis o f  a 5 %  C O  doped A r matrix with Xcxc = 436 nm containing 

(r|5-C 5H 5)(ri5-2 ,5 -(CH 3)2C 4H 2N )Fe (1 ) produced three carbonyl containing species with 

bands at 2044, 1999 and 1957 cm "1 respectively. Subsequent shorter w avelength 

photolysis with Xexc = 405 nm changed the ratio o f  the products (Fig. 3 .11). The 

intensity o f  the band at 1999 cm ' 1 increases more rapidly than those at 2044 or 1957 

cm"1. This suggests that the dicarbonyl species is undergoing photoinduced C O  loss at 

this excitation w avelength (Schem e 3.5).
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Schem e 3.5

Additional photolysis o f  this matrix with Xexc = 365 nm changes the ratio o f  the products 

further. The intensity o f  the band at 1999 cm ’ 1 increases w hile the intensity o f  the band 

at 2044 cm ' 1 decreases. This result suggest that the dicarbonyl species is undergoing 

photoinduced C O  loss to a greater extent at this excitation wavelength than with = 

405 nm. During this experiment the species absorbing at 1957 cm ' 1 increases in 

intensity with all excitation w avelengths employed.
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3.2.5 Initial photolysis (A*Xc > 410 nm) o f (Tis-CsHs)(Ti5-2 ,5 -(CH3)2 C4H2N)Fe at 

20 K in an Ar m atrix containing 5 % CO and subsequent broadband  

photolysis (Xexc > 390 nm)

Wavenumbers (cm1)

Fig. 3.12: Spectral changes illustrating the effect o f  short wavelength broadband 

photolysis on the photoproducts produced in a 5 % CO /A r matrix

Initial photolysis o f  (ri5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) with Xcxc > 410 nm produced 

three carbonyl bands at 2044, 1999 and 1957 cm '1. Subsequent photolysis o f  this matrix 

w ith Acxc > 390 nm increased the intensity o f  the three bands at 2044, 1999 and 1957 

cm ' 1 but did not change the ratio o f  the r)1-m onocarbonyl species to the dicarbonyl 

species (Fig. 3.12). This is in contrast to the previous experiment where monochromatic 

irradiation affected the ratio o f  the r i1-monocarbonyl species to the dicarbonyl species. 

A ll photolyses carried out in C O  matrixes (either monochrom atic or broadband in 

nature) g ive similar U V -v is  spectra with a general increase in absorption in the region 

300-800 nm (Fig. 3.13).
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Wavelength (nm)

Fig. 3.13: The difference U V -v is  spectrum obtained follow ing photolysis o f

(Ti5-C 5H 5)(r|5-2,5-(CH 3)2C 4FI2N )Fe (1) in a 10 %  C O  doped A r  matrixes

I Iowcver, the band at 660 nm previously observed in A r matrixes is not observed in C O  

doped A r matrixes. In all o f  the photolysed C O  matrixes at 20 K, the dominant 

photoproduct is the r |  '-m onocarbonyl species, ( r f - C j I I ^ i T i ' - / V - ( C I  I ^ . C . i I  liN )Fc(C O ) 

(2), characterised by the IK band at 1999 cm '1. The iy’ specics characterised by a band 

at 1957 cm"1, (r^ -C sH sX V -A K C I I^ Q th N O F c iC O ) (4) is only present in very small 

amounts.
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3.2.6 Annealing Ar matrixes containing 10 %  CO from  20 K to 40 K that have 

been initially photolysed with either m onochrom atic or broadband 

irradiation at 20 K

Wavenumbers (cm'1)

Fig. 3.14: IR spectra show ing the conversion o f  photoproducts upon annealing o f  a 

10 % CO /A r matrix from  20 K  to 40 K

Photolysis o f  (ri5-C 5H5)(ri5-2 ,5 -(CH 3)2C 4H2N )Fe (1) in 10 % C O  doped A r matrixes at 

20 K  produces three products: the m onocarbonyl species characterised b y  a band at 

1999 cm '1, (t|5-C 5H5)(r|l-7V-(CH3)2C 4H2N )Fe(CO ) (4), the dicarbonyl com plex 

characterised b y  a band at 2044 cm '1, (r|i-C 5H5X V -A L(CH 3)2C 4H2N )F e(C O )2 (3) (the 

low  energy band at 1992 cm ' 1 is masked b y  the band o f  the m onocarbonyl species at 

1999 cm '1), and the r|3-species (r|5-C 5H 5)(Ti3-A -(C H 3)2C 4H 2N )Fe(CO ) (4) characterised 

b y  the band at 1957 cm ’ 1.

G radually annealing the matrix to 40 K  causes the r\l-m onocarbonyl species to convert 

to the dicarbonyl species and the r|3-£zza-allyl species isom erises to the more 

therm odynam ically stable species (T|5-C 5H5)(ri3-C -(C H 3)2C 4H 2N )Fe(CO ) (5), which is
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characterised by a band at 1948 cm ' 1 (Fig. 3.14). U pon annealing an additional band at 

2061 cm "1 is observed to have form ed and represents a  third carbonyl species. An 

assignment has not been made, how ever.

Sim ilar results w ere obtained upon annealing o f  a 10 %  CO /A r matrix to 40 K  that had 

been initially photolysed w ith m onochrom atic irradiation (A.exc = 405 and 365 nm). Fig. 

3 .15 illustrates the difference spectra betw een the matrix at 20 K  and the matrix at 40 K . 

It is clear that the band at 1999 cm ' 1 has decreased w hile the bands at 2044 and 1992 

cm -1 have increased significantly. In addition the band at 1957 cm 1 has shifted to a 

lower frequency with vco  = 1947 cm '1. The negative peak refers to the depletion o f  the 

m onocarbonyl species.

Wavenumbers (cm'1)

F ig.3.15: Spectral changes observed upon annealing o f  a 10 %  CO /Ar matrix from 20 K  

to 40 K  follow ing monochrom atic irradiation
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At 40 K the second band of the dicarbonyl (r|5-C5Hs)(T]l-AL(CH3)2C4H2N)Fe(CO)2 (3) 

becomes apparent (Fig. 3.16).
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W a v e n u m  be rs  (cm ')

Fig. 3.16: 5 % CO/Ar matrix annealed to 40 K after photolysis illustrating the two bands 

of the dicarbonyl complex, (r^-CjFIsXri'-AHCFh^GiI I2N)Fe(CO)2 (3)
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3.2.7 Photolysis (A*Xc = 436 nm) o f (t|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C4H 2N)Fe in a CH4 

m atrix containing 5 % CO at 30 K
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W avenum bers (cm '1)

Fig. 3 .17: Spectra obtained at various time intervals during the photolysis o f

(ri5-C5H5)(ri5-2 ,5-(CH3) 2C4H2N )Fe (1) for the first 11 min with X«xc = 436 nm  

o f  a 5 % CO/CH4 matrix at 30 K

A  5 %  CO/CFU matrix containing (r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe (1) was 

photolysed at 30 K  to confirm  that these bands at 2044 and 1992 cm ' 1 belong to the 

same species, that is (r)5-C 5H 5)(r|1-Ar-(C H 3)2C 4H2N )F e(C O )2 (3). A t 30 K , the r|1_ 

m onocarbonyl species is no longer the dominant species. The dicarbonyl species is the 

m ajor photoproduct form ed at this temperature. (Note a C O  doped C H 4  matrix gives 

sharper peaks compared to a C O  doped A r matrix). Photolysis o f  this matrix with Xexc = 

436 nm results in the tw o bands at 2044 and 1992 cm ' 1 grow ing in at the same rate (Fig. 

3 .17), thus confirm ing that they represent the same species. The tw o bands for the 

dicarbonyl species should be o f  nearly equal intensity ,21 b y  comparison with the IR 

spectrum for the azaferrocene dicarbonyl species, (r|5-C 5H5)(r|l-/V-C4H4N )F c(C O )2, but 

from Fig. 3 .17  it can be seen that the band at 1992 cm ' 1 has a higher intensity than the 

band at 2044 cm"1. This is because at 30 K  the V  m onocarbonyl species is formed to a

nm
nm
nm
nm
nm
nm
nm
nm

— 1--------- '----------1--------- 1--------- 1--------- 1--------- r
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small extent and its band (1999 cm '1) overlaps with the low  energy band o f  the 

dicarbonyl com plex.

Wavenumbers (cm1)

Fig. 3.18: Spectral changes illustrating the rate o f  growth o f  the dicarbonyl com plex, 

0 l 5-C 5H5)(r|1 -/V-(GH3)2C 4H2N )F e(C O )2 (3) (2044 and 1992 cm '1) at 30 K, at 

longer time intervals than in the previous figure

Fig. 3.18 illustrates the rate o f  growth o f  the two dicarbonyl bands at longer time 

intervals. Note that at 30 K both ty1 species are present. A t 30 K , the band at 2061 cm ' 1 

is not yet visible.
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3.2.8 Photolysis (A,esc = 436 nm) o f (r)5-C 5H 5)(r|5-2 ,5 -(CH 3)2C4H 2N)Fe in a CH 4 

m atrix containing 0.2 % CO at 40 K

W a v e n u m b e r s  ( c m '1)

Fig. 3.19: Photolysis o f  ( î ^ - C s H s X î i ^ X C F b ^ F ^ F e  (1) in a 0.2 %  CO/CH 4 

matrix at 40 K  w ith À,cxc = 436 nm for 145 min

A  sample o f  (Ti5-C 5H 5)(ri5-2 ,5 -(CH 3)2C 4H 2N )Fe (1) w as deposited in a 0.2 %  CO/CH 4 

matrix at 40 K . Photolysis with A,exc = 436 nm produced the r) '-m onocarbonyl com plex, 

(Tl5-C 5H 5)(r|'-7V-(Cl l3)2C 4l I2N )Fe(C O ) (2) (1999 cm '1) as the dominant photoproduct as 

illustrated in Fig. 3.19. Thus, at very lo w  C O  concentrations, the r j1 -monocarbonyl 

species is form ed in significant amounts regardless o f  the temperature o f  the 

experiment.

The ratio o f  the dicarbonyl species to the r| '-spccies is roughly 2:1 at 40 K. However, at 

30 K  in a 5 %  CO /A r matrix the ratio o f  the dicarbonyl species to the r|3-species is 

roughly 10:1 (Fig. 3 .17). Thus at low er concentrations o f  C O , the formation o f  the r|3- 

species is favoured w hile at higher concentrations (Fig. 3.18), the formation o f  the 

dicarbonyl com plex dominates.
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3.2.9 Cyclic voltammetry measurements

C y clic  voltam m etry measurements were carried out in N 2 purged acetonitrile solutions 

of(T i5-C 5H 5)2Fe, (Ti3-C 5H5)0 l 5-C 4l l 4N)Fe and ( V - C s H s X n ^ X C H a ^ l W F e  in 

order to com pare the electrochem ical properties o f  these three com plexes. The 

voltam m ogram s measured at a scan rate o f  100 m V per sec are illustrated below  and 

w ill be follow ed with an explanation o f  the results.

Potential (V) vs. SCE

Fig. 3.20: C y c lic  voltam m ogram  illustrating the oxidation potential o f  ferrocene in 

acetonitrile
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 ■ 1----1----r— •’--- 1----'--- 1-----■--r— •---- 1----■----1---->
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4

Potential (V) vs. SCE

Fig. 3.21: C y c lic  voltam m ogram  illustrating that although (Ti5-CsH 5)(r|5-C 4H4N )Fe 

undergoes oxidation in acetonitrile for the first few  cycles, thereafter the 

electrode is pacified
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Fig. 3.22: C y c lic  voltam m ogram  recorded in acetonitrile illustrating the oxidation 

potential o f  (r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4II2N )Fe
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P o te n tia l (V ) vs . SC E

Fig. 3.23: C yclic voltammogram obtained in acetonitrilc illustrating the reduction 

potential o f  (ly-C.sI-IsXr^-CaF^NiFe

Potential (V) vs. SCE

Fig. 3.24: Cyclic voltammogram obtained ¡11 acetonitrile illustrating the reduction 

potential o f  Ois-C 5l l5)0 is-2,5-(C l 1.0?C,I l2N)Fc
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Fig. 3.20 illustrates the oxidation o f  ferrocene in acetonitrile. A s  the potential o f  the 

potentiostat is scanned to positive potential the ferrocene m olecules near to the electrode 

are oxidised to ferrocenium  at 0.42 V . On the reverse scan ferrocenium is reduced back 

to ferrocene at 0.35 V . Com paring the current for the oxidation and reduction process it 

can be seen that they are equal in amplitude; hence the oxidation o f  ferrocene is a 

reversible process. The ferrocenium ion produced is stable enough to exist in solution 

until it is reduced by the electrode. The potential o f  this process is equal to the h alf 

w ave potential (Ey2) and has a value o f  0.38 V  (Ey2 = M>(0.42 V  + 0.35 V )). W hen a C 

and H atom o f  the ferrocene m olecule are replaced by a N  atom the electrochem istry o f  

the compound changes significantly. Fig. 3.21 illustrates the oxidation o f  (r|5-C 5H 5)(r|5- 

C 4H4N )Fe in acetonitrile, carried out for several scans. The potential is scanned to 

positive potential and the azaferrocene m olecules are oxidised at 0.7 V . On the reverse 

scan these oxidised m olecules are reduced at -0.1 V . Relative to ferrocene, this 

compound is more difficult to oxidise as a more positive potential is required to effect 

oxidation. H ow ever, w ith successive cy clic  scans, the electrode becom es pacified as the 

azaferrocene polym erises. There is a precedent for the polym erisation o f  pyrrole. In 

the case o f  the dim ethylazaferrocene com plex, (r|5-C 5H 5)(Ti5-2 ,5 -(CH 3)2C 4H2N )Fe, (Fig. 

3.22), it is oxidised at 0.7 V , w hich is sim ilar to the oxidation potential o f  the 

azaferrocene com plex on its first cycle. When the potential is scanned to more positive 

potentials, further oxidations occur at 0.85 and 1.2 V . On the reverse scan a positive 

current is not detected. The cyclic  vollam m ogram  for dim ethylazaferrocene represents 

an irreversible process. The oxidised species is not stable enough to survive until the 

reverse scan o f  the electrode. The oxidised species has decom posed and there is 

nothing to reduce. Fig. 3.23 illustrates the reduction o f  (r|5-C 5H 5Xr|5-C 4H4N)Fe. 

Scanning the potential to negative potential results in the reduction o f  azaferrocene at 

-1 .5 5  V . On the reverse scan the reduced species is oxidised at - 1 .4  V . The reduction 

o f  azaferrocene is not fully reversible, as the currents for each process are not equal. 

N ote that the species being reduced at -0 .8  V  is O 2, which w as present because o f  

inefficient purging w ith N 2. The cy clic  voltam m ogram  for the reduction o f  

(Ti5-C 5H 5)(r|5-2 ,5 -(C H 3)2C 4H2N )Fe is illustrated in Fig. 3.24. A  more negative potential 

is required to effect reduction in dim ethylazaferrocene compared to azaferrocene as it 

undergoes reduction at —1 .6  V . It is more difficult to reduce. This reduced species 

undergoes oxidation at —1.4 V  on the reverse scan.

97



Chapter 3 Discussion

3.3 DISCUSSION

M atrix isolation studies o f  (ri5-C 5H 5)(ri5-2 ,5 -(C H 3)2C 4H2N )Fe (1) in C O  doped A r 

matrixes in the temperature range 20 K  —> 40 K , produce a number o f  carbonyl 

containing intermediates. The band at 1999 cm ’ 1 has been assigned to the intermediate 

(r|5-C 5H 5)(r|1-A^-(CH3)2C 4H2N )Fe(C O ) (2). This assignment w ill be discussed below. 

The bands at 2044 and 1992 cm "1 have been assigned to the dicarbonyl species 

(r|5-C 5H 5)(r| 1-Af-(CFI3)2C 4I12N )F e(C O )?. (3) based on comparison with the analogous 

(r|5-C 5Fl5)(r|5-C 4Fl4N )F e(C O )2, which has v Co = 2053 and 2007 cm '1. Bands at 1957 

and 1948 cm ' 1 have been assigned to the r|3-intermediate species, (r^-CsFlsXr^-iV- 

(CH 3)2C 4FI2N )Fe(C O ) (4) and (ri5-C 5H 5)(ri3-C-(CFl3)2C 4Fl2N )Fe(C O ) (5) respectively 

based on the studies carried out by Green et al. on related system s .22

The major photoproduct formed when (r|5-C 5H 5X V _2 ,5 -(CH 3)2C 4H2N )Fe (1) is 

irradiated in a C O  doped A r matrix at 20 K , w ith either monochromatic or broadband 

photolysis, is the r^-m onocarbonyl species, (ri5-C 5H 5)(ri1-jV-(CFl3)2C 4H2N )Fe(CO ) (2 ), 

characterised by a band at 1999 cm '1. Experimental results show that for low  or high 

C O  concentrations (1, 5 or 10 %  CO/Ar) this r| '-m onocarbonyl species is the dominant 

product.

For the analogous azaferrocene derivative, (r)5-C 5H 5)(ri5-C 4H4N )Fe, an IR stretching 

frequency for (ri5-C 5l i 5)(r|l-A^-C4l l 4N )F e(C O ) w as observed at 1974 cm ' 1 follow ing 

irradiation under sim ilar conditions .20 The m ethyl substituted r| '-monocarbonyl species, 

(r^-CsFIsXri ‘-Af-(CFI3)2C 4Fl2N )Fe(C O ) (2 ) w ould be cxpccted to have a carbonyl 

stretching frequency low er than 1974 cm ' 1 as the methyl groups are electron donating 

and a w eakening o f  the carbonyl bond is anticipated. Therefore the assignment o f  the 

band at 1999 cm ' 1 seems unrealistic. H owever, the follow ing arguments serve to 

support this assignment.

Restricted and unrestricted H atrec-Fock calculations were carried out to investigate i f  

the spin states for the monocarbonyl species could be different for the substituted 

com plex compared to the unsubstituted com plex and whether this variation could
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explain the differences in the IR spectroscopic features for (r)5-C 5H 5)(r)5-C 4H 4N )Fe and 

(Ti5-C 5H 5)(r|5-2 ,5 -(CH 3)2C 4H2N )Fe ( l ) . 31 The ST O -3IG  basis set w as chosen. For 

restricted Hatree-Focke calculations the structure w as optimised through several cycles 

until an energy minimum w as reached. A t each cycle  o f  the geometry optimisation the 

calculations w ere monitored for spin contamination. There w as evidence for spin 

contamination for each cycle  (S**2 *  0). W hen the structure reached stationary point 

the S**2 value was zero. This showed that at the optim ised geometry the species 

appeared to be low-spin. H ow ever, upon testing the stability o f  the w avefunction at the 

optim ised geom etry an instability was observed, indicating that there are other 

w avefunctions, perhaps with higher spin, that have energies very close to the lowest 

energy w avefunction. Unrestricted H artree-Focke calculations were carried out to 

determine i f  a different low est energy w avefunction, possibly with higher spin, was 

produced. The system  w as optim ised to the same structure as for the restricted Hartree- 

Focke calculation. The S**2 value w as zero at the optimised geometry but there was 

evidence for spin contamination during the geom etry optimisation. These results show 

that although the w avefunction w as low  spin at the optimised geometry, there were 

other high spin w avefunctions, w hich were very close in energy to the low est energy 

wavefunction. Thus the assignment o f  the band at 1999 cm ' 1 as (r|5-C sH 5)(r| l-/V- 

(CFI3)2C 4H2N )Fe(C O ) (2 ) is not improbable.

Y an g et al?2 reported the detection o f  intermediate singlet and triplet states upon 

photolysis o f  (r)5-C 5H 5)M n(C O )3 in Et3SiH. Photolysis o f  (r|5-C 5H 5)M n(C O )3 in Et3SiH 

produced (r|5-C 5H 5)M n(C O )2SiEt3H and intermediate triplet and singlet states o f  the 

type, (r)5-C 5H 5)M n (C O )2, were detected. The singlet dicarbonyl species w as found to 

have carbonyl IR stretching frequencies at 1889 and 1946 cm ' 1 w hile the triplet 

intermediate dicarbonyl w as found to have carbonyl IR stretching frequencies at 1870 

and 1967 cm '1. The triplet low  energy carbonyl band is shifted to lower wavenumbers 

by 19 cm "1 com pared to the low  energy band o f  the singlet species w hile the high 

energy carbonyl band o f  the triplet species is shifted to higher wavenumbers by 2 1  cm ' 1 

compared to the corresponding singlet carbonyl band. Thus, the shift o f  the r ) 1 - 

m onocarbonyl com plex, (r|5-C 5H 5)(ri1-(CH 3)2C 4H2N )Fe(C O ) (2) (1999 cm"1), by 25 

cm "1 compared to the azaferrocene V -m on ocarobnyl com plex, (r|5-C 5FI5)(ri1 -AA- 

C 4I l 4N )Fe(C O ) (1974 cm '1) does not seem implausible.
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Furthermore, an experim ent w as carried out in an attempt to produce the ground state 

r| m onocarbonyl com plex in situ in the matrix by firstly form ing the (r^-CsHsXri1- 

(C H 3)2C 4H 2N )F e(C O )2 (3) species. A  0.2 %  CO /CH 4 m atrix containing (r|5-C 5H 5)(Ti5- 

(C H 3)2C 4H 2N )Fe (1) at 40 K  w as initially photolysed w ith Xcxc = 436 nm (preparatory 

photolysis) to produce the dicarbonyl com plex (Fig. 3.19). A  low  concentration o f  C O  

was em ployed to ensure that during the preparatory photolysis phase, the uncoordinated 

host C O  m olecules w ere consum ed by form ing the metal carbonyl species. Therefore, 

supplementary C O  m olecules w ould not be present in the matrix to recom bine w ith the 

ground state m onocarbonyl species should it form. Subsequent photolysis with 

monochromatic filters did not produce a new  band in the spectral region o f  1974 cm ’ 1 

however. These results aid the assignment o f  the band at 1999 cm ' 1 as the r|]- 

monocarbonyl species.

Experimental results indicate that at high C O  concentrations (5%  or higher) the 

formation o f  the r| '-m onocarbonyl species and the dicarbonyl species is simultaneous. 

This suggests that both o f  these photoproducts are formed concom itantly by the reaction 

o f  C O  with the fourteen electron species, (ri 5-C 5FI5)(r|1-A-(CFl3)2C 4H 2N )Fe. In contrast 

at low  C O  concentrations at 20 K (1 %  CO/Ar), photolysis w ith monochromatic 

irradiation produced the t)1-monocarbonyl species only, suggesting that the V -  

monocarbonyl species is the precursor to the dicarbonyl species. The experimental 

results presented here cannot determine i f  the rj1-m onocarbonyl species is the precusor 

to the dicarbonyl species or not. Furthermore the observation o f  the r|3-species, 

(r)5-C 5H 5)(ri3-A^-(CH3)2C 4H2N )(C O ) (4), in the matrix experiments carried out at 20 K  

suggest the possibility o f  a stepwise ring slip o f  the dim ethyl pyrrole ring from r| —» r\

—» r) 1 coordination. H ow ever, there is no definitive evidence for such a mechanism.

The conversion o f  the r) 1 -monocarbonyl species to the dicarbonyl species can be 

controlled therm ally. Annealing C O  doped A r m atrixes, containing 5 %  C O  or higher 

concentrations, converts the r] 1 -monocarbonyl species to the dicarbonyl species 

(Fig.3.15). The dicarbonyl species, (r|5-C 5H 5)(ri1-(C H 3)2C 4H2N )Fe(C O )2 (3 ), is the more 

therm odynam ically stable species. This is confirm ed by room temperature photolysis 

solution studies,20 where the dicarbonyl species is produced but there is no observation 

o f  the r| 1 -m onocarbonyl species.
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The tw o bands o f  (V]5-C 5H 5)(r) 1 -(C l l3)2C 4H2N )F e(C O ) 2 (3) have different intensities;

this is in contrast to the azaferrocene analogue, (r)5-CsH 5)(ri1-C 4H4N )F e(C O )2, whose

1 * 2 1  
related carbonyl bands (v Co = 2053 and 2007 c m ') are almost equal in intensity. A t

40 K  a further band is observed at 2061 cm '1. The intensity o f  this band increases

significantly when the C O  doped matrix is annealed from 20 K  —> 40 K  (cf. Fig. 3.14).

The band at 2061 cm ' 1 possibly represents an additional metal carbonyl species

produced during the m atrix isolation studies o f  (ri5-C 5Fl5Xr|5-(CFl3)2C 4H2N )Fe (1). The

intense carbonyl band at 2044 cm ’ 1 masks the accom panying band. A n  assignment for

this additional carbonyl species has not been made.

The r|^intermediate, (t|5-C 5I I5)(r)3-V -(C H 3)2C 4H2N )Fc(C O ) (4) characterised by a band 

at 1957 cm ' 1 is present at 20 K  but undergoes isom erisation to the more thermally stable 

r|3-species, (r)5-C 5H 5)(r|3-C-(CFI3)2C 4FI2N )F e(C O ) (5) (vCo = 1948 cm"1) upon annealing 

o f  the matrix to 40 K  (cf. Fig. 3 .17). A t 32 K  both allyl species are observed. In 

contrast, the azaferrocene analogue (T]5-C .T l5)(TV3-/Vr-C 4l l 2N )Fe(CO ) (4) (vco = 1948 

cm '1) is observed in C O  matrixes at 12 K  along w ith  the second ally] species, 

(Ti5-C 5H 5)(ri3-C-(CFl3)2C 4H 2N )Fe(C O ) (v c 0  = 1962 cm '1).

Conversion to the more therm ally stable product upon matrix annealing is also observed 

with F e(C O )3(r|2-ethene) . 33 Photolysis o f  an argon matrix containing F e(C O )4(ri2- 

ethene), (which has trigonal bypyram idal geom etry) with Xexc = 260 nm, produces the 

coordinatively unsaturated C O  loss products (Fig. 3.25). A t 10 K  geom etric isomers (a) 

and (b) exist whereby the ethene m olecule occupies the equatorial and apical positions 

respectively. Structure (a) is the more therm odynam ically stable product and com plex 

(b) isom erises to the form er upon annealing o f  the matrix to 50 K.
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Fig. 3.25: Structures o f  the isom ers o f  F e(C O )3(r|2-C 2H4), in w hich the ethene m olecuie 

occupies an equatorial position (a) and an axial position (b)

The species absorbing at 1999 cm ' 1 has been assigned the structure (r|5-C 5H 5)(r|1-./V- 

(C H 3)2C 4H 2N )Fe(C O ) based on the arguments given earlier. There were other possible 

structures that the m onocarbonyl com plex could have assumed (Fig. 3.26). These are 

described below  and discounted for the follow ing reasons.

(c)

Fig. 3.26: The other possible structures that were considered for the r| '-monocarbonyl 

species at 1999 cm ' 1

Structure (c) involves the C-H  activated product, where a C-H  bond o f  one o f  the 

methyl groups o f  the 2,5-dim ethyl pyrrole has been cleaved. Consequently an Fe-H 

bond is form ed and the rem aining methylene group is coordinated to the metal, along 

w ith the nitrogen atom, which acts as a one electron donor to the eighteen-electron Fe 

centre. In effect, the initially activated proton w ould have to migrate to the methylene 

group to reform the m ethyl group before the dicarbonyl species is produced. In addition, 

the M -C H 2 bond would have to be broken to allow  this reformation to take place. It is 

rather unusual for a proton o f  a M -H  bond to return to its original site. Typically, after 

transferral to the metal centre, the proton is subsequently lost. The ri1-monocarbonyl
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band at 1999 cm ' 1 compares w ell with results reported by  Rest et al?A who found that 

photolysis o f  (r|5-C 5M e5)Ir(C O )2 in a methane matrix at 12 K  produced the 

photoactivated product, (r)5-C 5M e 5)Ir(CO )M eH  (vco = 1992 cm ' 1 and Vir.n = 2150 cm '1) 

(290 < Xcxc < 370 nm, A,exc > 550 nm). In the experiments no M -H  bond w as observed 

in the IR spectra in any o f  the C O  doped matrix experiments. It is possible that the Fe

l l  stretch falls within the range 2125-2150  cm '1, which is masked by the intense and 

broad band o f  the host matrix. H ow ever, experiments carried out in a methane matrix21 

did not show any evidence o f  an Fe-H stretch in the IR spectrum either. Without the 

observation o f  an IR Fe-H band, the assignment o f  the band at 1999 cm ' 1 to (r|5- 

C 5FI5)Fe(ri1-A -p 2-CFl2C 4H 2N C H 3)(CO )(H ) is unlikely.

Structure (d) involves the C-H  activated product where the Fe atom is coordinated to 

the m ethylene group o f  the pyrrolyl ligand. The third hydrogen atom o f  the C H 3 group 

is coordinated to the nitrogen atom o f  the disubstituted pyrrole ring. This structure is a 

plausible sixteen electron intermediate. The analogous azaferrocene dicarbonyl 

derivative has been characterised in solution studies, w ith v co  = 2015 and 1966 cm '1. 

Structure (d) w ould be expected to have a low er carbonyl stretching frequency. For the 

disubstituted pyrrolyl ligand the presence o f  the tw o methyl groups makes it a stronger 

donor to the Fe centre. Backbonding o f  the extra electron density from the Fe centre to 

the antibonding orbital o f  the carbonyl group w ill be greater. Hence a carbonyl stretch 

should occur at low er frequency in the IR spectra. Thus a methylene monocarbonyl 

com plex is unlikely.

Structure (c) contains the ring slipped (r^-CsHs) moiety. Ring slippage o f  a 

cyclopentadienyl group is w ell documented, although in all cases the com plexes contain 

either another cyclopentadienyl ring or acyclic ligands only (Fig. 3.27).23, 35 There are 

no reports o f  haptotropic shifts o f  the cyclopentadienyl ring in the presence o f  other t z -  

coordinated heterocyclcs. Thus there is no precedent to assign the r)1-monocarbonyl 

com plex as a cyclopentadienyl ring slipped m onocarbonyl species.
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O C r"

v co = 2016, 1969 cm' v co = 1994 cm'1 vco = 1972 cm'1

Fig. 3.27: Transitionm etal carbonyl com plexes containing an r\l-coordinated 

cyclopentadienyl ligand

C yclic  voltam m etry studies o f  the three related com plexes, (r| -C 5H 5)2Fe, 

(t|5-C 5H 5)(r|5-C 4H4N )Fe and (Tj5-C 5FI5)(r|5-2 ,5 -(CFl3)2C 4Fl2N )Fe revealed different 

electrochem ical properties for each o f  these com plexes. C y clic  voltam metry showed 

that the oxidation o f  ferrocene is a reversible process. The E>/2= 0.38 V  vs SC E . The

C 4H2N )Fe undergoes a number o f  oxidations follow ed by decomposition. The presence 

o f  the tw o methyl groups prevents the polym erisation o f  the pyrrole ring in the 

disubstituted com plex. In contrast to the cyclic  voltam m etry results, the presence o f  the 

two methyl groups in the (ri5-C 5H5)(r|5-2 ,5 -(CH 3)2-C 4H2N)Fe does not effect the 

photochem istry o f  this com plex greatly compared to the unsubstituted com plex, 

(r)5-C 5FI5)(r|5-C 4l l 4N )Fe; as both produce r)1- and r|3- m onocarbonyl spccics upon 

photolysis in C O  matrixes. Although, the dimethylated r| 1 - monocarbonyl species is 

proposed to be a high spin state species.

A s already mentioned in the literature survey, (n 5-C 5I Is^Fe has a distinct lack o f  

photochem ical activity compared to a/.afcrroccnc and its substituted derivative. The 

difference in chemistry between these sandwich com plexes, (r^-CsHs^Fe and 

(r|5-C V  l5-x(CI l3)x)(ris-C 4lI/|N)Fe, is further illustrated by these cyclic  voltammetry 

studies.

unsubstituted com plex, (Ti5-C 5l l 5)(r|5-C 4F[4N )Fc w as shown to undergo polym erisation 

when the potential is scanned to positive potential, w hile (ti5-C 5H 5)(ti5-2 ,5 -(CH 3)2-
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3.4 CONCLUSION

M atrix isolation studies o f  (r|5-C 5H 5)(r|5-2 ,5 -(CH 3)2-C 4H2N)Fe (1) illustrate that the 

photochem istry o f  this disubstituted com plex is similar to its unsubstituted analogue and 

is dominated by haptotropic shifts o f  the disubstituted pyrrole ring. The presence o f  the 

two C H 3 groups does not prevent the form ation o f  the r\l-monocarbonyl or the ri1- 

dicarbonyl species as both, (ti5-C 5H 5)(t| l-A^-(CH3)2C 4H2N )Fe(C O ) (2) and 

(Ti5-C 5H 5)(ri1-iV-(CFI3)2C 4H2N )F e(C O )2  (3) are observed when C O  doped matrixes are 

photolysed. Furthermore the r|'-m onocarbonyl species (r|5-C 5H 5)(r|l-N- 

(C H 3)2C 4H 2N )Fe(C O ) (2) is proposed to exist in the triplet state in these matrix isolation 

studies. The observation o f  the r| ̂ interm ediates in these studies might indicate that a 

photoinduced stepwise process from r|5 —» r|3 —> t]' occurs upon irradiation o f  the 

com plex (r|5-C 5H 5)(ri5-2 ,5 -(CH 3)2-C 4H 2N )Fe (1). H owever, there is no definitive 

evidence for such a mechanism. Despite the similar photochem istry o f  both (r|5- 

C 5H 5)(r|5-C 4H 4N )Fe and (ri5-C sH 5)(r]5-2,5-(CJ J3)2-C 4II2N)Fe the electrochemistry o f  

these tw o com plexes is very different. W ith increasing positive potential, azaferrocene 

is observed to polym erise w hile the presence o f  the tw o methyl groups in 

dim ethylazaferrocene prevent polymerisation.
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Chapter 4 0 l5-C4H4Se)Cr(CO)3

Chapter 4

Matrix Isolation Studies 

of(r)5-C4H4Se)Cr(CO)3

A b s tra c t

Matrix isolation studies o f (rf -C4lT4Se)Cr(CO) 3 in inert (Ar and CH4) and reactive (CO 

and N2) matrixes at 20 K  reveal that the selenophene ring undergoes haptotropic shifts. 

The photoproducts observed depend on the host matrixn employed. In all four matrixes, 

short wavelength irradiation (Aexc = 405 nm) yields a three carbonyl band pattern that 

has been assigned to (rf -C4H4Se)Cr(CO)3, where the selenophene ring has undergone a 

ring slip from i f  —> i f  coordination, [(rf-C 4H4Se)Cr(CO)3N2  in N2 matrixes]. 

Subsequent photolysis of this photoproduct in inert matrixes produces the CO loss 

product, ( if-C 4H4Se)Cr(CO)2. In N2 matrixes subsequent photolysis o f the primary 

photoproduct ((rf -C4H4Se)Cr (CO)3N2) results in the formation of the dicarbonyl 

complex, (rf-C4 ÏT4Se)Cr(CO)2N2. In CO matrixes the initial photoproduct yields

Cr(CO)ü upon extended photolysis.
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4.1 LITERATURE SURVEY

4.1.1 Hydrodesulfurisation process

During the hydroprocessing o f  petroleum, crude o il is treated w ith high pressures o f  H2 

(150-3000 lb in'2) over a hot heterogeneous catalyst (C o or N i promoted M o or W  

sulfides supported on A I2O 3, 500-825°C) to rem ove nitrogen, residual metals and sulfur 

before further processing . 1 H D S can be illustrated by the follow ing equation (Eqn. 4.1):

C xHyS + 2H2  ► C xHy + 2 + H2S Eqn. 4.1

The contaminant H 2S causes S O 2 pollution and poisons the Pt catalysts that are used to 

upgrade feedstocks to product fuels. There is interest in developing new  catalysts and 

processes for the rem oval o f  sulfur from organosulfur components in petroleum.

The m echanism for H D S is unknown to date. N on-arom atic sulfur compounds, such as 

thiols, sulfides and disulfides readily undergo desulfurisation. Arom atic sulfur 

compounds such as thiophene and their substituted derivatives are m uch less reactive.

A s part o f  an effort into understanding the H DS m echanism  o f  thiophenes, research has 

explored the possible m odes o f  coordination o f  thiophenic m olecules to transition metal 

centres and their subsequent reactivities. S ix m odes o f  coordination o f  the thiophene 

m olecule have been reported and are illustrated b elow  (Fig. 4.1).

Under particular conditions the various bonding m odes activate the thiophene to further 

reaction. Each coordination mode o f  thiophene w ill be discussed below  and its 

relevance to the H D S process review ed.
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M

bridging ring inserted

Fig. 4 .1: The six m odes o f  metal coordination to a thiophene m olecule that have been 

reported

4.1.2 r | t h i o p e n e  transition metal complexes

r| ’-coordination o f  thiophenes to a metal centre is often suggested as the initial step in 

the H D S process. It is thought that r |1 -S coordination activates the thiophene ring to 

give H2S and C 4 hydrocarbon products.2 H ow ever, there is little experimental evidence 

to support this.

In the thiophene com plexes, f(rj5-C 5I l5)Fe(C O )2(ri '-€ 4! I4S)] and [(r)5-C 5H5)Ru(PPh3)2 

(r| 1-C 4H4S)]+, the thiophene ligands are so w eakly  bound that further reaction o f  these 

com plexes results in the dissociation o f  the thiophene ligand from the metal centre .3,4

In the dibenzothiophene com plex, (r|5-C 5I I5)F e(C O )2(t| ‘- .V ^ S ^ I L ) ? ) ] 1, the 

dibenzothiophene is also w eakly bound. Reaction o f  this com plex with two equivalents 

o f  CH 3C N  in C D 3N O 2 results in the replacement o f  the dibenzothiophene ligand by a 

CH 3CN  m olecule (Eqn. 4.2) .3

110



Chapter 4 Literature survey

The rj 1-S coordinated com plex [(ry'-C5F[5)Ru(PPh3)2(r|1-S-C 4H4S)]B F 4 ,1 converts w ith 

loss o f  PPI13 within hours to the more stable rf-com p lex  [(r|5-C 5H 5)Ru(ri5-C 4H 4S)]BF 4 

upon standing (Eqn. 4.3)

o

■Ru-
Ph3P

Ph3P

©
Ru

©

+

+ 2PPh, Eqn. 4.3

The use o f  a thiophene m olecule containing a chelating group enabled the r| *-S 

coordination m ode to be determined crystallographically (Fig. 4.2). The presence o f  the 

m ethylene bridge prevents the formation o f  the r|5-thiophene com plex .4

+

Fig. 4.2: Structure o f  (ri’ .-r^ ^ lT jS C F k C sF L O R u iP P l^  illustrating the chelating effect 

o f  the cyclopentadienyl ligand

Fultz el al.5 exploited the stabilising effect o f  chelation by reacting the bidentate 4- 

R 2PCn5-C 4S (C 6lI 4)2) ligand, (R  = Ph or /?-tol), with R u C l2(PPh3)3 to produce C l2Ru[4- 

R 2 P (V -C 4S (C 6fl4)2) ] 2 (Eqn. 4.4). The tw o V -S -D B T  com plexes illustrated here are 

rather unique as the m ajority o f  D B T  ligands coordinate to transition metals in an r e 

fashion via one o f  the benzene rings.

I l l
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R u C l2(PPh3) 2 + 2(4-PR2(D B T ) ) 2  ►  RuC12(ti,-4-PR 2(D B T ) ) 2 + 2PPh3

Eqn. 4.4

Despite the stability imparted to the r) ̂ com plexes through chelation, the r^-thiophenes 

in [(Ti1-5 -C 4H3SC H 2C 5H 4)Ru(PPh3)2]B F 4 and C l2Ru(4 -R 2P(ri1-5 - C ,2H 8S ))2  are readily 

replaced b y  C H 3C N  and C O  respectively.

The rate o f  displacement o f  r| 1 -thiophene ligands from rhenium transition metal 

com plexes w as investigated by A n gelic i et al.6 They found that the rate o f  displacement 

depended on the degree o f  substitution present on the thiophene ring, w ith unsubstituted 

thiophene having the highest rate o f  displacement. These results indicate that increasing 

m ethyl substitution on the thiophene ring strengthens the S-Re bond. Equilibrium 

studies6 on the replacem ent o f  thiophene by substituted thiophene m olecules show that 

all methyl substituted thiophenes bind more strongly to the metal centre. The extra 

electron density provided by the methyl groups makes the S atom a better donor to the 

metal centre.

There are reports that som e com plexes activate transition metal ri'-S  thiophene 

com plexes to further reaction .7 ,2 The reaction o f  (r|5-C:5(C H 3)5)(C O )2Re(Ti S,-C 4H4S) 

w ith Fe2(C O ) 9 produces the bridged com plex (r^-C^CI y sX C O ^ R e ^ i-S - 

C 4Fl4S)F e(C O )3 (Eqn. 4.5). In this com plex the thiophene ring is coordinated to the Re 

metal centre through the S atom w hile the diene fragment is bound to the F e(C O )3 

m oiety.

Eqn. 4.5

Coordination o f  the thiophene S atom to the Re centre disrupts the aromaticity o f  the 

thiophene ring, activating the diene fragment. Free thiophene does not react with
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Fe2(C O )9 under similar conditions. The Vco values for the dinuclear com plex are lower 

than in the mononuclear com plex, indicating that S is a better donor when the thiophene 

is ^ -coord in ated  to F e(C O )3. W hen the thiophene is 2 ,5-dimethylthiophene or 

tetramethylthiophene no reaction occurs w ith Fe2(C O )9. This observation can be 

explained in terms o f  a two-step m echanism  (Eqn. 4.6).

F e(C O )4

-C O

Eqn. 4.6

The first step involves initial coordination o f  F e(C O )4 to one o f  the double bonds o f  the 

thiophene ring. Subsequent C O  loss fo llow ed  by coordination o f  the diene produces the 

final product. In the case o f  the 2,5-dim ethylthiophene and tetra substituted thiophenes, 

the a-m ethyl groups inhibit formation o f  the r|2-intermediate.

A  bridging benzothiophene ligand is observed in the com plex (r|5-C 5(C H 3)5)(CO )2Re- 

(Ti2:r)i(S)-|a2-C 8H6S )W (C O )5.8 The W (CO )s moiety is coordinated to the 

benzothiophene ligand via the S atom. This coordination activates the benzothiophene 

ligand to coordinate to a Re centre in an ri2-fashion at the C(2)-C(3) double bond o f  the 

benzothiophene ligand.

N ovel thiophene com plexes containing both thiophene and hydride ligands on the same 

metal centre, [IrFl2(ri1-S-Th)2(PPh3)2]PF6, where Th = thiophene, benzothiophene or 

dibenzothiophene, have been reported by Sanchez-Delgado el al?  X -ray crystal
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structures confirm ed the r|'-S coordination o f  both thiophene ligands to the Ir metal 

centre. For the thiophene and benzothiophene derivatives, the poorly coordinating 

solvent C D 2CI2 easily displaces the heteroaromatic ligands. Ligand exchange was not 

observed for the dibenzothiophene derivative however. Reaction between the hydride 

and the coordinated thiophene m olecules is not observed. The strong Ir-H bond m ay be 

the reason for the lack o f  reactivity o f  these com plexes.

Crystal and m olecular crystal structures o f  m any r^-S-thiophene com plexes have been 

reported .6,10 A lthough the thiophene ligand m ay vary from one com plex to another, 

they all have some general points in com m on (Fig. 4.3 for thiophene numbering).

C(5)̂ SV/? C(2)
C(4)-------C{3)

Fig. 4.3: The numbering system for thiophene ligands

In all com plexes the S adopts a pyram idal geometry, the angle between the S atom and 

the tw o adjacent carbons ranging from 119  -  132°. In the bridged com plexes, the C(2)- 

C(3) and C (4)-C (5) bond lengths are longer than the C(3)-C(4) bond length. This is in 

contrast to free thiophene where the C(3)-C(4) bond length is longer than the other two 

bond lengths. In the bridging com plex (r|5-C sI LX CO ^R e^i-C^l [4S)Fe(C O )3, the 

thiophene ring is no longer planar as in the case o f  r^-S com plexes. Coordination o f  the 

Fe centre to the diene fragment o f  the thiophene ring causes the ring to fold with a 

dihedral angle o f  143.1(4)° between the C(2)-C(3)-C(4)-C(5) and C (2)-S-C (5) planes.

r\] -coordination o f  a thiophene m olecule to a metal centre o f  a H D S catalyst was 

believed to be such that the thiophene ring w ould coordinate to a metal centre 

perpendicularly through the sulfur atom. In this arrangement i f  a-m ethyl groups were 

present they w ould sterically weaken the M -S coordination. H owever, it is now  known 

that r|1 -coordination o f  the thiophene ligand occurs in a 'bent' fashion, where the metal 

does not lie in the plane o f  the thiophene ligand and the S atom has pyramidal geometry. 

Based on these results, it is possible that FIDS could occur fo llow ing r| ^coordination o f  

the thiophene ligand to the catalyst. Flowever, there is very little evidence to suggest
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that this type o f  coordination can activate the ring to undergo C -S  bond cleavage. In 

most com plexes, the r| '-S  coordinated thiophene m olecule is so w eakly coordinated to 

the metal centre that it undergoes substitution upon further reaction. In com plexes 

where further reaction o f  the r |1 -S coordinated thiophene m olecule occurs, bridged 

com plexes are formed.

4.1.3 r|5-thiophene transition metal complexes

The r|5-coordination m ode represents the second most common bonding mode o f  

thiophene to transition metal centres. These undergo three main types o f  reaction, 

namely, (i) nucleophilic reactions, (ii) reduction and (iii) deuterium exchange.

(i) Nucleophilic reactions

There are tw o general types o f  nucleophilic reaction o f  the r)5-thiophene com plexes 

(Schem e 4.1). In cationic com plexes nucleophiles most often add to the 2 or 5 positions 

o f  the ring producing thioallyls, butadienothiolates or S coordinated com plexes. Neutral 

r|5-com plexes typically undergo deprotonation w ith strong bases.

I
M

Schem e 4.1

A ngelici et al.u reported that the Ti-thiophene ligand in |M n(CO )3(r)5-C 4H4S)J+ 

undergoes nucleophilic attack at the 2 position w ith a range o f  nucleophiles (Nu = CN", 

O M e', C 6H 5\ S C 4H 3‘ or IT). In the case o fth e  hydrido com plex further reaction with 

HC1 forms the unstable 2,3-dihydrothiophenc com plex (Eqn. 4.7). These results support 

a mechanism, which is thought to be the initial step in the HDS process, where a C -C  

double bond o f  the r)5-ring is hydrogenated.
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1+

N:

O C

n
+ N uc 
-------►

C O
C O

N uc

T7
M n

o c /  i ^ c o

HC1

Eqn. 4.7

A  second plausible step in the H D S process involves cleavage o f  a C -S bond. Evidence 

for this com es from the nucleophilic reactions o f  [(r|5-C 5H 5)Ru(r|5-C 4H 4S)]+. A  variety 

o f  nucleophiles including O M e', SM e', SEt', S(i-Pr)', C H (C O O M e)2’ or H ' activate the 

thiophene ring to produce a ring opened butadienethiolate structure (Eqn. 4.8).

Nu-

N.u
H

V '
Ru Eqn. 4.8

In the case o f  thiophenes methylated at the 2 or 5 positions, nucleophilic addition occurs 

at the non-methylated carbon. It is thought that formation o f  the butadienethiolate 

products occurs after initial formation o f  the a lly l sulfide intermediate (Fig. 4.4). This is 

reasonable since butadienethiolates are often produced from  allyl sulfides in organic 

reactions.

N uc
H

Ru

Fig. 4.4: Structure o f  the Ru allyl sulfide (r|5-C 5FI5)Ru(r|4-C 4H4S.N uc)
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The butadienethiolate com plex where R  = H and N u = SEt, reacts w ith one equivalent 

o f  dppe to produce the ri'-S  bound com plex illustrated below  (Eqn. 4.9).

2 L  
------► Eqn. 4.9

Further support for C -S  bond cleavage com es from  w ork carried out by  Birri et al.12 

Reaction o f  the Os(II) com plex [Os(r|6-p-(CH 3)C 6H 4C 3H 7)(ri5-C 4H4S)]2+ w ith hydroxide 

produces the zw itterionic S-oxide com plex (Fig. 4.5). Elution o f  this com plex through a 

silica colum n converts the S-oxide com plex to the C -S  cleaved product. Sim ilar Ru 

com plexes have been reported b y  R auchfuss.13

O

S-oxide acyl thiolate

Fig. 4.5: Structures o f  the zwitterionic S-oxide com plex and the acyl thiolate com plex 

reported b y  Rauchfuss

For the neutral com plex (Ty5-C 4I l4S )C r(C O ) 3 reaction w ith n-BuLi leads to 

deprotonation o f  the thiophene ring at position 2. This intermediate has been used in 

the formation o f  a number o f  bridged com plexes (Eqn. 4.10 ) . 8
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M n(C O ) 5

I n-BuLi I B rM n(C O )s I
C r  ►  ► Cr

O C  I ^ C O  0 C  I C O  O C  | C O

C O  C 0  C 0

Eqn. 4.10

W hile the dinuelear com plex can undergo an extraordinary interchange (Eqn. 4 .11), 

there are no reports o f  C -S  bond cleavage w ith these neutral com plexes.

M n (C O ) 5 C r(C O ) 5

_/
O S

   -► Mn Eqn. 4.11

o c ^  I \ n  O C ^  I ^ C O
C O  C O

(ii) Reduction reactions

A n gelici et al. ,4 have reported that C -S  bond cleavage o f  cationic r|5-thiophene 

com plexes can be achieved reductively. Reduction o f  [(r)5-C 5(CH 3)5)h-(r]5-C 4H 4S)]2+ by 

tw o equivalents o f  N a[H 2A l(O C H 2C H 2O M e)2] produces an r|4-com plex w hereby the Ir 

centre is coordinated to the diene o f  the thiophene ring. Further reaction o f  this 

com plex w ith basic A 120 3 produces a ring-opened com plex in w hich the Ir centre has 

inserted into the C -S  bond o f  the thiophene m olecule (Eqn. 4.12).

Rauchfuss el a / .15 reported that reduction o f  the cationic com plex [(T| 5-C 5(CH 3)5)Rh(r|5- 

C 4(C H 3)4S)]2+ by cobaltocene produced the r]4-bound thiophene com plex similar to the
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Ir com plex above. Further reaction o f  this neutral com plex w ith Fe3(C O )i2 leads to 

desulfurisation to form  the com plex (r|5-C 5(CFl3)5)R h(C 4(C H 3)4)F e(C O )3 (Eqn. 4.13).

Eqn. 4.13

This reaction is unique as most other r|4-thiophene com plexes form the dinuclear 

bridged com plexes w hen reacted with Fe3(C O )i2.

(iii) Deuterium exchange

Thiophene undergoes deuterium exchange on H D S catalysts before desulfurisation i f  D 2 

is used in the reaction . 16 The r)5-coordination to the Ru metal centre in the com plex, 

[(ri5-C 5H5)Ru(r|5-C 4H 4S)]+ activates the thiophenic m olecule to deuterium exchange. 

The rate o f  exchange o f  protons on the thiophene ring w ith deuterium follow s the trend 

H2;5 > H3 4 > C H 3 (in substituted derivatives). In the presence o f  C D 3O D , the H2,5 in 

[(r|5-C 5H 5)Ru(r|5-C 4H 4S )l+ exchange readily (within three minutes) w hile there is no 

exchange o f  H 3 4 w ithin 20 hours. In the presence o f  K O H , reaction times are reduced 

to 6  h for H3 4. A  first order dependence on O H ' is observed. The follow ing mechanism 

is postulated (Eqn. 4.14).

The O H ' deprotonates the thiophene m olecule at position 2 in a slow  step. Rapid 

deuterium transfer to the intermediate follow s givin g the deutrated product. The rapid 

exchange o f  H 2j5 is possibly due to the stabilisation o f  the negative charge by vacant d 

orbitals on the sulfur atom.
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d 1 +

R u

é

Eqn. 4.14

4.1.4 Ring opened isom érisation reactions

Benzothiophene and dibenzothiophene represent the m ost difficult thiophenes to 

desulfurise. C -S  bond cleavage o f  these thiophenes is achieved using the reactive 

fragment [triphos!rH]+ (Schem e 4.2) . 17

Schem e 4.2

The Ir inserted benzothiophene com plex converts to the therm odynam ically more stable 

2-vinylthiophenolate com plex at 20 °C , w hile the Ir inserted dibenzothiophene com plex 

is thermally stable up to 170 °C.

C -S  bond cleavage, where the metal inserts into the C (vin yl)-S  bond o f  thiophene and 

benzothiophene, has been observed for many com plexes . 18'19,20 In the systems ri1- 

precoordination is believed to w eaken the C (vinyl)-S  bond and insertion follow s
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readily. Recent studies have found that precoordination o f  a M n centre in an r|6-fashion 

to the benzene ring activates C(aryl)-S bond cleavage.21 C -S  bond cleavage is observed 

in the com plex [(r|6-C 8H 6S)M n(C O )3]+ w hen it is reacted w ith a further M n centre. The 

bim etallic com plex [(r|6,r|4- CgH6S)M n2(C O )7]+ is produced w hereby the second M n 

atom has inserted into the C(aryl)-S bond (Eqn. 4.15).

M n(C O )4
Eqn. 4.15

W hen the benzene ring is substituted at C (7) w ith a M e or E t group (Fig. 4.5), the 

kinetic products (which contain the cleaved C(aryl)-S bond) convert readily to the 

thermodynam ic products (which contain the metal inserted into the C (vinyl)-S  bond22 

(Eqn. 4.16). Prolonged heating o f  this com plex when R  = H does not lead to 

isom erisation o f  the kinetic product to the thermodynam ic product. Sim ilar results are 

obtained when M  = R h23or Ru.24

Fig. 4.5: The numbering system  for the benzothiophene m olecule coordinated to a 

M n (C O )3 fragm ent in an ri6-fashion through the benzene ring
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M n (C O ) 4

R  = M e, Et

(CO)3Mn
25°C

(C O )3M n

Ô
V  M i/  

i  (C 0 ) 4

kinetic
product

M n(CO ) 4

thermodynam ic
product

Eqn. 4.16

The presence o f  tw o metal atoms in these com plexes renders the S atom highly  

nucleophilic and it reacts readily w ith M eO T f, H B F 4' and W (C O ) 5 to produce the S 

substituted products.24 H ydrogenation o f  S-substituted com plexes (R  = C H 3 or H) with 

a 95:5 m ixture o f  H ^ C O  leads to desulfurisation as shown in Eqn. 4 .17. In contrast, 

hydrogenation o f  the unsubstituted S com plex results in cleavage o f  the M n-C a  bond 

and formation o f  a bridged com plex.

iy c o
C H 2C12

R

/ \
(OC)4Mn Mn(CO)4

R

+ M n (C O )5S R  + M n2(CO ) 10

Eqn. 4 .17

U sually, coordination o f  a metal fragm ent to the benzene ring o f  benzothiophene in an 

r|6-fashion activates the benzene ring to nucleophilic addition reactions. The reaction 

o f  com plex (d) w ith a m etal nucleophile Pt(PPh3) 3 25 results in insertion o f  Pt(PPh3) 3 

into the C(vinyl)-S  bond o f  [(CO )3Mn(Ti6-C 8H6S)]+ (Eqn. 4.18).

(C O )3Mn+

(C O ),M n
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+
(C O )3M n

Pt(PPh3) 3

Pt(PPh3) 2 E qn .4 .18
S

(d)

Precoordination o f  any o f  the electrophilic fragments Ru(CôM e6)2+, M n(C O )3+, 

F e(C 5H 5)+, R u (C 5H 5)+or C r(C O )3 to the benzene ring o f  benzothiophene activates the 

thiophene ring to C (vin yl)-S  bond cleavage b y  Pt(PPh3)3. Free benzothiophene does not 

react with Pt(PPh3)3 however. C (vinyl)-S  bond cleavage is preferred due to the greater 

steric interaction that w ould be present at the C(aryl)-S bond. H ow ever, w hen C(2) o f  

the benzothiophene ligand is substituted C(aryl)-S bond cleavage is observed. 

Furthermore the S atom is h igh ly  nucleophilic and coordinates to the M n metal centre 

w ith loss o f  C O  (Fig. 4.6).

dibenzothiophene than for benzothiophene. This barrier accounts for the relatively few  

literature reports on m etal insertion into the C -S bond o f  dibenzothiophene. 

Precoordination o f  a M n (C O )3 fragm ent to one o f  the benzene rings o f  

dibenzothiophene aids insertion o f  Pt(PPh3)2C iH 4 into the C -S  bond o f  the thiophene

(PPh3) 2

Fig. 4.6: Structure o f  C(aryl)-S bond inserted Pt(PPh3)2 com plex

Insertion o f  the Pt metal centre into ‘ free’ thiophene, benzothiophene and 

dibenzothiophene has been reported in the literature for Pt .26,27 A  study by Bianchini et 

al. indicated that the activation energy to metal insertion is m uch greater for

ring (Eqn. 4.19).29
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(OC)3Mn (OC),Mn+

Pt—s 
(pph3)2

(e) CD

Eqn. 4.19

Complex (f) undergoes a slow decarbonylation and the S atom attacks the Mn centre, 

forming complex (g). This is analogous to that observed for benzothiophene.

When the [(r|6-Ci2H8S)Mn(CO)3]+ complex is reduced with cobaltocene, the Mn 

inserted product is obtained (Eqn. 4.20).8

(OC)3Mn+

¡S‘

Cp2Co

Eqn. 4.20

Electron transfer via a mechanism involving ring slippage and arene ligand 

displacement is postulated.30 Treatment of the tetranuclear complex with HBF4 in 

CH2CI2 forms the more usual dinuclear complex (Fig. 4.7).
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o

Fig. 4.7: Product formed when the tetranuclear product in Eqn. 4.20 is reacted with

Hydrogenation of the tetranuclear species produces the bridging hydride, while 

méthylation followed by hydrogenation results in the desulfurisation of DBT and

In conclusion, while benzothiophene and dibenzothiophene are known to be the most 

difficult organosulfur complexes to desulfurise, model complexes containing these 

thiophenes do suggest that C-S bond cleavage is possible. Precoordination of an 

electrophilic metal fragment to a benzene ring of these thiophenes activates the

Both homometallic and heterometallic systems are successful. Since HDS catalysts 

consist of heterometallic surfaces, it is plausible that precoordination to one metal can 

activate the thiophene ring to desulfurisation by the second metal present.

4.1.5 Selenophene transition metal complexes

Selenium complexes have been studied as model systems for thiophene HDS. The 

complex [(r|5-C4H4Se)Mn(CO)3]+ undergoes reduction with NaBH4 or Red-Al to give 

(r|4-C4pl4Se»fI)Mn(CO)3.31 The analogous products are observed with the nucleophiles

CN' and H'. Reaction of the Ru complex [(C5(CH3)5)Ru(ri5-C4H4Se)]+ with Red-Al 

results in C-Se bond cleavage (Eqn. 4.21).

HBF4

[Mn(CO)5(SCH3)].

thiophene ring to C-S bond cleavage, which is achieved by a second metal fragment.
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CN- > v | y Eqn 4.21

A novel selenophene complex was formed when (r|5-C5(CH3)s)Re(CO)2(ri2-C4H4Se) 

was reacted with M(CO)4L(THF), M = W, Cr or Mo and L = CO or PPI13.32 The 2- 

methyl substituted selenophene complex exists as a pair of linkage isomers, converting 

between the two forms (Eqn. 4.22).32,33 In the analogous thiophene complexes, the 

thiophene ring is always coordinated to the Re centre through the S atom.

CO

Eqn 4.22

Electron donating groups on selenophene increase the donor ability of the selenium
• 1 • ■ » 2 atom, favouring r| -Se coordination. Methyl groups inhibit r| -coordination for steric

reasons. Increasing methyl substitution on the cyclopentadienyl ring favours in 

coordination as the Re centre becomes more electron rich and has more electron density 

to 'offload'. The r|2-coordination has better 71-acceptor properties and hence this 

structure is favoured. Furthermore, increased electron density on the Re centre 

increases the basicity of the metal, weakening the Re-Se bond.

The reactivity of the r|2-Se complex, (r)5-C5(CI-l3)5)Re(CO)2Cn2-C4H4Se), is illustrated 

in Scheme 4.3.
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OC ......T x ?

c o

M(CO)4LTHF
OC

...• Re

I
CO

/M(CO)4L
Sc.

Scheme 4.3 (M = W, Cr or Mo and L = CO or PPI13)

• .  .  . 0  Three products are formed upon reaction with Fe2(C0 )c>, (i) where selenophene is r| -

coordinated to the Re centre and T]1 bound to the Fe(C0)3 (ii) where selenophene is re

bound to the Re and r|4-bound to the Fe(C0)3 (iii) and the complex in which Fe(C0)3 

has inserted into the Se-C(5) bond. This chemistry is not observed for selenophene that 

is not precoordinated.

The reactive fragment (r|5-C5(CH3)5)RhPMe3 has been shown to cleave a C-Se bond of 

selenophene.34 The starting reagent (T|5-C5(CH3)5)Rh(PMe3)Ph(H) thermally eliminates 

benzene and the transition metal fragment formed inserts into the selenophene 

producing the complex illustrated below (Eqn. 4.23).
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4.1.5.1 Photochemical studies of (r|5-C4H4S)Cr(CO)3 and (r|5-C4H4Se)Cr(CO)3

To date very few photochemical studies have been carried out on (r)5-C4H4S)Cr(CO)3 

and (r|5-C4H4Se)Cr(CO)3 in comparison with the many thermal studies that have been 

conducted. The photochemical studies that have been carried out on (r|5- 

C4H4S)Cr(CO)3 and (r|5-C4H4Se)Cr(CO)3 will be discussed below.35

Under a CO atmosphere, UV-vis laser flash photolysis and matrix isolation studies of 

(r|5-C4H4S)Cr(CO)3 indicate that Cr(CO)e is the dominant photoproduct (Eqn. 4.24). In 

N2 matrixes both (îi4-C4H4S)Cr(CO)3N2 (1972, 1888, 1881 and 2185 cm'1) and (r|5- 

C4H4S)Cr(CO)2N2 are produced (1932, 1867 and 2154 cm'1).

< S s
hv

X r  ► Cr(C0)6 + C4H4S Eqn. 4.24
OC^ I x co CO

CO

In the absence of CO, the thiophene ring undergoes replacement by arene ligands as 

confirmed by room temperature NMR studies of (r|5-C4H4S)Cr(CO)3 in C6D6, while 

under a CO atmosphere the exchange reaction is suppressed and Cr(CO)6 is the only 

photoproduct observed (Scheme 4.4).
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hv

c 6d 6

Ar

hv
c 6d 6

Literature survey

OC^Nx)
CO

CO Cr(CO)6

Scheme 4.4

In the presence of trapping ligands such as PPh3 the thiophene ring does not undergo 

exchange, instead one of the CO ligands is displaced. TRIR studies further confirmed 

that CO loss occurs upon photolysis. IR bands have been assigned to (r]5- 

C4H4S)Cr(CO)2(heptane) and (ri4-C4H4S)Cr(CO)4.

Photolysis of a CO saturated C6D12 solution of the related complex (r|5-C4H4Se)Cr(CO)3 

results in the haptotropic shift of the selenophene ring from r |5 - > r|4 coordination. IR 

spectroscopy confirms the formation of (r|4-C4H4Se)Cr(CO)4 (2014, 1956 and 1914 

cm'1) along with Cr(CO)6. The corresponding 'H NMR spectroscopic studies also 

reveal the formation of (r|4-C4H4Se)Cr(CO)4.

Photolysis of the parent complex in the presence of the trapping ligand, C5H5N, 

produces the dicarbonyl species, (r^-QFLSe^^CO^Cn'-A^CsHsN) (1920 and 1859 

cm'1) and the tricarbonyl species (r|4-C4H4Se)Cr(CO)3(r|1-jV-C5H5N) (1974 and 1854 

cm'1), which involves a r)4-coordinated selenophene ring (Eqn. 4.25). A third carbonyl 

band for the tricarbonyl species was not observed in the IR spectrum.
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Se
O e

h v

c w T  o c . Eqn. 4.25

TRIR studies (Xcxc = 355 nm) of (r|5-C4H4Se)Cr(CO)3 in CO saturated heptane solution 

result in the formation of (r|5-C4l l4Se)Cr(CO)2(heptane), (V-QI LiSe)Cr(CO)4 and a 

species with IR bands at 2046, 2001 and 1957 cm'1.

The results presented in this chapter are a continuation of an earlier study into the 

photochemistry of (Tir,-C4l l(Se)Cr(CO)3. Matrix isolation experiments were carried out 

in inert (Ar and CH4) and reactive (CO and N2) matrices and followed spectroscopically 

in the UV-vis and 1R to provide evidence for ring slip intermediates and the stepwise 

conversion of (rf-GjFUSeiCriCOXi to CrfCOV,.
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4.2 RESULTS

The IR spectroscopic data for (r|5-C4H4Se)Cr(CO)3 (1) and all the photoproducts 

obtained during these matrix experiments is given in Table 4.1.

COMPLEX VNsN

(cm 1)
Vco

(cm*)

MATRIX TEMP.

(K)

Deposition bands :

(Ti5-C4H4Se)Cr(CO)3 (1) - 1989, 1924, 1906 Ar 20

(r| 5-C4H4Se)Cr(CO) 3 (1) - 1982, 1916, 1891 c h 4 2 0

(r| 5-C4H4Se)Cr(CO) 3 (1) - 1982, 1914, 1893 n 2 2 0

(r| 5-C4H4Se)Cr(CO) 3 (1) - 1976, 1905, 1883 CO/Ar 2 0

Photoproduct bands :

(Tl4-C4H4Se)Cr(CO)3 (2) - 2046, 2001, 1957 Ar 2 0

(r)4-C4FI4Se)Cr(CO) 2 (3) - 2035, 1934 Ar 2 0

0 i4-C4H4Se)Cr(CO)3 (2) - 2044, 1997, 1953 c h 4 2 0

(r|4-C4H4Se)Cr(CO) 2 (3) - 2032, 1928 c h 4 2 0

(Ti4-C4H4Se)Cr(CO)3N 2 (4) 2161 2047, 2001, 1958 n 2 2 0

(ri 5-C4H4Se)Cr(CO)2N2 (5) 2171 1936, 1879 n 2 2 0

(Ti4-C4H4Se)Cr(CO) 3 (2) - 2044, 1996, 1953 CO/Ar 2 0

(Ti4-C4H4Se)Cr(CO) 4 (6) - 2031 CO/Ar 2 0

(Ti2-C4FI4Se)Cr(CO) 5 (7) - 2068 CO/Ar 2 0

Cr(CO ) 6 (8) - 1985 CO/Ar 2 0

Table 4.1: Spectroscopic data for (r|:'-C4H4Se)Cr(CO)3 (1) and all its photoproducts

obtained during these matrix experiments

Fig. 4.8 illustrates the IR spectra for (r|5-C4F[4Se)Cr(CO)3 (1) in both inert (Ar and CH4) 

and reactive (N2 and CO) matrixes. Depending on the host matrix employed, varying 

degrees o f matrix splitting are observed. CO doped Ar matrixes o f varying percentages 

produce the best IR spectra.
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\Afevenurrbers(<jn1) Vtovenumbers(cni1)

\tevenunters(on') Wavenumbers(cm')

Fig. 4.8: (a) IR spectrum of (r|5-C4H4Se)Cr(CO)3 following deposition in an Ar matrix

(b) IR spectrum of (r|5-C4H4Se)Cr(CO)3 following deposition in an CH4 matrix

(c) IR spectrum of (r|5-C4H4Se)Cr(CO)3 following deposition in a N2 matrix

(d) IR spectrum o f (r|5-C4H4Se)Cr(CO)3 following deposition in a CO/Ar 

matrix. All are recorded at 20 K.
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F ig. 4.9 : Representation of structures of the parent complex (1) and pholoproducls (2)- 

(8) observed during these matrix isolation studies
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W avelength (nm)

Fig. 4.10: UV-vis spectrum of (ri5-C4H4Se)Cr(CO)3 (1), observed in all matrixes at 20 K 

following deposition

The UV-vis spectrum for (r|5-C4H4Se)Cr(CO)3 (1) is similar for all host matrixes and is 

shown in Fig. 4.10. (r|5-C4H4Se)Cr(CO)3 (1) contains a A,max at 409 nm due to n —> n* 

transition in the carbonyl groups, a band at 360 nm due to n —> n* transition in the 

carbonyl groups and a broad band is observed at lower energy centred at 500 nm due to 

metal to charge transfer transition between the Cr centre and the aromatic rings.

4.2.1 Photolysis of (ris-C4H4Se)Cr(CO)3 in Ar matrixes

A sample of (r|5-C4ll4Se)Cr(CO)3 (1) was deposited in an Ar matrix at 20 K. The metal 

carbonyl stretching frequencies of the parent complex occur at 1989, 1924 and 1906 

cm’1. Irradiation of this sample with long wavelength irradiation either monochromatic 

or broadband in nature fails to produce any new bands in the IR spectrum. Flowever, 

photolysis at either A,exc >410 nm or A,exc = 405 nm results in the formation of new 

bands at 2047, 2001 and 1957 cm'1. These bands have been assigned to the ring slipped 

ri4-coordinated complex, (r|4-C4H4Se)Cr(CO)3 (2) (Fig. 4.11).
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Wavenumbers (cm'1)

Fig. 4.11: Difference spectrum illustrating the new bands produced following photolysis 

of (r|5-C4H4Se)Cr(CO)3 (1) with A,exc = 405 nm in an Ar matrix at 20 K for 

100 min

These three bands belong to the same species. This was confirmed when an Ar matrix 

containing (r|5-C4H4Se)Cr(CO)3 (1) was photolysed with Xexc = 405 nm at short time 

intervals. The three peaks grow in at the same rate and hence are related to each other 

(Fig. 4.12). The positive peaks represent formation of the photoproduct, while the 

negative peaks represent depletion of the parent complex. The corresponding UV-vis 

spectrum for the ring slipped photoproduct is shown in Fig. 4.13. Photolysis of 

(r|5-C4H4Se)Cr(CO)3 (1) results in a decrease in the absorption of the parent bands in the 

UV-vis spectrum in the region 350-440 nm while an increase in absorption is observed 

from 440-475 nm.
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405 nm 40 sec

Wavenumbers (cm'1)

Fig. 4.12: IR difference spectra illustrating that the three bands observed upon

photolysis of (r|5-C4Fl4Se)Cr(CO )3 (1) with Xexc = 405 nm in an Ar matrix 

grow in at the same rate and thus are related to each other

Dep o s i t io n

W a v e l e n g i h  ( n m )

Fig. 4.13: UV-vis spectrum of the ring slipped product, (ri4-C4H4Se)Cr(CO )3 (2)
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When (Ti4-C4H4Se)Cr(CO)3 (2) in an Ar matrix was photolysed with higher energy 

monochromatic irradiation, A,cxc = 365 nm, a reduction in the bands at 2047, 2001 and 

1957 cm'1, and the parent bands in the IR spectrum was observed. In addition, two new 

carbonyl bands formed at 2035 and 1934 cm’1 (Fig. 4.14). The species characterised by 

bands at 2035 and 1934 cm'1 is assigned to the CO loss product, (ri4-C4H4Se)Cr(CO)2

(3). A band representing 'free' CO is observed at 2137 cm'1. An alternative assignment 

for these bands is the ring inserted complex, where the Cr metal centre has inserted into 

the C-Se bond. This structure was discounted; the reasons for which are presented in 

the discussion.

Wavenumbers (cm'1)

Fig. 4.14: Difference spectrum illustrating the effect of A,exc = 365 nm on the 

photoproduct (r]4-C4H4Se)Cr(CO)3 (2) in an Ar matrix at 20 K

Subsequent photolysis of this matrix with Xcxc = 334 nm reduces the intensity of the 

bands in the IR spectrum due to the tricarbonyl species (2) further while simultaneously 

regenerating the parent complex. The intensity of the carbonyl bands assigned to the 

CO loss product (3) is not affected by this irradiation wavelength, however.

The CO loss product (3) is produced most efficiently upon irradiation with the band 

pass filter, 320 < A,cxc < 395 nm. Fig. 4.15 confirms that the bands at 2035 and 1934
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cm'1 grow in at the same rate and hence are assigned to the same species. Irradiation 

with this filter decreases the intensity of the IR bands of the ring slip product, 

(r|4-C4H4Se)Cr(CO)3 (2). The UV-vis spectrum obtained following the photolysis 

experiments given in Fig. 4.14 is illustrated in Fig. 4.16. The changes in this spectrum 

are similar to that in Fig. 4.13.

----------- 405, 365, 334 nm (total: 55 min)
320 < X < 395 nm + 5 min

Wavenumbers (cm’1)

Fig. 4.15: (a) Difference spectra obtained following photolysis of (r|5-C4H4Se)Cr(CO)3 

(1) with a band pass filter, 320 < Xcxc < 395 nm, in an Ar matrix at 20 K 

(* = (Ti4-C4H4Se)Cr(CO)3 (2) and * = Cn4-C4H4Se)Cr(CO)2 (3))

W a v e n u m b e r s  ( c m  ’ )

Fig. 4.15 : (b) Corresponding stretch observed for uncoordinated CO following

photolysis of (T]5-C4H4Se)Cr(CO)3 (1) with a bandpass filter 320 < Xcxc < 395 

nm in an Ar matrix
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Wavelength (nm)

Fig. 4.16: UV-vis spectrum of the CO  loss product, (r|4-C4H 4Se)Cr(CO )2 (3), in an Ar 

matrix at 20 K, before and after photolysis

Following the production of both (r|4-C4Fl4Se)Cr(CO )3 (2) and (r)4-C4H4Se)Cr(CO )2 (3) 

by photolysis of (ri5-C4H4Se)Cr(CO )3 (1) in an Ar matrix, broadband irradiation at 

> 550, > 410 or > 300 nm bleaches (ri4-C4H4Se)Cr(CO )3  (2) and reforms the starting 

material bands (Fig. 4.17). The CO loss product (3) (2035 and 1934 cm'1) is unaffected 

by broadband irradiation at these wavelengths. Once formed the CO loss product (3) is 

stable to broadband irradiation.
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Wavenumbers (crrf1)

Fig. 4.17: IR spectra illustrating the effect of Xexc > 550 nm on the photoproducts in an 

Ar matrix at 20 K (* = (ri4-C4H4Se)Cr(CO)3 and * = (Ti5-C4H4Se)Cr(CO)2)

4.2.2 Photolysis of (T|5-C4H4Se)Cr(CO)3 in CH4 matrixes

Deposition of (r|5-C4H4Se)Cr(CO)3 (1) in CH4 matrixes produces bands at 1982, 1916 

and 1891 cm"1. In general photolysis of the CH4 matrixes yields similar results to those 

observed in Ar matrixes. Both the ring slip product, (T|4-C4H4Se)Cr(CO)3 (2) (2044, 

1997 and 1953 cm'1) and the CO loss product, (ri4-C4H4Se)Cr(CO)2 (3) (2032 and 1928 

cm'1) are observed upon photolysis with a variety of filters. Long wavelength 

irradiation (either monochromatic A,exc = 436 nm or broadband X,exc > 500 nm) fails to 

produce either of the photoproducts. Higher energy irradiation however at ?iexc > 410 nm 

or A,exc = 405 nm again produces the ring slip product. Monochromatic irradiation with 

Àrexc = 405 nm is most efficient at producing the ring slip photoproduct (2), with the 

band pass filter 320 < A.exc < 395 nm being most efficient at producing the CO loss 

product (3).
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4.2.3 Photolysis of (ri5-C4H4Se)Cr(CO)3 in N2 matrixes

Following deposition of (ri5-C4H4Se)Cr(CO)3 (1) in a N2 matrix IR bands were observed 

at 1982, 1914 and 1893 cm"1. Irradiation of (ri5-C4H4Se)Cr(CO)3 (1) in aN 2 matrix 

with lexc = 405 nm results in the depletion of the parent bands and appearance of new 

bands in the IR spectrum at 2047, 2001 and 1958 cm"1 (Fig.4.18) in addition to aN 2 

stretch at 2161 cm"1. The presence of the dinitrogen stretch indicates the presence of a 

coordinatively unsaturated metal fragment. These bands are assigned to the ring slip 

product, (Ti4-C4H4Se)Cr(CO)3N2 (4) (Fig.4.19).

W avenum bers (cm'1)

Fig. 4.18: Difference spectrum obtained in a N2 matrix following photolysis of 

(r| 5-C4ll4Sc)Cr(CO)3 (1) with XeKC = 405 nm for 10 min

W a v o n u m b o r s  ( c m ‘)

Fig. 4.19: Difference spectrum illustrating the N2 stretch at 2161 cm"1 following 

photolysis of (r|5-C4H4Se)Cr(CO)3 (1) with A,exc = 405 nm for 10  min
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When a N2 matrix is further irradiated with 320 < Xexc < 395 nm, the ring slip product

(4) initially increases in intensity and four new bands are observed to form at 2172, 

2137 1934 and 1879 cm'1. The bands at 1934 and 1879 cm'1 have been assigned to the 

CO loss product, (ri5-C4H4Se)Cr(CO)2N2 (5). The band at 2172 cm'1 represents the N2 

stretch and the band at 2137 cm'1 is due to 'free' CO (Fig. 4.20). When this N2 matrix is 

subsequently photolysed at A,exc > 500 nm, the bands assigned to the nitrogen species 

(r|4-C4H4Se)Cr(CO)3N2 (4) are bleached and the parent is regenerated. The dicarbonyl 

bands (5) are unaffected however (Fig. 4.21).

(a)

Wavenumbers (cm'1)

Fig. 4.20: (a) Difference spectrum illustrating the ring slip (4) and CO loss (5) products 

produced in a N2 matrix at 20 K upon photolysis with 320 < A,exc < 395 nm

142



Chapter 4 Results
(b)

Wavenumbers (cm'1)

Fig. 4.20: (b) The corresponding difference spectrum illustrating the N 2 and Tree' CO  

stretches
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-monochromatic photolysis (27 min)

Wavenumbers (cm1)

Fig. 4.21: IR spectrum illustrating the effect of broadband irradiation (A, > 500 nm) on 

complexes (4) and (5) in a N2 matrix

4.2.4 Photolysis of (r)5-C4H4Se)Cr(CO)3 in CO doped Ar matrixes

Deposition of (r|5-C4H4Se)Cr(CO)3 in CO doped Ar matrixes results in the observation 

of carbonyl bands at 1976, 1905 and 1883 cm'1. Irradiation of this matrix at 20 K with 

A,exc = 405 nm produces bands that are assigned to the ring slip product 

(T14-C4H4Se)Cr(CO)3 (2) at 2044, 1996 and 1953 cm'1 (Fig. 4.22). Subsequent 

photolysis with 320 < A,exc < 395 nm increases the intensity of these bands while long 

wavelength irradiation at A,exc > 500 nm results in the bleaching of the carbonyl bands at 

2044, 1996 and 1953 cm'1 (2) and regeneration of the parent complex.
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Wavenumbers (cm'1)

Fig. 4.22: IR  spectrum following photolysis of (t|5-C,iHijSe)Cr(CO)3  (1) with Xcxc = 405 

nm in a 5 %  CO/Ar matrix at 20 K

Extended photolysis of a 5 %  CO/Ar matrix with Xcxc = 405 nm or 320 < Xcxc < 395 nm 

produces Cr(CO)&, which is characterised by the intense band at 1985 cm'1 (Fig. 4.23). 

These results provide evidence of a possible sequential ring slip of the selenophene ring 

from îy —> rj1 —» rf coordination, which linally undergoes replacement of the 

selenophene ring with a sixth carbonyl group to produce the hexaearbonyl, Cr(CO)f, (8).
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Wavenumbers (cm'1)

Fig. 4.23: Difference spectrum illustrating the intense band of Cr(CO)6 (8) at 1985 cm'1 

produced after extended photolysis of (r|5-C4H4Se)Cr(CO)3 (1) in a 5 % 

CO/Ar matrix at 20 K with 320 < A.cxc < 395 nm.

4.2.5 Photolysis of (r|5-C4H4Se)Cr(CO ) 3  in CO doped CH4 matrixes

Photolysis of a 5 % CO/CH4 matrix with A,exc = 405 nm results in formation of three 

bands at 2044, 1996 and 1953 cm'1, as in the previous experiment. In addition to a band 

at 2031 cm"1, which was tentatively assigned to (ri4-C4H4Se)Cr(CO)4 (6), a band at 2068 

cm'1 (7) was cautiously assigned to (ri2-C4H4Se)Cr(CO)5 (Fig. 4.24). Accompanying 

bands for the tetracarbonyl and pentacarbonyl species are masked by the parent bands 

and the species (t|4-C4FI4Se)Cr(CO)3 (2). A discussion regarding these assignments will 

be given in section 4.3.
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X = 405 nm 7 min

Wavenumbers (cm')

Fig. 4.24: Difference spectra illustrating the carbonyl bands that are tentatively

assigned to (V-C4H4Se)Cr(CO)4 (6) (*) and (ii2-C4H4Se)Cr{CO)i (7) (*), 

which are produced following photolysis of a 5 % CO/CFI4 matrix with 

Kxc = 405 nm
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4.3 DISCUSSION

4.3.1 N2 matrixes

Monochromatic irradiation (Xcxc = 405 nm) of (r|5-C4H4Se)Cr(CO)3 (1) in a N2 matrix at 

20 K produces a three band pattern in the carbonyl region of the IR spectrum; 2047, 

2001 and 1958 cm'1. A dinitrogen stretch is also observed at 2161 cm'1. The observed 

photoproduct in the N2 matrix was assigned the structure (t|4-C4H4Se)Cr(CO)3N2 (4). 

The selenophene ring has undergone a ring slip from r\5 —> r\4 and donates less electron 

density to the Cr metal centre in comparison to the electron density donated to the Cr 

centre in the parent complex, (r|5-C4H4Se)Cr(CO)3 (1). Hence the carbonyl stretches of 

the photoproduct occur at higher wavenumber than the starting material carbonyl bands 

(vco = 1982, 1914 and 1893 cm'1). Observation of the N2 stretch and no evidence for 

'free' CO confirms that the selenophene ring has undergone a ring slip. The parent 

complex (r|5-C4H4Se)Cr(CO)3 (1) has an electron count of eighteen and there is no 

vacant metal site for a N2 molecule to coordinate. The selenophene ring must undergo a 

haptotropic shift upon irradiation to produce a vacant site that can be occupied by the N2 

molecule, in the absence of CO loss.

Subsequent photolysis of aN 2 matrix containing the photoproduct, (r|4- 

C4H4Se)Cr(CO)3N2 (4) photoproduct, with 320 < A.exc <395 nm for an extended period 

of time results in a decrease in the bands associated with (r|4-C4H4Se)Cr(CO)3N2 (4) and 

the appearance of four new bands at 2171, 2137, 1936 and 1879 cm'1. The bands at 

2171, 1936 and 1879 cm'1 have been assigned to (r|5-C4H4Se)Cr(CO)2N2 (5) by 

comparison with the analogous thiophene complex, (r|5-C4H4S)Cr(CO)2N2 (vco = 1932 

and 1879 cm_1and vN=N = 2154 cm'1). While the band at 2137 cm'1 represents 'free' CO. 

The dicarbonyl dinitrogen thiophene complex was observed to form during photolysis 

of the complex (ri5-C4H4S)Cr(CO)3 in a N2 matrix.35 Solution photochemistry of 

(r|5-C4H4S)Cr(CO)3 in the presence of a trapping ligand, PPh3, with a Xe-arc lamp also 

provided evidence for the dicarbonyl complex, (ri5-C4H4S)Cr(CO)2PPh3, which was 

observed to have vco = 1906 and 1850 cm'1.35 In the dicarbonyl dinitrogen complex, 

(T)5-C4II4Se)Cr(CO)2N2 (5), the selenophene ring has maintained its r|5-coordination 

mode. There is a greater donation of electron density from the selenophene ring in this
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complex compared to the r\4-tricarbonyl complex. In addition there is one less carbonyl 

ligand present in this photoproduct. Therefore the extra electron density is ‘off-loaded’ 

onto a reduced number o f carbonyl ligands compared to the tricarbonyl complex, 

resulting in the carbonyl bands o f the dicarbonyl complex occurring at lower 

wavenumber compared to the carbonyl bands o f the tricarbonyl complex. The 

assignment o f the bands at 1932 and 1879 cm'1 to the (r|5-C4H4Se)Cr(CO)2N2 species 

are accurate. Carbonyl bands for (r|6-C6H6)Cr(CO)2N2 were observed at 1940 and 1899 

cm'1 upon photolysis o f (r|6-C6H6)Cr(CO)3 in the presence o f N 2.36 These carbonyl 

bands for the (r|6-C6H6)Cr(CO)2N2 species are very similar to those observed for (r|5- 

C4H4Se)Cr(CO)2N 2.

4.3.2 Ar or CH4 matrixes

In Ar or CH4 matrixes, photolysis o f (r|5-C4H4Se)Cr(CO)3 (1) with high energy 

irradiation produces the same three band pattern in the carbonyl region of the IR 

spectrum (vco = 2047, 2001 and 1957 cm'1) that was observed upon photolysis o f N2 

matrixes. Hence the assignment o f the structure o f the initial photoproduct in Ar or CH4 

matrixes to (r| l-C4H4Se)Cr(CO)3 (2 ), where the two diene fragments each donate two 

electrons to the Cr metal centre. In these matrixes, Ar and CH4 act as inert hosts and do 

not coordinate to the vacant site on the metal centre. At this point however, the 

photochemistry in N2 and Ar or CH4 matrixes diverge.

Subsequent higher energy photolysis Ckcxc = 365 nm) of either the Ar or CII4 matrix 

results in a decrease in the intensity of the three bands at 2046, 2001 and 1957 cm ' 1 and 

the appearance o f three new bands at 2137, 2035 and 1934 cm'1. The band at 2137 cm' 1 

represents uncoordinated CO while the bands at 2035 and 1934 cm"1 correspond to two 

carbonyl groups. The structure o f this species has been assigned to the species, 

(r|4-C4H4Se)Cr(CO)2 (3). The ring slipped tricarbonyl complex is the precursor to the 

dicarbonyl species.

It is unusual that the tricarbonyl complexes (r|4-C4H4Se)Cr(CO) 3 (produced upon 

photolysis o f (r|5-C4H4Se)Cr(CO)3 in an Ar matrix) and (Ti4-C4H4Se)Cr(CO)3N2 

(produced upon photolysis o f (r|5-C4H4Se)Cr(CO)3 in a N 2 matrix) have similar 

carbonyl bands in the IR spectrum; vco for these complexes are « 2046, 2000 and 1956
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cm'1. Coordination o f a N2 molecule to the metal centre would be expected to cause a

shift in the carbonyl bands. The complex (ri4-2,3-dimethylbutadiene)Cr(CO) 3 has vco =

1999, 1942 and 1880 cm '1, while the dicarbonyl complex with a N 2 molecule

coordinated to the metal centre, (r|4-2 ,3 -dimethylbutadiene)Cr(CO)3N2 has vCo = 2004,

1929 and 1909 cm ' 1.37

An alternative structure that the species (r|4-C4H4Se)Cr(CO)2 (3) might assume involves 

insertion o f the Cr metal centre into the C-Se bond o f the selenophene ring. In this 

structure selenophene acts as a one-electron donor and with the electron donated by the 

carbon atom o f the selenophene ring and the four electrons donated by the two carbonyl 

groups this complex represents a twelve-electron intermediate. This coordination mode 

is documented in the literature (Fig. 4.1).

An X-ray crystal structure o f the Ir complex, [(r|5-C5(CH3)5)Ir(r|4-2 ,5 -(CH3)2C 4H2S) ] , 14 

shows that the S atom lies 0.905 A  out o f the C(2)-C(3)-C(4)-C(5) plane away from the 

Ir centre. A  crystal structure has not been recorded for the analogous unsubstituted 

complex however.

OC CO

Fig. 4.1

Reaction o f C 4H4Se with [(r]5-C5(CI l3)5Rh(P(CFI3)3)(H)Ph)], has been shown to form 

the selenophene ring-opened complcx, [(r|5-C5(CH3)5Rh(P(CH3)3)(C,Se-C4H4Se) ) ] .34 

Vicic et al,34 found that this ring insertion reaction was irreversible (in contrast to the 

analogous reaction with thiophene which reverts to starting material upon heating). 

Further literature data suggests that the ring inserted complex o f [(r|5-C5(CH3)5)Ir(r|5-

2 ,5 -(CH3)2C 4H2S)] is more thermodynamically stable compared to the r|4 analogue. 14 

Ring insertion is not observed upon photolysis of (r|5-C4Fl4Se)Cr(CO)3 in a N2 matrix. It
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is likely that the matrix is too rigid to allow the necessary rotation for ring insertion to 

occur.

4.3.3 CO doped Ar matrixes

A  similar three band pattern to that observed in Ar, CH4 and N2 was observed when 

(r|5-C4H4Se)Cr(CO)3 (1) was irradiated in CO doped Ar matrixes with short wavelength 

photolysis (A,exc = 405 nm or A,exc> 410 nm). Bands at 2045, 1996 and 1953 cm ’ 1 are 

assigned to (r|4-C4H4Se)Cr(CO)3 (2). Extended photolysis with 320 < A,cxc < 395 nm 

reveals formation o f Cr(CO )6 (8). The CO loss products, (3) and (5), observed in Ar, 

CH4 and N2 matrixes were not observed in these experiments. The presence o f 

additional CO molecules prevents the formation o f the dicarbonyl complexes. If the 

tricarbonyl complex produces a dicarbonyl complex upon photolysis, the extra CO 

molecules are small enough to diffuse through the matrix and occupy the vacant site.

The net effect is that there is no observation o f the formation of any dicarbonyl 

complexes.

Experiments earned out at short time intervals reveal the presence o f tetra and penta 

carbonyl species. Photolysis o f a CO doped Ar matrix with Xexc = 405 nm results in the 

formation o f a band at 2031 cm'1. The assignment o f this band as (ri4-C4H4Se)Cr(CO)4 

(6 ) is based on comparison with the complex (r]2-C2H4)2Cr(CO)4, which has Vco = 2036, 

1949 and 1913 cm ' 1.38 Inspection o f Fig. 4.23 in the results section, shows that the 

remaining peaks for this tetracarbonyl complex could be masked by the depletion o f the 

parent bands or the photoproduct bands for (r|4-C4H4Se)Cr(CO)3 (2). The depletion of 

the parent band at « 1913 cm ' 1 contains a shoulder at higher wavenumber (marked by *), 

which appears to increase in intensity with successive photolyses. This is suggested as 

evidence o f a band growing in i.e. the low energy band for the tetracarbonyl species, 

(r|4-C4H4Se)Cr(CO)4 (6 ).

A  band for the pentacarbonyl complex, (r]2-C4H4Se)Cr(CO)5 (7), has been tentatively 

assigned as 2068 cm"1 by comparison with the species (r)2-6'/5'-CxH|4)Cr(CO)5, which 

has vco = 2070, 1954 and 1948 cm ' 1.39 Inspection o f Fig. 4.23 illustrates the two 

remaining absorption bands o f the pentacarbonyl species coincide with the absorption
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bands of the photoproduct (r|4-C4H4Se)Cr(CO)4 (6). A shoulder at higher wavenumber 

than to the tetracarbonyl band at 1953 cm'1 is also assigned to the pentacarbonyl species.

It is possible that because the tetra and penta complexes are intermediates in the 

formation of Cr(CO)6 (8), they are produced in very small amounts. Or alternatively 

they have very low molar extinction coefficients. Since these tetra and penta carbonyl 

species are reactive intermediates, their extinction coefficients cannot be determined.

Experiments carried out in CO doped Ar matrixes suggest that the photolytic removal of
S  A  0the selenophene ring occurs in a stepwise fashion: r| —> r| -» r[ . Each successive rmg 

slip occurs with the coordination of an additional CO molecule, so that the process can 

also be described as stepwise in terms of CO coordination: M(CO)3 —» M(CO)4 -» 

M(CO)5->M(CO)6.
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4.4 CONCLUSION

Matrix isolation studies of (r|5-C4H4Se)Cr(CO)3 (1) have revealed evidence for a 

stepwise haptotropic shift from r|5 —> r|4 —> r|2for the photochemical removal of the 

selenophene ring from the Cr metal centre.

In CO matrixes at 20 K, short wavelength photolysis, (A,exc = 405 nm), produces a three 

carbonyl band pattern assigned to (r|4-C4H4Se)Cr(CO)3 (2). Extended photolysis 

indicates formation of Cr(CO)6 (8), characterised by an intense carbonyl band at 1985 

cm"1.

Photolysis of (r|5-C4H4Se)Cr(CO)3 (1) in inert matrixes revealed the formation of the 

three carbonyl band pattern observed in CO matrixes. In addition subsequent photolysis 

of these matrixes produced the CO loss species (r|4-C4H4Se)Cr(CO)2 (3). In N2 

matrixes, the initial photoproduct produced is the complex, (r|4-C4H4Se)Cr(CO)3N2 (4), 

with extended photolysis producing the CO loss product (r|5-C4H4Se)Cr(CO)2N2 (5) 

from species (4). Thus the photochemistry of (ri5-C4H4Se)Cr(CO)3 is dependent on the 

conditions employed.
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Chapter 5

Photochemical studies of [(r|5-C5H5)M(r|6-arene)]+X' 
complexes in various solvents

A b s t r a c t

Steady state photolytic studies o f [(rf-CsH5)Fe(rf- (CH3)2CHC6H5)]PF(, in a variety o f 

solvents show that the arene ring undergoes replacement when ligands are present and 

the metal complex undergoes decomposition in the absence o f ligands. CO was 

employed as the ligand o f choice. [(rf-C5Ii5)Fe(CO)3]PF6 was formed upon photolysis 

in CO purged acetone and dichloromethane solutions while 

[(rj5-C^H5)Fe(CH3CN)2(CO)]PF(, was produced in CO purged acetonitrile solutions.
2~I-The decomposition products include ferrocene, free ’ arene and Fe . These results 

along with laser flash photolysis studies point to a mechanism involving a solvated 

intermediate o f the type [(r f -C^Fl^Fe (sol v)3] I n  addition preliminary steady slate 

photolysis studies were carried out on the heteroaromatic complex, 

[(rf-C,H5)Fe(rf-2,5-(CH3)2C4H2S)JBF4.
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5.1 LITERATURE SURVEY

5.1.1 Photochemistry of [(r|5-C5H 5)Fe(r|6-arene)]+ complexes

Nesmeyanov et al. first reported quantitative photochemical experiments on compounds 

o f the type, [(r|5-C 5H5)Fe(r|6-arene) ]+. 1 Their investigations indicated that complexes of 

the type, [(r|5-C5H5)Fe(r|6-arene)]+, underwent decomposition upon irradiation in 

various organic solvents (Eqn. 5.1). The products o f this reaction were ferrocene, Fe 

and free arene.

2[(r|5-C5H5)Fe(r|6-arene)]PF6 org^ j >  0 l5C 5H5)2Fe + Fe2+ + 2arene Eqn. 5.1

solvents

Gill and Mann2 extended this work by exchanging the xylene ligand in the complex, 

[(q5-C5Fl5)Fe(r|6-/>-(CF[3)2C 6Fl4)]PF6 with either three two-electron donor ligands or 

one 6 -electron donor ligand (Table 5.1).

Ligand Product Yld

(% )

Solvent Method of 

irradiation

/»-CNC6H4CFI3 [(T15-C5H5)Fe(T16-j9-CNC6H4CH3)]+ 84 Acetone sunlight

P(OC6H5) 3 [0l5-C5H5)Fe(P(OC6H5)3)3]+ 52 CH2C12 sunlight

CO [(Tl5-C5H5)Fe(CO)3]+ 50 Acetone Corning052

(r|6-C6(CH3)6) [(T!5-C 5H5)Fe(Ti6-C6(CH3)6)]+ 76 - sunlight

Triphos [(r|5-C5Pl5)Fe(triphos)]+ 73 Acetone 436 nm

Table 5.1

Photolysis o f [(ri5-C5H5)Fe(ri6-/?-(CH3)2C 6H4)]PF() in degassed acetone or 

dichloromethane solutions in the presence o f a suitable ligand resulted in the exchange 

o f the three coordination sites occupied by p-xylene (Eqn. 5.2). These reactions occur 

cleanly at room temperature with high conversions.

[(r)5-C5H5)Fe(r|6-/?-xyl)]PF6 — [(r|5-C5H5)FeL3]PF(j i /7-xylene Eqn. 5.2
XS L
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Application o f experimental information3 and extended theoretical models for the 

system, [(r)5-C5H5)Fe(r|6-arene)]+, suggest that the mechanism for/?-xylene exchange is 

dissociative.4 ,2 It is believed that total dissociation o f the r|6-ligand occurs to give 

[(r|5-C5H5)Fe(solv)]+ prior to ligand attack (Eqn. 5.3).

[(r|5-C5H5)Fe(r|6-arene)]PF6 [Oi5-C5H5)Fe(solv)]+ 3 L >  [(î15-C5H5)FeL3]+
-arene

Eqn. 5.3

An associative mechanism would involve arene ring slippage. The ring slipped 

intermediate could then reconvert to starting material by expulsion o f solvent molecules 

or could undergo replacement o f the solvent molecules by ligand molecules, beginning 

the sequential replacement o f the remaining coordination positions occupied by the 

arene molecule. However, it is unlikely that the solvated complex in which the arene is 

bound in an r\2- or r|4-fashion would have a lifetime long enough to undergo the second 

order reaction with the ligands, at the concentrations used in this study.

Schrenk and Mann5 have studied the photochemical removal o f the ̂ -xylene molecule 

from the [(r|5-C5Fl5)Fc(r|6-/>(Ci I3)2C 6I I4)|X complex as a function of solvent and 

counterion. Quantum yields for the appearance o f [Fe(phen)3]2+, formed upon 

irradiation o f solutions o f [(r|5-C 5FI5)Fe(r)6 -/»-(CI^CeFI^lX and 1 ,1 0 -phenanthroline, 

were determined. They found that the quantam yield (()>) for arene replacement varied 

from 0.81 in water to 0.58 in dichloromethane solution for X = BF4' (Table 5.2). The 

variation of (|) is indicative o f the assistance o f solvent in the chemical step, in which p-  

xylene is released from the central iron atom. This effect is more pronounced for X ' = 

SbFY, where <(>cH2Ci2 = 0.084 and c[)ch3Cn = 0.72. Conductivity data for 0.02 M solutions 

o f BF4' and SbF6_ salts in CH3CN solutions suggests the almost complete dissociation of 

these salts into free ions. Thus, for acetonitrilc solutions, the assisting component is the 

solvent.
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Anion Conditions 4>

BF4" H2O/O.I M H 2SO4 0.81

b f 4' Propylene Carbonate 0.79

BF4‘ Methanol 0.77

b f 4' CH3CN 0.72

SbF6- CH3CN 0.72

SbF6‘ CH2CI2 0.084

CF3SO3- CH2CI2 0.60

BF4" CH2CI2 0.58

p f 6- CH2C12 0 .1 2

A sF 6' CII2C12 0.087

Table 5.2

In contrast to the results obtained for the irradiation o f acetonitrile solutions of 

[(r)5-C5H5)Fe(r|6-/>(CH3)2C 6H4)]X, photolysis o f dichloromethane solutions of 

[(r|5-C5H5)Fe('n6-p-(CH3)2C 6H4)]X show a strong dependence on counterion: SO3CF3" > 

BF4' »  PI7 , > AsF6‘ = Sbl'Vi - Conductivity data for the salts in dichloromethane 

solutions indicated that substantial fractions o f the ions in solution are ion pairs. This 

variation suggests that the paired anion (/. e. the anion is bound to the metal centre) 

assisted the removal of /»-xylene as a nucleophile in acetonitrile solutions, decreasing as 

indicated above.

PF6", AsFg'and SbF6~ exhibit ion pairing to the same extent as BF4‘. Flowever, their 

quantum yields are smaller indicating that they are the poorer nucleophiles in the 

solvent assisted step. This is consistent with the poor coordinating ability o f these 

anions.6

The medium assistance involved in these photolysis reactions contrasts with the 

dissociative behaviour observed for ligand field excited states in other organometallic 

transition metal systems. The availability ofothcr bonding modes in the metal arcnc
7 6 Kcomplex and the higher total metal-r| -arene bond energy compared to a M-CO bond, 

enables the medium to play an important role in the arene release step.
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McNair et a l 9 suggested that exchange occurred via  the nucleophilic attack o f the 

solvent cage on the excited state o f these salts, which consists o f a metal coordinated 

counterion. Studies indicated that the metal arene bond was broken almost completely 

in the excited state. Nucleophilic attack o f the solvent in the transition state effectively 

controlled the rate o f arene release for a given complex.

As well as solvent dependence, the effect o f aromatic substitution9 on arene exchange 

was investigated. It has been reported that the quantum yield for the formation of 

[Fe(phen)3]2+ (<|)phen) decreases with the increased alkyl substitution on the arene ring. 

Likewise, the (|)phen decreases as the size o f the alkyl group on the ring increases. In 

contrast, the <j>Phen increases when chloro substituents are present. Upon deuteration, it 

was found that the <|) for the formation o f Fe(phen)32+ upon irradiation o f 

[(r)5-C5H5Fe(r|6-(CD3)C6D 5)]PF6 in the presence o f 1,10-phenanthroline decreases to 

0.35 (0.39 for the hydrogen analogue). The increased steric hindrance introduced by the 

presence o f bulkier substituents reduces the participation of the solvent cage in the 

transition state. Hence, decreasing the (j) for arene release.

Low temperature studies o f L(r’| 5-C5I Is)Fe(r|6-7 >(CFl3)2Q,I I4)]PFg in CH3CN solution 

revealed the formation of a purple intermediate. 10 A  visible absorption spectrum 

obtained at low temperature exhibited a lowest energy band with X,max = 550 nm. 

[(r)5-C5H5)Fe('n6-/>-(CH3)2C 6H4)]PF6 has an absorption peak with A,max = 450 nm. The 

absorption peak o f the intermediate was shifted to the red o f the parent complcx 

absorption. This is consistent with the formation o f [(r|5-CsH5)Fe(CH3CN)3]PF6. The 

ruthenium analogue o f the parent iron complex, |(r| 5-C 5II5) Ru(r| 6-/?-(C H3 6H4) J PF(, 

has Àmax = 320 nm, while the thermally stable tris acetonitrile complex has A,max = 365 

nm, which is also shifted to the red o f the parent complex. The similarity and positions 

o f the shifts supported the formulation o f |/r|5-C5l Is)Fe(CFFiCN)3]PFV, (Eqns. 5.4 + 5.5).
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[(Ti5-C5H5)Fe(^6-/j-xyl)]PF6 — ^  [(n5-C5Hs)Fe(CH,CN)3]PF(----- *.F<̂
5 5  CH,CN , , 1 (ris-CiH,),Fe

thermally + /*-xyl
unstable Eqn. 5.4

[(r|5-C5H5)Ru(r|6-arene)]PF6 -------- ► [(ri5-C5H5)Ru(CH3CN)3]PF6 + arene Eqn. 5.5
CH3CN

thermally
stable

The iron tris acetonitrile complex could not be isolated but the labile acetonitrile ligands 

readily undergo photolytic exchange. Six compounds were isolated by Gill and Mann10 

via photolysis o f acetonitrile solutions o f [(r^-CsFyFe^-p-CCFF^CfiFLOJPFs, in the 

presence o f L, giving [(r|5-C5Fl5)Fe(CFI3CN)L2]PF6 as orange crystals. Conversion 

occurs with high yields. These compounds are air stable, soluble in polar organic 

solvents and have rather unexceptional properties (Table 5.3).

Ligand Product Yield Length

(% ) hv (h)

P(0(CH3))3 a. [(ri5-C5H5)Fe(CH3CN)(P(OCH3)3)2]+ 93 1

CNC(CH3)3 b. [(7i5-C5H5)Fe(CH3CN)(CNC(CH3)3)2]+ 82 2.25

2,6-DMP c. [(T!5-C5H5)Fe(CH3CN)(2,6-DMP)2]+ 78 1.66

P(OCH2(CH3))3 d. [(n5-C5H5)Fe(CH3CN)(P(OCH2CH3)3)2]+ 80 3.66

P(OC6H5)3 e. [(ri5-C5H5)Fe(CH3CN)(P(OC6H5)3)2]+ 60 4.5

Diphos f. [(T!5-C5H5)Fe(CH3CN)(Diphos)]+ 96 2

Table 5.3

The third acetonitrile ligand is displaced by heating the disubstituted complex in 

dichloromethane (Table 5.4).
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Product

Table

5.3

Ligand Final

product

Yield

(% )

Length of 

Reflux (h)

a 2,6-DMP [CpFe(P(OCH3)3)2(2,6-DMP)]' 90 64

c P(OCH3)3 [CpFe(P(OCH3)3(2,6-DMP)2)+ 95 18

d P(OCH3)3 [CpFe(P(OCH2CH3)3)2(P(OCH3)3)]+ 90 22

Table 5.4

Lee et a l.n  succeeded in photolytically exchanging the chlorobenzene molecule in 

[(r|5-C5H5)Fe(r|6-C6H5Cl)]PF6 with more basic arenes. Exchanges were carried out with 

benzene, toluene, tetralin and 9,10-dihydroanthracene, with yields as high as 85 %. 

However, exchange reactions involving nitrobenzene, naphthalene and anthracene failed 

(Scheme 5.1). The nitro group has similar electron withdrawing properties to the chloro 

atom and is not basic enough to undergo exchange. For naphthalene and anthracene, 

coordination via  one o f the aromatic rings could result in the loss o f aromaticity in the 

adjacent ring.

I'e 

6
no reaction

Scheme 5.1

In an attempt to investigate whether the cyclopentadienyl ring undergoes exchange, 

complexes o f the type [(r|5-C5Pl4X)Fe(r|6-arene)]', where X  is an electron withdrawing 

group, were reacted both thermally and photolytically with P(OR)3, R = CH3 or C 2H5, 

C6FI5; X= H, Cl, CH3CO or COOR. In all cases the aromatic ring was replaced. 11 

Photolysis provided higher yields than the corresponding thermal reactions. The 

introduction o f heteroaromatics has been achieved by this method.

Fe

naphthalene
anthracene
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Photolysis o f [(ri5-C5H5)Fe(r|6-C6H5Cl)]PF6 in dichloromethane, in the presence o f 2 to 

3 equivalents o f thiophene or substituted thiophenes, produces the appropriate 

thiophene derivative (Eqn. 5.6, Table 5.5).

Cp*-
Fe

hv

c4H4s Fe

PF*'

Eqn. 5.6

Ligand Product Yield(%)

C4H4S [Ol 5-C 5H5)F e(ri 5-C4H4S)]+ 75

2 -CH3C 4H3S [Cl 5-C5H5)Fe(r| 5-2-CH3C4H3S)]+ 70

3 -CH3C 4H3S [Cn 5-C5H5)F e(r| 5-3 -CH3C4H3S)]+ 75

2,5-(CH3)2C4H2S [(Ti5-C 5H5)Fe(Ti5-2 ,5 -(CH3)2C 4H2S)]+ 85

Table 5.5

1 0 . »  , c
Jakubek et al. have investigated the decomposition o f the complex, [(r| - 

C 5H5)Fe(ri6-(C H 3)2CHC6H5)]+, over a range o f excitation wavlengths, 355-683 nm.

The studies reveal that the decomposition reaction is efficient in the UV and visible 

regions and results from both the triplet and singlet excited states. Arene exchange was 

also observed for sensitised reactions o f [(ri5-C5H5)Fe(r|6-p-(CH3)2C 6H4)]+ in the 

presence o f benzil and anthracene9 with both long (578 or 690 nm) and short (366 nm) 

wavelength irradiation. Irradiation in the 600 nm range corresponds to the region of 

singlet-triplet absorption. 13 These experiments have shown that decomposition o f the 

mixed sandwich complexes occurs both via singlet and triplet excited states. A  possible 

mechanism is illustrated below (Scheme. 5.2).
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DPA

hv

■DPA*

ISC

3DPA*

energy transfer 
[C pFe(C um )]PF6

energy transfer 
[C pFe(C um )]PF6

i[(T!5-C5H 5)Fe(C um )]PF^ 

ISC

3[(T|5-C5H 5)Fe(Cum)]Pr

DECOMPOSITION

Scheme 5.2

Chrisope et a l.14 have carried out time resolved experiments on compounds o f this kind. 

Their work confirms a role for triplet-excited states in the arene exchange reaction. 

Singlet excited states were not investigated. As indicated earlier, irradiation o f either 

the ion pair or the freely solvated ion with 532 nm light (in the presence o f a sensitiser) 

produced the corresponding triplet excited state. The presence o f benzonitrile as the 

sensitiser led to the formation o f a new absorbing feature in the UV-vis spectrum.

This transient signal consists o f two kinetic phases. The first (intermediate A) is 

unresolved with a fast growth. It arises from irradiation of the solvated complex. The 

efficiency o f the reaction o f intermediate A  in PhCN is not affected even when high 

concentrations o f the quencher perylene are present. Therefore it is believed that 

species A  is a ground state species derived from a short-lived triplet excited state. Its 

structure consists o f a ring slipped r]4-arene, coordinatively unsaturated complex. The 

transient signal also contains a second growth that is much slower. This intermediate B 

has been assigned as the ring slipped r|4-arene-Cp-Fe complex covalently bound to its 

counterion. It is formed from the reaction o f the ion-paired triplet state o f the cationic 

complex. The rate o f reaction o f intermediate B with an attacking ligand depends on the 

identity o f the counterion.

As both intermediates are produced in sensitisation reactions, they originate from the 

triplct-cxcited states. Intermediate A is short lived and is captured at high PhCN 

concentrations while intermediate B is captured at low PhCN concentrations. Both
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react to give the mononitrile, intermediate C, [(r) -C5H5)Fe(C6H5CN)(r| -arene)]+. The 

coordinatively unsaturated intermediate A  reacts rapidly with PhCN to form 

intermediate C. The reaction o f PhCN with intermediate B is slow because the 

counterion must be displaced. Intermediate B is a neutral species while intermediate C 

carries a positive charge. Intermediate B having been formed from ion pairs in nonpolar 

solvents converts to intermediate C slowly because it requires the separation o f charge 

in a medium o f low polarity. Both intermediates A  and B converge at intermediate C, 

which in the presence o f excess PhCN form the ligand exchanged reaction product [(r)5- 

C 5H5)Fe(PhCN)3]+ (Scheme 5.3).

[(r| 5-C5H5)F e(r) 6-arene)]X —  ■

Fast

PhCN

[(r|5-C5H5)Fe(PhCN)(ri4-arene)]X

2PhCN

[(r| 5-C5H5)F e(PhCN)3]X

Scheme 5.3

5.1.2 Photochemistry of [(r|5-C5H5)Ru(r|6-arene) ] 1 and 

| (r| 5-C5H 5)Ru(ri 5-C4H4_xRxS) J+ complexes

[(r|5-C5H5)Ru(ri6-arene)]+ complexes exhibit similar electronic absorptions to their iron 

analogues. However, their low solubility means that it is difficult to obtain UV-vis 

spectra. Those, which have been obtained, consist o f an absorption peak on the low 

energy side o f an intense absorption feature. The ligand field bands o f the ruthenium 

complex occur at higher energy to those o f the corresponding iron complexes. The 

highly soluble hexamethylbenzene and 1,3,5-butylbenzene derivatives also exhibit 

weak absorption shoulders.
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The isolable, air stable trisacetonitrile product, [(r|5-C 5H5)Ru(CH3CN)3]+ was prepared 

via  photolysis o f the benzene complex with 406 nm irradiation.15 This wavelength 

corresponds to the region of singlet-triplet absorption. This product can also be 

produced with shorter wavelength irradiation (313 nm) (Eqn. 5.7).

hv (a cxg = 406 or 313 nm)
[(Tl5-C5H5)Ru(Ti6-C6H6)]PF6------------ — — --------- -  [(ti5-C5H5)Ru(CH3CN)3]PF6

c h 3c n

Eqn 5.7

For the ruthenium complex the quantum yield for the arene exchange with acetonitrile 

ligands varied from a high o f 0.88 for /»-dichlorobenzene to a low of 0.0031 for

1,3,5-butylbenzene. As already established for the analogous iron complexes, the 

presence o f chloro substituents11 on the aromatic ring increases the quantum yield for 

arene exchange. The same holds true for the ruthenium complexes. Interestingly, it has 

been found that <|>ch3Cn o f a given arene complex is always larger for the corresponding 

iron compound. Deuteration o f the arene ring causes a decrease in the <|> from 0.34 to 

0.32 (hydro analogue) for the ruthenium system.

The [(r)5-C5H5)Ru(r|5- C 4H4S)]+ complex is the first example o f an ri5-bound,

Tt -coordinated thiophene complex. In this complex the thiophene molecule is strongly 

bound to the metal. This was confirmed by the slow rate o f its displacement in acetone 

at room temperature16 (only 33 % o f the complex had reacted after 4.5 h). ’H N M R  

spectroscopic studies show that the 2, 5 protons undergo deuterium exchange in the 

presence o f KOD within four minutes. There was no evidence for the exchange o f the 

protons in the 3, 4 positions. In the absence of base there was no exchange at the 2, 5 

positions.

Photochemical exchange o f the arene in the complexes, [(r|5-C5H5)Ru(r|6-arene)]+ has 

provided routes to complexes that are difficult to synthesise by other means (Table 5.6). 

As already mentioned, photolysis of [(r|5-C5H5)Ru(r|6- C 6H6)]+ in acctonitrile solution 

yields the thermally stable trisacetonitrile product [(r|5-C s H 5 )R u (C H 3C N ) 3] +. I5 ,17
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LIGAND PRODUCT TIME

(h)

YIELD

(% )

SOLVENT

P(OCH3)3 [(r|5-C5H5)Ru(P(OCH3)3)3]+ 4.5 85 CH2C12

P(OCH2CH3) 3 [(ti5-C5H5)Ru(P(OCH2CH3)3)3]+ 5.5 69 c h 2c i 2

c h 3c n [(ti5-C5H5)Ru(CH3CN)3]+ 2 2 10 0 c h 3c n

Table 5.6

• • • 17Replacement o f these ligands has proved more difficult than with the iron analogue.

The ruthenium complex exerts a selectivity not observed in the iron analogue. 

Replacement o f one acetonitrile ligand is achieved via  addition o f the ligand at room 

temperature in acetonitrile solution. The second ligand is exchanged upon addition of 

excess ligand again at room temperature but in dichloromethane solution while the third 

acetonitrile ligand is replaced upon heating excess ligand in dichloroethane (Table 5.7). 

Consequently, by varying the reaction conditions the degree o f substitution in the 

ruthenium system can be controlled.

L Product t

00

Yld

(% )

Solvent hv

/A

CO [(t!5-C 5H5)Ru(CH3CN)2(CO)]+ 0.33 96 c h 3c n hv

P ( O C I I 3) 3 [(t15- C 5H 5) R u ( C H 3C N ) 2( P ( O C H 3)3)]+ 3.5 88 c i i 3c n hv

P ( O C H 3) 3 [(ti5- C 5H 5) R u ( C H 3C N ) ( P ( O C H 3) 3)2]+ 2 2 10 0 C H 2C 12 A

C 6( C H 3) 6 [(t15- C 5H 5)R u (t1<',- C 6( C H 3)6)]+ 2 1 60 c h 3c h c i 2 A

pCV [(t15- C 5I I 5)R u (t16^ C P ) ] + 17.5 85 c h 3c h c i 2 A

/?C 12C 6H 4 r(ri5- C 5H 5)Ru(T1V C 6H 4C l 2) r 15 6 6 c h 3c h c i 2 A

Table 5.7

Under analogous conditons, both the | (r|5-C5Hs)Fe(r|6-/?-('CI I ¡)2Q,H4)J1 and 

[Cn5-C5I l5)Ru(r|6- C 6H6)]+ were irradiated in the presence o f tri-isopropylphosphite. In 

the case o f the iron complex, a 10 0  % conversion to [(r|5-C5l l5)Fe(P(OCH(CH3)2)3)3l+ 

was observed while in the case o f the ruthenium complex, only 50 % conversion was 

recorded. However, a 100 % conversion is obtained for both complexes for
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trimethylphosphite as the entering ligand. The electronic and steric effects of the ligand 

can affect the efficiency of ring replacement reactions in this system.

Other photochemical reactions have been attempted, but in the case of P(OPh)3 as a 

ligand replacement of the r|6-arene is not observed. While in the presence of 

P(OCH(CH3)2)3 and toluene a mixture of products was obtained (Eqns. 5.8, 5.9 and 

5.10).

5h hv
[(r|5-C5H5)Ru(r]6-C6H6)]PF6 ------- >■ no reaction Eqn. 5.8

P(OPh)3

CH2C12

[(  ̂5_̂ H 5)Ru(r| 6-C6H6)]PF 6 5h h Y >  [(t1 5-C5H5)Ru(P(OCH(CH3)2)3)]PF6

P(OCH(Me)2) 3

CH2C12

Eqn. 5.9

19h hv
CH3C6H5 [(t]5-C5H5)Ru(CH3CN)(P(OCH3)3)2]PF6 

[(q5-C 5H5)Ru(CH3CN)2P(OCH3)]PF6 —  >

+ [(ri 5_C 5H5)Ru(r| 6-CH3C 6H5)]PF 6

Eqn. 5.10

Unlike the iron system, irradiation o f the ruthenium complex in dichloromethane 

solution does not lead to decomposition.9 The starting material is recovered. The 

observed differences between the two metals suggest that the intermediates may differ 

in the coordination modes of the arene ring.
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5.2 RESULTS

The UV-vis spectrum o f L(ri5-C5H5)Fe(ri6-(CH3)2CH C6H5)JPF6 is presented in Fig. 5.8. 

It exhibits a A,max at 395 nm with a second band at 480 nm, Initially photochemical 

experiments on this compound involved steady state photolysis in which the changes in 

the UV-vis spectrum were monitored to decide which solvent was best suited for the 

laser flash photolysis studies.

Wavenumber (nm)

Fig. 5.8: UV-vis spectrum o f [(r)5-C5H5)Fe(Ti6-(CH3)2CHC6H5)]PF6 in dichloromethane 

solution.

A  sample o f [(r|5-C5H5)Fe(Ti6-(CH3)2CHC6H5)]PF6 was dissolved in the solvent of 

choice. The solution was purged with Ar or CO and placed in front o f the irradiation 

source for typically 25 min with UV-vis spectra recorded at regular intervals. A  Xe-arc 

lamp was used as the irradiation source while broadband filters were employed to select 

the desired wavelength range.

5.2.1 Steady state photolytic studies of [(r|5-C5H5)Fe(Ti6-(CH3)2CHC6H5)|PF6 in 

various solvents under Ar or CO atmospheres

An acetone solution o f [(Ti5-C5H5)Fe(r|6-(Cfl3)2CFIC6H5)]PF6 under a CO atmosphere 

was subjected to steady state photolysis with A,cxc > 410 nm. A general increase in 

absorption in the region 330-520 nm of the UV-vis spectrum was observed (Fig. 5.9).
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Wavenumber (nm)

Fig. 5.9: UV-vis spectra o f the changes observed when a CO saturated acetone solution 

o f [(ri5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 was photolysed

An IR spectrum o f this solution contained two bands at 2128 and 2074 cm ' 1 (Fig. 5.10). 

The lower energy band contains a shoulder at higher wavenumber but an assignment for 

this feature has not been made. These two bands have been assigned to the formation of 

[(r)5-C5H5)Fe(CO)3]PF6 by comparison with literature values for the replacement o f 

/?-(CH3)2C 6H4 in [(Ti5-C 5H5)Fc(Ti6-/7-(CH3)2C 6fl4)]PF6 with three CO molecules.2 A  

precipitate was also formed during the reaction.

Wavenumbers (cm 1)

Fig. 5.10: IR spectrum illustrating the carbonyl bands o f [(ri5-C5H5)Fe(CO)3]PF6 in 

acetone solution
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A  sample o f [(r)5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 was dissolved in acetone and purged 

with Ar. After steady state photolysis with X.exc >410 nm, several milligrams o f bipy 

were added to the solution, which immediately turned red. A  UV-vis spectrum o f the 

solution revealed the appearance o f a new band with X,max = 490 nm (Fig. 5.11), 

indicating the formation o f [Fe(bpy)3]2+. A  sample o f [(r|5-C5H5)Fe(r|6- 

(CH3)2CHC6H5)]PF6 was dissolved in acetone under an Ar atmosphere and 1,10- 

phenanthroline was added to the solution prior to photolysis. After 1 minute of 

irradiation with A,exc > 410 nm the solution had changed colour from yellow to red. The 

UV-vis spectrum contained a band with A.max = 510 nm, which is indicative of 

[Fe(phen)3]2+, confirming that under these conditions, Fe2+ is produced via photolysis 

and is scavenged by phenanthroline.

Wavenumber (nm)

Fig. 5.11: UV-vis spectrum of [Fe(bipy)3]2+ in Ar purged acetone solution

A  sample o f [(ri5-C5H5)Fe(ri6-(CH3)2CHC6H5)]PF6 was dissolved in acetonitrile, purged 

with CO and subjected to steady state photolysis with Xcxc >410 nm. Irradiation for 30 

min resulted in an increase in absorbance in the region 320-550 nm o f the UV-vis 

spectrum along with the formation o f a broad band centred at 570 nm (Fig. 5.12).
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Wavenumber (nm)

Fig: 5.12: UV-vis spectrum illustrating the formation o f the new band at Amax = 570 nm 

upon photolysis o f a CO purged acetonitrile solution o f [(r)5-C5H5)Fe(r|6- 

(CH3)2CHC6H5)]PF6 for 30 min

The 1R spectrum o f this solution exhibits a carbonyl band at 2008 cm' 1 (Fig. 5.13), 

which has been assigned to the mono carbonyl bis-acetonitrile complex, 

[(ri5-C 5H5)Fe(CH3CN)2(CO)]PF6. After irradiation, bipy was added to the solution, 

which immediately turned red. A  UV-vis spectrum exhibited a new band with Xmax = 

490 nm indicating the formation o f [Fe(bpy)3]2+.

W a v e n u m b e r s  (cm ')

Fig. 5.13: IR spectrum o f [(îi5-C5H5)Fe(CH3CN)2(CO)]PF6 in the 2080-1930 cm' 1 

region
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A  control reaction, in which a sample o f [(ri5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 was 

dissolved in acetonitrile and purged with CO, was left in the dark for several hours. 

Spectroscopic data obtained after several hours confirmed that no reaction had taken 

place.

Steady state photolysis o f [(ti5-C 5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 in Ar purged 

acetonitrile solution, in the presence o f bipy resulted in the solution changing colour 

from yellow to red and a new band being producing with a A,max = 490 nm. In the 

absence o f added ligands, [(r| 5-C5H5)Fe(r| 6-(CI Lj^CI IC6I Is)]PF6 undergoes 

decomposition to unidentified products. A  similar solution was placed in the dark for 

several hours as a control reaction. Spectroscopic data showed that no reaction had 

taken place. Decomposition o f [(r|5-C5H5)Fe(r|6-(CF[3)2CF[C6Fl5)]PF6 is a 

photochemical process as is the exchange o f the arene ring with CO.

A  CO purged dichloromethane solution o f [(ri5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 was 

irradiated with A,exc > 410 nm. The UV-vis spectrum was recorded at 5 min intervals. 

Photolysis resulted in an increase in absorption in the region 300-600 nm in the UV-vis 

spectrum (Fig. 5.14).

o
4 0 0 5 0 0 6 0 0 7 0 0 8 0 0

Wavenum ber (nm)

Fig. 5.14: UV-vis spectrum showing the effect o f photolysis on [(r|5-C5H5)Fe(r|6- 

(CH3)2CHC6H5)]PF6 when irradiated in a CO purged dichloromethane 

solution
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Within 5 min o f irradiation, the solution had changed colour from orange to green and a 

precipitate had formed. This can be seen upon inspection o f the UV-vis spectrum in 

Fig. 5.14. In the region 600-800 nm, each successive trace is above the baseline, 

indicating sample turbidity. An IR spectrum recorded after photolysis revealed the 

presence o f carbonyl bands at 2128 and 2074 cm’1 as in Fig. 5.10 and have been 

assigned to the formation o f [(r)5-C5H5)Fe(CO)3]PF6. Addition o f bipy to the 

photolysed sample caused an immediate colour change to red. This is accompanied by 

a band at A,max = 490 nm in the UV-vis spectrum.

5.2.2 Laser Flash photolysis studies of [(r|5-C5H5)Fe(r|6-(CH3)2CHC6Hs)]PF6 in 

various solvents under Ar and CO atmospheres.

For laser flash photolysis studies to be successful, the solution being photolysed must 

not become turbid. If a precipitate is formed early in the experiment, the transient 

signals observed may be the result o f light scattering caused by the precipitate or indeed 

photoacoustic effects. Table 5.9 summarizes the solvents used for steady state 

photolysis and the irradiation time required before a precipitate is observed.

SOLVENT Acxc (nm) COLOUR OF 

PRECIPITATE

TIME BEFORE 

PRECIPITATE 

OBSERVED 

(min)

ATM

CO/Ar

c h 3c n >410 brown 29 either

c h 2c i2 >410 brown 4 either

(ClI3)2CO >410 black 21 either

Table 5.9

For both acetonitrile and acetone solutions, it takes more than 20 min o f photolysis 

before a precipitate appears. Consequently, these two solvents are most suited to laser 

flash photolysis studies. For dichloromethane solutions of [(r)5-C5H5)Fe(r|6- 

(CI l3)2CHC6lI5)]PF6 it only takes 4 min for a precipitate to form upon irradiation. 

Formation o f the precipitate begins long enough after photolysis is started for laser flash 

photolysis studies to be earned out in dichloromethane solution.
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A  CO purged acetone solution o f [(r|5-C5H5)Fe(ri6-(CH3)2CHC6H5)]PF6 was subjected 

to laser flash photolysis studies with A,cxc = 355 nm. Weak UV-vis signals were 

observed in the range 350 - 400 nm (Fig. 5.15). Despite being weak the signals do not 

decay to baseline and indicate the formation o f a permanent photoproduct. This is 

confirmed upon inspection of the corresponding UV-vis spectrum recorded during the 

laser studies. The changes observed in the UV-vis spectrum are similar to those 

observed in the steady state photolytic studies and hence the photoproduct is assigned to 

the complex [(r|5-C 5H5)Fe(CO)3]PF6. After laser flash photoysis studies bipy was added 

to the solution and it turned red immediately. A  band at A,max = 490 nm is observed in 

the UV-vis spectrum. Laser flash photoysis studies at Acxc = 532 nm in CO or Ar 

purged acetone solutions were not performed.

Tim ebase (^s)

Fig. 5.15: Signal observed at 370 nm following laser flash photolysis at A.exc = 355 

nm o f [(r)5-C5IT5)Fe(r|6-(CIl3)2CHC6H5)]PF6 in CO purged acetone

For CO purged acetonitrile solutions of [(ri5-C5H5)Fc(r|i’-(CIl3)2CHC6H5)]PF6, laser 

flash photolysis studies with ^exc = 355 nm produced depletion signals at 420 and 440 

nm (Fig. 5.16). These depletions do not recover to the baseline within the timescale of 

the experiment. Little change is observed in the UV-vis spectrum of the solution 

however. A  slight increase in absorbance is observed in the region 340-480nm in the 

UV-vis spectrum while there is no evidence for the band at 570 nm as was observed
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during the steady state photolysis experiments. An assignment for this signal has not 

been made.

o . o o  -
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20 60 100 
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140

Fig. 5.16: Signal observed at 420 nm following laser flash photolysis at Xcxc = 355 

nm of[(ti5-C5l l5)Fe(t]6-(CM3)2CIIC6Hs)]PF6 in CO purged acetonitrile

In a CO saturated acetonitrile solution wilh A,cxc = 532 nm, signals are observed in the 

550-700 nm region (Fig. 5.17).

Fig. 5.17: Signal observed at 550 nm following laser Hash photolysis at V-xc ~ 532 nm 

ofL(Ti5-CsH5)Fe(Ti6-(CH3)2CHC6H5)JPF6 in CO purged acetonitrile

176



Chapter 5 Results
The signal in Fig. 5.17 consists o f two parts. The first part, which occurs within 10 jo,s 

o f the laser pulse is assigned as formation of the ring slipped solvated intermediate.

This assignment is consistent with literature precedents.14 The second part o f the signal 

fails to decay to baseline within the timescale o f the experiment and it is assigned as 

formation o f the monocarbonyl complex, [(r)5-C5Fl5)Fe(CFl3CN)2(CO)]PF6. This is 

confirmed by the UV-vis spectrum where a new broad band at 520-600 nm is observed 

similar to that observed in the steady state photolytic studies.

Under an Ar atmosphere and with A,exc = 532 nm, signals were observed in the 510-600 

nm region. The signals observed (Fig. 5.18) contain two parts. The first process 

illustrated in Fig. 5.18 is assigned as formation of the solvated ring slipped intermediate. 

The second part o f the signal is related to the formation o f the decomposition products 

ferrocene, Fe2+ and (CHa^CHCeHs. The solution turned red after addition o f bipy to the 

photolysed sample.

Transient at 510 nm

Timebase (jlis)

Fig. 5.18: Signal observed at 510 nm following laser flash photolysis at Xexc = 532 

nm o f [(ri5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 in Ar purged acetonitrile
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Diehloromethane solutions o f [(r|5-C5H5)Fe(r|6-(CH3)2CFIC6H5)]PF6 were subjected to 

laser flash photolysis studies. In a CO purged dichloromethane solution and with Acxc = 

355 nm, signals were observed from 380 to 520 nm (20 nm intervals) (Fig. 5.19). A  

general increase in absorbance in the region 300-600 nm was observed in the UV-vis 

spectrum.

Fig. 5.19: Signal observed at 480 nm following laser flash photolysis at A.oxc = 355

nm o f [(r|5-C5H5)Fe(r|6-(CH3)2CF[C6Fl5)]PF6 in CO purged dichloromethane

An IR spectrum o f the photolysed solution exhibited bands at 2128 and 2074 cm'1. 

Similar results were obtained when laser flash photolysis studies were carried out at 

A,exc = 532 nm under analogous conditions. Signals were observed in the region 380- 

560 nm, bands at 2128 and 2074 cm'1 were observed in the IR spectrum and an increase 

in absorbance in the region 300-600 nm o f the UV-vis spectrum was observed. The 

signals observed for the laser studies at Xcxc = 355 or 532 nm are assigned to formation 

o f the tricarbonyl complex, LCn5-C5H5)Fe(CO)3]PF6. The transient signals do not return 

to baseline in the laser studies and are accompanied by an increase in intensity in the 

UV-vis spectrum similar to that observed for the steady state photolytic studies. 

Therefore the transient signals represent the formation o f a permanent photoproduct. 

Figs. 5.20 and 5.21 below illustrate the transient absorption spectra following laser
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studies o f [(r|5-C5H5)Fe(îi6-(CH3)2CHC6H5)]PF6 in CO dichloromethane solutions at 

A-exc = 355 and 532 nm respectively.
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Fig. 5.20: Transient absorption spectrum following laser flash photolysis studies of 

[(r|5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6 in CO purged dichloromethane at

A-exc = 355 nm
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Fig. 5.21: Transient absorption spectrum following laser flash photolysis studies of 

[(r|5-C5H5)Fe(T|6-(CH3)2CHC6H5)]PF6 in CO purged dichloromethane at 

êxc = 532 nm
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The figures illustrate that the photoproduct produced during these laser flash photolysis 

studies has A,maxa t« 300 and « 500 nm. Only one photoproduct is produced. No new 

absorption features appear at longer timescales.

5.2.3 Photochemical studies of [(r|5-C5Hs)Fe(r|6-CClxC6H6-x)]PF6 (x = 1 or 2)

The mono- and di-chloro benzene complexes, [(r|5-C 5H5)Fe(r|6-C6H5Cl)]PF6 and [(r|5- 

C 5H5)Fe(r|6- l ,2 -C6H4Cl2)]PF6, were prepared following a literature procedure. 18 Their 

syntheses were readily achieved by reacting ferrocene with the relevant benzene 

derivative in the presence o f A1C13 and A1 powder at reflux temperature in the relevant 

dichlorobenzene solvent. Both complexes give similar UV-vis spectra (Fig. 5.22).

Wavenumbers (nm)

Fig. 5.22: UV-vis spectrum o f the complexes, [(r|5-C5H5)Fe(r|6-C6H5Cl)]PF6 and 

[(Tl5-C5H5)Fe(Ti6-C6H4Cl2)]PF6

Laser flash photolysis studies with Xcxc = 355 nm wére carried out on both complexes in 

Ar purged CH2C12 solutions. Signals were observed at 390, 400, 420 and 440 nm. A  

typical signal observed is given in Fig. 5.23.
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Fig. 5.23: Signal observed at 420 nm following laser flash photolysis at Xexc — 355 

nm o f [(ri5-C5H5)Fe(r|6-C 6H5Cl)]PF6 in Ar purged diehloromethane

The addition o f bipy to either solution after photolysis resulted in an immediate colour 

change from yellow to red. This colour change confirms that under an Ar atmosphere, 

[(r|5-C5I [5)Fe(r|6-arenc)l+ complexes decompose.

Laser flash photolysis studies with Xcxc = 355 nm on [(r|5-C5H5)Fe(r|6-C6H5Cl)]PF6 and 

[(r|5-C5H5)Fe(ri6-l,2-C6H4Cl2)]PF6 were carried out in CO purged CH2CI2 solutions. 

For the dichloro derivative, 1 atmosphere o f CO was employed and transients were 

observed at 500, 480 and 460 nm (Fig. 5.24). The corresponding UV-vis spectrum is 

shown in Fig. 5.25.
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Fig. 5.24: Signal observed at 500 nm when l(Ti5-C 5H5)Fe(r|6- 1 ̂ -CftFUCyjPFf, was 

photolysed in CO purged dichloromethane solution at Xcxc = 355 nm
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Fig. 5.25: UV-vis spectrum recorded during laser flash photolysis at Xcxc-  355 nm of 

r(tis-C5I l5)Fe(r|f,-l,2-C*l UCh)]!*!^ in dichloromethane
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For the monoehloro derivative, V2 atmosphere o f CO was employed and transients at 

460, 440 and 420 nm (Fig 5.26). The accompanying UV-vis spectrum is illustrated in 

Fig. 5.27.
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Fig. 5.26: Signal observed at 420 nm when [(r|5-C5H5)Fe(r|6-C6H5Cl)]PF6 was 

photolysed in CO purged dichloromethane solution at A.cxc= 355 nm
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Fig. 5.27: UV-vis spectrum following laser flash photolysis at Xcxc = 355 nm of 

[(r|5-C5Il5)l7e(r|6-C6]l5C1)lPF6 in dichloromethane in CO purged 

dichloromethane solution
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For both chlorinated benzene derivatives, laser flash photolysis at Xexc = 355 nm in 

dichloromethane solutions leads to formation o f a permanent photoproduct. The 

transient signals do not decay to the baseline within the timescale of the experiment and 

an increase in absorbance in the UV-vis spectrum similar to that observed for steady 

state photolytic studies o f [(r|5-C5H5)Fe(ri6-(CH3)2CHC6H5)]PF6 in CO purged 

dichloromethane studies is observed. By comparison with the laser flash photolysis 

studies carried out on [(r|5-C5H5)Fe(r|6-(CH3)2CHC6H5)]PF6, the photoproduct is 

assigned to [(Ti5-C5H5)Fe(CO)3]PF6.

According to the literature,9 the arene in [(r|5-C5H5)Fe(r|6-arene) ] 1 complexes can be 

displaced by a more basic arene. Attempts were made to synthesise |(ii5-C5Fl5)Fe(ri6- 

C 4H4S)]PF6 via this method. The dichorobenzene complex, [(r|5-C5H5)Fe(rir,-l ,2- 

C6H4Cl2)]PF6, was dissolved in dichloromethane and purged with Ar. Excess thiophene 

was added to the solution and the solution was subjected to steady state photolysis with 

A,exc >410 nm for 4 h. The corresponding UV-vis spectrum is shown in Fig. 5.28. The 

11 1 NMR spectrum contains two multiplets at 8 7.45 and 7.20 representing 

uncoordinated dichlorobenzene. Signals were also observed at 8 6.4, 6.48 and 5.3. 

Integration was as expected: 2:2:1 respectively. These are assigned to the protons o f the 

thiophene ring and the cyclopentadienyl ring. However, the signals were very weak and 

the product could not be isolated.

W a v e n u m  b e r  ( n m  )

Fig. 5.28: UV-vis spectrum following photolysis o f [(r|5-C5H5)Fe(ri6- l,2 -C6H4Cl2)]PF6 

in dichloromethane in the presence of excess thiophene
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5.2.4 Photochemical studies on [(Tis-C5H5)Ru(r|5-2,5-(CH3)2C4H2S)]PF6

The preparation o f [(ti5-C 5H5)Ru(ti5-2 ,5 -(CH3)2C4H2S)]BF4 was successfully achieved 

by bringing (r|5-C5H5)Ru(PPh3)2Cl to reflux temperature in the presence o f methanol, 

AgBF4 and (CH3)2C 4H2S . 19 The UV-vis spectrum of this complex is illustrated in Fig. 

5.29.

Wavenumber (nm)

Fig. 5.29: UV-vis spectrum o f [(Ti5-C5H5)Ru(r|5-2 ,5 -(CH3)2C 4H2S)]BF4 in 

dichloromethane solution

This complex was subjected to steady state photolysis in a variety o f solvents: 

methanol, dichloromethane or acetonitrile. A ll photolyses employed the A,exc > 300 nm 

filter and the solutions were also saturated with CO.

After 26 min steady state photolysis in CO purged methanol, the colour o f the solution 

changed from a pale yellow to a deeper yellow. The UV-vis spectra recorded at 

intervals during this photolysis are illustrated in Fig. 5.30. An IR spectrum of the final 

solution in the region 2100-1600 cm ' 1 contained no new peaks, however.
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Wavenumber (nm)

Fig. 5.30: UV-vis spectrum o f [(t|5-C5H5)Ru(ti5-2,5-(CH3)2C4H2S)]BF4 upon photolysis 

in CO purged methanol

In dichloromethane, almost no change is observed in the UV-vis spectrum after steady 

state photolysis. According to M cNair e t  a l . 9 photolysis o f [(r|5-C5H5)Ru(r|5-2,5- 

(CH3)2C4H2S)]BF4 in Ar purged CH2C12 does not result in decom position o f the cationic 

complex.

Steady state photolysis o f  this com plex in acetonitrile resulted in an increase in 

absorption in the region 280-380 nm o f the UV-vis spectrum and a decrease in the 

region 380-480 nm  (Fig. 5.31). These changes are accompanied by the appearance o f 

two isobestic points at 340 and 380 nm. Consequently the [(r|5-C5H5)R u(r|5-2,5- 

(CFI3)2C4H2S)]BF4 complex is converted to a second complex cleanly and without 

formation o f side products. This new complex is assigned to [("r|5- 

C5H 5)Ru(CH3CN)3]BF4.
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Wavenum ber (nm)

Fig. 5.31: UV-vis spectrum showing the effect o f  steady state photolysis on 

[(t)5-C5H5)R.u(CH3CN)3]BF4 in CO purged acetonitrile
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5.3 DISCUSSION

Table 5.10 tabulates regions o f  change in the UV-vis spectra and the appearance o f 1R 

bands when [(r|5-C5H 5)Fe(r|6-(CH3)2CHC6H 5)]+PF6" was irradiated in CO or Ar 

saturated solutions in a variety o f solvents.

SOLVENT ATMOSPHERE UV-vis (nm) IR (cm'1)

(CH3)2CO CO 330-520 2182

2074

Ar 520 (bipy) -

CH3CN CO 320-550 20 10

570

Ar 520 (bipy) -

CH2C12 CO 300-600 2127

2074

Table 5.10:

The changes tabulated above are the results o f  photochemical processes. This was 

confirmed by control reactions, where [(r)5-C5H 5)Fe(ri6-(CH3)2CHC6H 5)]+PF6" was 

dissolved in the solvent o f  choice, purged with A r or CO and left in the dark for several 

hours. The UV-vis and IR spectra confirmed that no reaction had taken place and only 

starting material was present.

Hendrickson e t  a l .20 have reported that complexes o f the type [(r)5-C5H5)M (r|6- 

arene)]+X‘ exhibit spin allowed ligand field bands in the region 400-500 nm. Irradiation 

o f  these complexes w ith A,exc =; 436 nm yields products which result from ligand field 

excitation. In these studies, the broadband filter, À.cxc > 4 1 0  nm, was employed, as 

monochromatic filters were not available.

Photolysis o f  [(r|5-C 5H5)Fe(ri6-(CH3)2CHCr,H5)]+PF6- in A r flushed CH3CN, (CH3)2CO 

or CI-I2CI2 led to the decomposition o f this cationic complex. Decomposition o f  this 

type o f  [(ri5-C5H 5)M (r|6-arene)]+X ' complex is known to yield Fe2+, ferrocene and ‘free’ 

arene. The formation o f  Fe2 ' in these studies was confirmed by the formation o f a band
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at 520 nm associated w ith [Fe(bipy)32+] in the UV-vis spectrum by the addition o f  bipy 

to the photolysed solutions. 1,10-phenanthroline can also be used as an indicator for the 

decomposition. Addition o f  1,10-phenanthroline to an Ar purged acetone solution o f 

[(r|5-C5H 5)Fe(r|6-(CH 3)2CHC6H 5)]+PF6’ caused the sample to turn red within 1 m in o f 

irradiation, confirming the formation o f  [Fe(phen)3]2+. 1,10-phenanthroline and bipy act 

as cationic scavengers. The decom position mechanism was proposed to proceed 

through a [(r|5-C5H 5)Fe(solv)]+ intermediate.

W hen [(r|5-C5H 5)Fe(Ti6-(CH 3)2CHC6H 5)]+PF6'  was photolysed in these solvents under 

CO atmospheres interesting results were obtained. For CO purged acetone and 

dichloromethane solutions o f [(r|5-C5Fl5)Fe(Ti6-(CFl3)2CHC6H 5)]+PF6', photolysis 

produces the tricarbonyl complex [(r)5-C5H 5)Fe(CO)3]+PF6', while for CO purged 

acetonitrile solutions the monocarbonyl complex [(r|5-C5H 5)Fe(CH3CN)2(CO)]+PF6' 

was produced. This assignment is based on comparison with the analogous Ru 

complex, [(r|5-C5H 5)Ru(CF[3CN)2(CO)]+PF6‘ which has Vco = 2004 cm '1.17 Formation 

o f the diacetonitrile complex is in contrast to the reactions carried out by Gill and 

M ann.10 They have successfully replaced two acetonitrile ligands in the trisacetonitrile 

complex [(r|5-C5H 5)Fe(CH 3CN)3]+PF6' w ith two molecules o f  P(OCH3)3, 2,6-DMP 

among others. There are no reports o f the synthesis o f  the Fe bis-acetonitrile complex 

containing only one CO ligand however.

It has been reported that formation o f the trisacetonitrile complex is accompanied by the 

observation o f  an intense purple colour.10 This purple colour fades as the complex 

either undergoes decom position or reaction with other ligands present in solution. 

During the photo lytic studies o f  [(r|5-C5H 5)Fe(r|6-(CH3)2CHC6H 5)]+PF6', in acetonitrile 

solution, a purple colour was not observed for either Ar or CO purged solutions. The 

ligands used by Gill and M ann to replace the two acetonitrile ligands in the complex, 

[(r|5-CsI l5)Fe(CI LCN)}] 'PIV , are rather large molecules in comparison with a CO 

molecule. Furthermore, acetonitrile ligands in the Fe complex [(r|5- 

C5H 5)Fe(CH3CN)3] 1PF6- are very labile and easily replaced. It is therefore surprising 

that the three CO m olecules did not replace all three CH3CN molecules when [(r|5- 

C5H 5)Fe(r|6-(CH3)2CHC6H ‘0]+PF6" was photolysed in CO purged acetonitrile. I f  this 

were the case, bands at 2128 and 2074 cm '1 would be expected in the IR spectrum .16
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For ligands such as P(OCH 3)3 and 2,6-DM P it is most likely that steric interactions 

prevent the replacement o f  the third acetonitrile ligand.

Photolysed arene exchange o f  complexes o f  the type [(r|5-C5H 5)Fe(r|6-arene)]+PF6" 

proceeds through medium assisted interm ediates.5 In polar solvents, [(r|5-C5H 5)Fe(r|6- 

arene)]+PF6', exist as free ions and solvent assistance is important whereas in nonpolar 

solvents, [(Ti5-C5H 5)Fe(r|6-arene)]+PF6~ exists mainly as ion pairs and photolysis o f this 

complex leads to coordination o f  the counterion to the metal. The solvents used in this 

study are all polar and the counterion does not change, hence the medium assistance is 

solvent based. Photolysis o f the complex [(r|5-C5H 5)Fe(r|6-arene)]+PF6’ leads to arene 

ring slippage from r |6 —» r |4 coordination.14 A  vacant site on the metal centre becomes 

solvated and subsequent molecules replace the arene. These solvent molecules can then 

be replaced by ligand molecules present in the solution. Dichloromethane has been 

shown to be less nucleophilic than acetonitrile,17 hence solvating dichloromethane 

molecules are replaced m ore easily than acetonitrile molecules. Further experimental 

evidence supports a solvated mechanism.

For the three solvents employed in this study, bipy was added to the CO purged 

solutions after photolysis. In all cases, the solutions turned red immediately, indicating 

the presence o f  [Fe(bipy)3]2+. This observation supports the proposal that the 

mechanism proceeds v i a  a [(r|5-C5H 5)Fe(solv)]+ intermediate. After formation o f this 

intermediate, CO molecules replace the solvent molecules to form the observed 

carbonyl complexes. W hen bipy is added to the photolysed solutions, it is likely that 

there are [(r)5-C5H 5)Fe(solv)]+ molecules present whose solvent molecules have not 

been replaced. M olecules o f bipy would then replace these solvent molecules to form

[(rj 5-C 5I l5)Fc(bipy)„l1, which is unstable. Loss o f  the (r^-CsI-Is)' ligand and
« * 0+ 

coordination o f  bipy molecules would yield [Fe(bipy)3] . Another possibility is that

bipy replaces the ligands in [(r|5-C5H 5)Fe(CH 3CN)2(CO)] 'PF6' and

[(T15-C 5H5)Fe(CO)3]+PF6-

The laser studies show that the formation o f  the carbonyl complexes are very fast. For 

the experiments carried out in acetonitrile, the observed transients consist o f two phases. 

The initial phase o f the transient is assigned as formation o f  the trisacetonitrilc complex,
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[(r|5-C5H 5)Fe(CH3CN)3]+PF6". The lifetime o f this intermediate is too short for kinetic 

data to be determined. For the solvents, acetone and dichloromethane, there is no 

evidence for the solvated intermediate. The lifetime o f these solvated intermediates is 

too short to be recorded. The laser results presented here do not provide any additional 

information regarding the mechanism o f arene exchange. The laser flash photolysis 

results presented here are preliminary findings and more detailed and complete studies 

would be necessary before definite proposals could be made.

Steady state photolysis o f  [(r|5-C5H 5)R u(r|5-2 ,5-(CF[3)2C4H 2S)]+BF4~ was carried out in a 

number o f  Ar purged solvents, methanol, dichloromethane and acetonitrile. Almost no 

change was observed in the UV-vis spectrum when this complex was photolysed in 

dichloromethane. This confirms the findings o f  M cNair e l  a l ?  who found that in 

dichloromethane solutions [(r|5-C5H 5)R u(r|6-arene)]+X ' complexes do not exhibit arene 

release behaviour. In contrast for the analogous Fe complexes, arene exchange is 

always observed. A  further difference between the Fe and Ru complexes was noted 

when |(rv'-C5Hs)Ru(r|S-2,5-(CI 13)204112S)J B1V was photolysed with A,cxc > 410 nm in 

Ar purged acetonitrile solutions. The UV-vis spectrum recorded during photolysis 

exhibited isobestic points at 340 and 380 nm. These changes are assigned to the 

formation o f the trisacetonitrile complex [(r|5-C5H 5)Ru(CH 3CN)3]+BF4\  This complex 

has been reported before10 and is known to be stable at room temperature in comparison 

to the Fe analogue.
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5.4 CONCLUSION

The photochemical studies presented here o f  com plexes o f  the type, [(r|5-C 5H 5)M (r|6- 

arene)]+X ‘, support the suggested m echanisms o f  arene exchange proposed in the 

literature. The results obtained point to a mechanism for arene release involving a 

solvated intermediate such as [(r|5-C5H 5)M (solv)3]+. After [(r)5-C5H 5)M (r|6- 

(CH3)2CHC6H 5)]+PF 6' was photolysed in CO purged acetonitrile, acetone and 

dichloromethane solutions, the solutions w ent red immediately upon the addition o f 

bipy to the samples, indicating the form ation o f  [Fe(bipy)3]2+, A  possible mechanism 

for formation o f  this com plex is v ia  the above solvated intermediate. A lthough this 

work supports such a m echanism  it is only preliminary. More studies need to be carried 

out before any definite proposals can be made.
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Chapter 6

Experimental

A b s t r a c t

T h is  c h a p te r  d e s c r ib e s  th e  s y n th e t ic  m e th o d s  u s e d  to  p r e p a r e  th e  c o m p le x e s  s tu d ie d  in  

th is  th e s is .  A ls o  in c lu d e d  is  a  d e s c r ip t io n  o f  th e  te c h n iq u e s  u s e d  a n d  th e ir  m o d e  o f  

o p e r a t io n . F in a l ly  a  b r i e f  n o te  o n  fu tu r e  w o r k  to  b e  c a r r i e d  o u t  o n  th e s e  c o m p le x e s  is

p r o v id e d .
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6. EXPERIMENTAL

6.1 Chapter 2: C-F  Activation

6.1.1 General considerations

All manipulations were performed inside an argon filled glovebox or on a Schlenk line 

( 0 2 levels in glovebox below lOppm). Solvents used for synthesis were dried over 

sodium benzophenone ketyl and distilled under argon before use. The main solvents 

used were hexane, tetrahydrofuran and benzene. M ost o f the chemicals used were 

bought from Aldrich Chemical Company Ltd. except pentafluoropyridine and 2,3,5,6- 

tetrafluoropyridine, which were bought from Apollo Fluorochemicals Ltd. and used as 

received. M ultinuclear N M R spectroscopy for the complexes in Chapter two were 

carried out on a Bruker AMX-500 N M R spectrometer in the University o f York while 

m ultinuclear N M R spectroscopy for the remaining chapters was carried out on a Bruker 

Avance 400 spectrometer in Dublin City University.

6.1.2 Spectroscopy

Compounds were characterised by 'H  (500.13 MHz), 3IP (202.46 MHz), 19F (470.4 

M Hz) and l3C (125.76 MHz) N M R spectroscopy on a Bruker AMX-500 NM R 

spectrometer. N M R samples were prepared in tubes fitted with Youngs stopcocks. 

Either d6-benzene or ds-thf was used as solvent for NM R spectroscopy. The dcuterated 

solvents were dried over potassium and transferred on the ultra-high vacuum line. 

Infrared spectra were recorded on a Unicam Research Series FTIR spectrometer while 

mass spectra were recorded on a VG Autospec mass spectrometer. Elemental 

M icroanalysis Ltd., Devon, carried out elemental analysis.

6.1.3 Synthesis of N i(CO D )2

N i(II)C l2 (20 g, 84.1 mmol) was dissolved in ethanol (250 ml). Pyridine (40 ml, 250 

mmol) was added and the solution was left to stir for 3 h. The precipitate was filtered to 

give Ni(II)Cl2(C5l \ sK ) 4. The blue solid was transferred to a Schlenk tube and stored in 

the glovebox. N i(II)Cl2(C5H5N )4 (5 g, 11.2mmol) was suspended in THF (50 ml) in a 

greaseless Schlenk tube. 1,5-cyclooctadicne (2.5 ml, 20 mmol) and sodium metal (0.5 

g, 22 mmol) were added and the solution was stirred under argon for 3 h. The volatilcs
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were removed in  v a c u o . Methanol was added and the solution stirred for 15 min to kill 

the excess sodium. The product was extracted with benzene. The solution was filtered 

in the glovebox and benzene was removed in  v a c u o .  The resulting solid was washed 

several times w ith methanol and the solvent was decanted by cannular until a yellow 

product was obtained. The product was dried in  v a c u o ,  collected and stored in the 

glovebox.

6.1.4 Synthesis of //’<wis-NiF(C5F 4N)(PEt3) 2  (1)

(i) PE t3

Ni(COD )2  (ii) PEt^— ^ — PEtl  Eqn- 6,1

F

(1)

This compound was prepared following literature methods (Eqn. 6. 1) .1 N i(COD )2 (100 

mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 jxl, 0.81 mmol) 

to give a red solution. Pentafluoropyridine (50 jal, 0.45 mmol) was added and the 

solution changed to an orange/yellow colour after approximately 3 min. The solution 

was stirred for 2 h and the volatiles were removed in  v a c u o . The precipitate was 

redissolved in hexane and the solution was used without isolation o f  the 

NiF(C5F4N)(PEt3)2 complex for subsequent reactions. The NiF(C5F4N )(PEt3)2 complex 

has been isolated and characterised previously in the literature . 1
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6.1.5 Synthesis of irflW5-NiF(CsF3HN)(PEt3)2 (2)

fA h
F

(i) PE t,
N i(COD )9 — —------ — ► PEto— N i— P E t, E an  6 2

2  (ii) C5F4N H  3 | 3 t q n ' °-z

F

(2)

This complex was synthesised according to literature methods (Eqn. 6 .2 ) .1 N i(COD )2 

(100 mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 pi, 0.81 

m m ol) to give a red solution. 2,3,5,6-tetrafluoropyridine (50 pi, 0.50 mmol) was added 

and the solution changed to an orange/yellow colour after approximately 3 min. The 

solution was stirred for 2 h  and the volatiles were removed in  v a c u o . The precipitate 

was redissolved in hexane and the solution was used without isolation o f the 

N iF(C 5F3HN)(PEt3)2 complex for subsequent reactions. The N iF(C 5F3HN)(PEt3)2 

complex has been isolated and characterised previously in the literature.1

6.1.6 Synthesis of i/'a/iJ,-Ni(N 3)(C5F 4N)(PEt3 )2  (3)

F
F

A - " '

(iii) M e3SiN3 I
► PE to— Ni— PHto Eqn. 6.3

i  |
F N3

(1 ) (3)

Ni(COD )2 (100 mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 

pi, 0.81 mmol) and pentafluoropyridine (50 pi, 0.45mmol) (Eqn. 6.3). The solution was 

stirred for 2 h and the volatiles were removed in  v a c u o .  The residue was redissolved in 

hexane and treated w ith trimethylsilyl azide (50 pi, 0.38 mmol). The solution was 

stirred overnight and the volatiles were removed in  v a c u o . The residue was redissolved
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in hexane (5 ml). Crystals formed overnight at -2 0  °C and were filtered and dried under 

vacuum. Yield: 111 mg (0.23 mmol, 62 %).

Elemental analysis: calculated for C 17H 30N 4F4P2NK C, 41.92; H, 6.21; N, 11.50. Found: 

C, 42.16; H, 6.32; N, 10.84 

IR (nujol): v N3 = 2054 cm '1 (m)

MS (El, m/z, relative intensity): 444 (13%) [Ni(C5F4N)(PEt3)2] 294 (8%) [Ni(PEt3)2]+, 

118 (51%) [PEt3]+

!H N M R (C 6D 6): 5 0.90 (t, 18H, CH3), 5 1.05 (s, 12H, CH2). Integration: 2:3 

(CH2:CH3); 31P N M R (C6D 6): 8 16.10 (s, 2PEt3); 19F N M R (C6D6): 8-88.25 (m, IF, CF, 

J3 6 = 30; J5 6 = 30; J6,4 =16), 8 -132.91 (I, IF, CF, J3,6 = 30; J3j4 = 30), 8 -150.32 (q, IF, 

CF, J3 4 = 30; J4j5= 18; J4j6 = 16), 8-172.64 (m, IF , CF, J5;6 = 30; J45 = 18). Integration: 

1:1:1:1 (F3: F4: F 5: F6).

6.1.7 Synthesis of trans- N i(N 3)(C5F3H N)(PEt3 )2 (4)

F F
F y V H F ^ H

V p i J L
(iii) M e3SiN3

F

PEt3—  Ni—  PEt3 ► PEt — N i— PEt3 Eqn. 6.4

F N 3

(2) (4)

N i(COD )2 (100 mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 

p.1, 0.81 mm ol) and 2,3,5,6-tetrafluoropyridine (50 fil, 0.50mmol) (Eqn. 6.4). The 

solution was stirred for 2 h and the volatiles were removed in  v a c u o . The residue was 

redissolved in hexane and treated w ith trimcthylsilyl azide (50 |j.l, 0.38 mmol). The 

solution was stirred overnight and the volatiles were removed in  v a c u o . The residue 

was rcdissolved in hexane (5 ml). Crystals formed overnight at -2 0  °C and were 

filtered and dried under vacuum. Yield: 119 mg (0.26 mmol, 71 %).

Elemental analysis: calculated for C i7H3iN4F3P2Ni: C, 43.53; H, 6 .66; N , 11.94. Found: 

C, 43.13; H, 6.93; N, 11.63 

IR (nujol): vN3 =  2054 cm ' 1 (m)
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MS (El, m/z, relative intensity): 426 (5%) [Ni(C5F3UN)(PEt3)2], 294 (6%) [Ni(PEt3)2]+, 

118(46% ) [PEt3]+

lU  NMR (C6D6): 5 0.93 (m, 18H, CH3), 8 1.10 (m, 12H, CH2), 6.25 (m, IH, aryl-H, J = 

6). Integration: 1:12:18 (aryl-H:CH2:CH3). 31P NM R (C6D6): 5 15.76 (s, 2PEt3); 19F 

NM R (C6D 6): 8-90.91 (td, IF, CF, J5,6 = 31; J3>6 = 31, J6;H = 6), 5 -111.45 (d, IF, CF, J = 

31), 5-150.63 (m, IF, CF, J = 31). Integration: 1:1:1 (F3 :F5 :F6)

6.1.7 Synthesis of iran5-Ni(NCO)(C5F3HN)(PEt3)2 (5)

' A h
(iii) M e3SiNCO I

*  PE ti— ¥ '— PEto Eqn. 6.5
3 I

F NCO

(2) (5)

Ni(COD )2 (100 mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 

p,l, 0.81 mmol) and 2,3,5,6-tetrafluoropyridine (50 fil, 0.50mmol) (Eqn. 6.5). The 

solution was stirred for 2 h and the volatiles were removed in  v a c u o . The residue was 

redissolved in hexane and treated with trimethylsilyl isocyanate (50 jol, 0.37 mmol). 

The solution was stirred overnight and the volatiles were removed in  v a c u o . The 

residue was redissolved in hexane (5 ml). Crystals formed overnight at -2 0  °C and 

were filtered and dried under vacuum. Yield: 130 mg (0.28 mmol, 79%).

Elemental analysis: calculated for C |8H3iN2F3P2NiO: C, 46.09; H, 6 .66; N, 5.97. 

Found: C, 46.43; H, 6.72; N, 6.00 

IR (nujol): vNCo =  2225 cm ’ 1 (s)

*H NM R (C6D 6): 5 0.88 (m, 18FI, CH3), 8 1.40 (m, 1211, CH2), 6.25 (m, 1H, aryl-II). 

Integration: 1:12:18 (aryl-II:CH 2:CH3). 3IP NM R (C6D 6): 8 15.76 (s, 2PEt3); 19F NMR 

(C6D 6): 8-90.95 (m, IF, CF, J5,6 = 31; J3,6 =  31, J6,H = 6), 8 -111.53 (d, IF, CF, J = 31),

8 -150.72 (m, IF, CF, J = 31). Integration: 1:1:1 (F3 :F5 :F6).
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6.1.9 Synthesis of N i(C=CSiM e3)(C 5F3H N )(PEt3)2 (6)

F

(iii) M e3SiCCH Fnn ,  ,
PEL—  Ni— PEL —    P R t — N i— P P t  Eqn. 6.6

H

F

3 ! ,  PEt3—  Ni— PEt3

F C = C S iM e 3

(2) (6)

N i(COD )2 (100 mg, 0.36 mmol) suspended in hexane (5 ml) was treated with PEt3 (140 

(J.L, 0.81 mm ol) and 2,3,5,6-tetrafluoropyridine (50 (4,1, 0.50mmol) (Eqn. 6 .6). The 

solution was stirred for 2 h and the volatiles were removed in  v a c u o . The residue was 

redissolved in hexane and treated w ith trimethylsilyl acetylene (50 (4l, 0.35 mmol). The 

solution was stirred for two weeks and the volatiles were removed in  v a c u o .  

Alternatively, the trimethylsilyl acetylene derivative was prepared by addition o f E t3N 

(50 |4.1, 0.36 mm ol) to the reaction flask and stirring for one week followed by removal 

o f  volatiles in  v a c u o .  The residue was redissolved in hexane (5 mL). However, crystals 

o f the product could not be obtained.

IR (nujol): vc=c = 2023 cm '1 (s)

‘H N M R  (C 6D 6): 5 0.26 (s, 9FI, S i-C H 3), 5 0.97 (m, 1811, C1I3), 5 1.40 (m, 1211, C1I2), 

6.40 (m, 1H, aryl-H). Integration: 1:9:12:18 (aryl-H:Si(CH3)3:CH2:CH3). 31P N M R  

(C6D 6): 5 19.90 (s, 2PEt3); 19F N M R  (C6D 6): 5-91.56 (m, IF, CF, J3>6 = 31, J6>H = 6),

5 -112.14 (d, IF , CF, J  = 31), 8 -151.12 (m, IF, CF, J = 31). Integration: 1:1:1 (F3 :F5 

:F6).

6.2 Chapter 3: M atrix isolation studies of (r|5-C 5H 5)Fe(r|5-(CH 3)2C 4H 2N)

6.2.1 General considerations

All manipulations were performed on a Schlenk line. [CpFe(C())2]2 was dried at 50 °C 

and under vacuum before use. (Cl D 2C4II2N was distilled over CaFL and under reduced 

pressure before use. All reactants were bought from Aldrich Chemical Company Ltd.
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6.2.2 Spectroscopy

(r |5-C 5H 5)Fe(ri5-(CH3)2C4H2N) was characterised by *H (400 M Hz) spectroscopy on a 

Bruker Avance 400 N M R  spectrometer. N M R  samples were prepared in tubes with 

non-airtight caps. CDCI3  was used as solvent for N M R spectroscopy. The deuterated 

solvent was used as received. Infrared spectra were recorded on a Perkin Elmer 

Spectrum One spectrophotometer and UV-vis spectra were recorded on a Perkin Elmer 

Lam bda EZ201 spectrophotometer.

(■n5-C5H 5)Fe(r|5-(CH3)2C4l l 2N) was synthesised following a literature procedure (Eqn 

6 .7).2 (CH3)2C4H2N (5 ml, 49 mmol) and [CpFe(CO )2]2 (1.42 g, 4 mmol) were brought 

to reflux temperature under an argon atmosphere for 36 h. After cooling to room 

temperature, heptane (60 ml) was added. The resulting solid was filtered off. The 

filtrate was diluted with ether (40 ml) and extracted twice with 5 % aq. FIC1. The 

aqueous layer was shaken with ether (20  ml), separated and made alkaline with solid 

N a2C0 3 . Extraction with ether (2 x 30 ml), drying with M gS04 and evaporation o f  the 

solvent gave a red oil, which was purified by column chromatography ( S ^ / C I ^ C y

Et3N) to afford (r |5-C5H 5)Fe(r|5-2 ,5-(CH 3)2C4H2N). Yield: 620 mg (2.88 mmol, 36 %). 

IR(nujol): v = 1457 (s), 1410 (m), 1373 (s), 1334 (s), 1300 (m), 1258 (m), 1106 (s), 

1037 (s), 1021 (s), 1002 (s) cm ' 1

6.2.3 Synthesis of (r|5-C 5H 5)Fe(Ti5-(C H 3)2C 4H 2N)

[CpFe(CO )2]2 Fe Eqn. 6.7
A

'H  N M R (CDCI3 ): 5 4.29 (s, 2H, H3, 4), 8 4.10 (s, 5H, Cp), 8 2.23 (s, 6H, Me). 

Integration: 1:3:2.5 (pyrrole-II: C1I3: Cp)

UV-vis (Ar matrix): A,max = 423 nm, also band at 325 nmmax
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6.3 Chapter 4: M atrix isolation studies of (r|5-C 4H 4Se)Cr(CO )3

6.3.1 General considerations

All manipulations were performed on a Schlenk line. n-Bu20  was distilled from CaH2 

before use. THF was distilled from  Na/benzophenone using a micro distillation 

apparatus before use. Cr(CO )6 and selenophene were used as received. All reactants 

were bought from Aldrich Chemical Company Ltd.

6.3.2 Spectroscopy

(T|5-C4H4Se)Cr(CO )3 was characterised by 'H  (400 MHz) N M R spectroscopy on a 

Bruker Avance 400 spectrometer. N M R  samples were prepared in tubes with non- 

airtight caps. CDCI3 was used as solvent for N M R  spectroscopy. The deuterated 

solvent was used as received. Infrared spectra were recorded on a Perkin E lmer 

Spectrum One spectrophotometer and UV-vis spectra were recorded on a Perkin Elmer 

Lam bda EZ201 spectrophotometer.

6.3.3 Synthesis of (r|5-C 4H 4Se)Cr(CO )3

Experimental

CO

(r|5-C4H 4Se)Cr(CO )3 was prepared following a literature procedure (Eqn. 6 .8).3 

Cr(CO )6 (0.22  g, 1.77 mm ol) and C4H4Se (0.5 ml, 5.43 mmol) were added to a reaction 

flask containing n-Bu20  (10 ml) and THF (1 ml). The reaction mixture was brought to 

reflux temperature for 3.5 h. The volatiles were removed in  v a c u o . The residue was 

dissolved in cyclohexane/dichloromethane ( 1 :1 ) and chromatographed on deactivated 

alumina. After elution from the column the solvent was removed in  v a c u o  to give a red 

crystalline product. Neutral alum ina (Brockman, activity I, » 150 mesh) used for 

chromatography was deoxygenated at room temperature under high vacuum for several
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hours. The alumina was deactivated w ith 5 % w/w N 2 saturated water and stored under 

N2. Yield: 320 mg (1.18 mmol, 67 %).

IR (CHCI3): vco = 1967 (s), 1889 (s), 1867 (s) cm '1 

!H NMR (CDCI3): 5 5.95 (s, 2H, H3j4), 8 5.79 (s, 2H, H2,5)

13C NMR: (CDCI3): 5 91.80 (s, C3>4), 5 91.51 (s, C2j5), 8 233 (s, CO). Integration: 1:2.5 

(selenophene-H: Cp). UV-vis (Ar matrix): A,max = 409 nm, also bands at 360 and 

500 (br) nm.

6.4 Chapter 5: Study of the photochemistry of [(r|5-C5H 5)M(r|<’-C 6H 5X)]

complexes

6.4.1 General considerations

All manipulations were performed on a  Schlenk line. Ethanol (500 ml) was dried by 

bringing M g turnings (2.5 g) in the presence o f  iodine (0.2 g) to reflux temperature until 

the iodine colour disappeared. The ethanol was distilled immediately before use. 

Dicyclopentadiene was distilled through a V ig re u x  column. The distilled 

cyclopentadiene was collected in ice to prevent dimerisation. Methanol was dried over 

CaH2 before use, 2,5-dimethylthiophene was dried over KOH and dichloromethane was 

dried over C aC ^ before use. RuC13.xH 20 ,  triphenylphosphine, ferrocene, mono- and 

dichlorobenzene and [(r|5-Cp)Fe(r|6-(CH 3)2CHC6H 5)]PF6 were used as received. All 

reactants were bought from Aldrich Chemical Company Ltd.

6.4.2 Spectroscopy

All [(r|5-C5M5)M (r|6-C6l LY)]X complexes were characterised by 111 (500.13 MHz) and 

13C (125.76 MHz) N M R  spectroscopy on a Bruker Avance 400 N M R spectrometer. 

N M R samples were prepared in tubes with non-airtight caps. CDCI3 was used as 

solvent for NM R spectroscopy. The deuterated solvent was used as received. Infrared 

spectra were recorded on a Unicam Research Series FTIR spectrometer.
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6.4.3 Synthesis of [(ti5-C 5H 5)R u (ti5-2,5-(CH3)2C4H2S)]BF4

Eqn. 6.9

( t |5-C5H 5)Ru(PPh3)2Cl was prepared following a literature procedure (Eqn. 6 .9).4 A 

solution o f RuCl3.xH 20  (0.52 g, «  2 mm ol) in dry ethanol (20 ml) was added to a 

rapidly stirred solution o f  triphenylphosphine (2 .10  g, 8.0 mmol) in ethanol (100  ml). 

The mixture was brought to reflux temperature. A  solution o f freshly distilled 

cyclopentadiene ( 1 -2  ml) in ethanol (20  ml) was immediately added to the reaction 

flask. The mixture was brought to reflux temperature until the colour change from dark 

brown to orange was complete. The reaction flask was placed in the refrigerator 

overnight. The orange crystalline product was filtered and washed with cold ethanol (2 

x 10 ml), water ( 2 x 1 0  ml), ethanol ( 2 x 1 0  ml) and pet. ether (40 - 60 C) (2 x 10 ml). 

Yield: 790 mg (1.088 mmol, 78 %).

'H  N M R (CDC13): 5 7.15 (m, 30H, PPh3), 5 4.05 (s, 5H, C5H 5). Integration 1:6 (Cp:

c6i i5).

[(r)5-C5H 5)R u(r|5-2 ,5 -(CH3)2C4H 2S)]BF4 was prepared following a literature procedure 

(Eqn. 6 .9).5 (r |5-C 5H 5)Ru(PPh3)2Cl (1.00 g, 1.38 mmol), AgBF4 (0.29 g, 1.52 mmol), 

2 ,5 -(CFI3)2C4H 2S (3 ml) were brought to reflux temperature in methanol (20 ml) for 

24 h under a N 2 atmosphere. Removing the volátiles in  v a c u o ,  extracting the residue 

with CH2CI2 and precipitating the compound from the filtered solution by slow addition 

o f  Et20  isolated the product. Successive recrystallisations from Cl I2Cl2/Et20  yielded 

the salts as brown powders. Yield: 2.15 g (0.59 mmol, 43 %).

*11 N M R (CDCI3): 5 6.46 (s, 2FI, H3j4), 5 6.38 (s, 2H, H2,5), 5 5.38 (s, 5H, Cp). 

Integration: 2:2.5 (thiophene-H: Cp)

UV-vis (Cl I2CI2): A,max = 485 nm, also band at 455 nm
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6.4.4 Synthesis of [(r|5-C 5H 5)Fe(Ti6-C 6H 5CL)]PF6

c6H5ci Fe Eqn. 6.10

[(r|5-C5H 5)Fe(r|6-C6H 5Cl)]PF6 was prepared following a literature procedure (Eqn.

6 .10).6 AICI3 (1.4 g, 0.10 mmol) and A1 pow der (0.2 g, 7.41 mmol) were added to a 

solution o f  ferrocene (1 g, 5 mmol) in C6H 5CI (20 ml). The m ixture was brought to 

reflux temperature w ith stirring for 6 h. After cooling to room temperature, water (60 

ml) was added to the reaction flask and the solution was stirred for several minutes. 

The aqueous layer was removed and washed with pet. ether (40-60 °C). The solid 

residue was filtered o ff and a solution o f  ammonium hexafluorophosphate was added to 

the filtrate. A  precipitate formed immediately. The solid was filtered o ff and 

recrystallised from acetone and ether. Yield: 0.98 g (2.6 mmol, 52 %).

Elemental analysis: calculated for C n H i0ClFePF6: C: 34.9; H: 2.66. Found C: 34.6; H: 

2.51. N M R  (CDCI3): § 6.75 (m, 2H, arene ring), 8 6.55 (m, 2H, arene ring), 5 6.4

(m, 1H, arene ring) J = 3, 7 Hz; S 5.2 (s, 5H, C5FI5). Integration: 1:2:2:5 (aryl-H: 2aryl- 

H: 2aryl-H: Cp). UV-vis (CH2CI2): A,max = 485 nm, also band at 450 nm.

6.4.5 Synthesis of [(T i^ C sH ^ F e ^ -l^ -Q I^ C y iP F e

[(ri5-C 5H 5)Fe('n6- l ,2 -C6H 4Cl2)]PF6 was prepared following a literature procedure (Eqn.

6 .11).6 AICI3 (1.4 g, 0.10 mmol) and A1 powder (0.2 g, 7.41 mmol) were added to a 

solution o f  ferrocene (1 g, 5 mmol) in l ,2 -C6H 4Cl2 (20 ml). The mixture was brought to

Eqn. 6.11
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reflux temperature with stirring for 6 h. A fter cooling to room temperature, water (60 

ml) was added to the reaction flask and the solution was stirred for several minutes. 

The aqueous layer was removed and washed with pet. ether (40-60 °C). The solid 

residue was filtered o ff and a solution o f  ammonium hexafluorophosphate was added to 

the filtrate. A precipitate formed immediately. The solid was filtered o ff and 

recrystallised from acetone and ether. Yield: 0.99 g (2.4 mmol, 48 %).

Elemental analysis: calculated for Ci |H 9Cl2FePF6: C: 34.9; H: 2.66. Found C: 32.03; H: 

2.05. 'H N M R  (CDCI3): 5 6.7 (m, arene, J = 3.5 Hz), 5 6.5 (m, arene, J = 3.6 Hz), 5 5.5 

(5H, Cp). Integration: 3:2:5 (aryl-H: aryl-H: Cp). UV-vis (CH2CI2): A,max = 485 nm, 

also band at 450 nm.

6.5 UV-vis laser flash photolysis

6.5.1 Apparatus

The apparatus for laser flash photolysis is illustrated in Fig. 6.1. The laser source is a 

Nd-YAG (neodymium yttrium aluminium garnet). It operates at a wavelength o f 1064 

nm but can be doubled, tripled or quadrupled to produce a second, third or fourth 

harmonic at 532, 355, 266 nm. Typically at 355 nm the laser has energy o f 45 mJ per 

pulse. The pulse time o f the laser is in the region o f 10 ns. The laser is directed v ia  one 

Pellin-Broca prism  onto the sample cuvette. W hen the pulse passes through the power 

meter situated after the prism, the oscilloscope is triggered. The monitoring light source 

is an air-cooled 275-W att xenon arc lamp positioned at right angles to the laser beam. 

The monitoring beam passes through the sample and is directed to the entrance slit o f 

the m onochrom ator v i a  a circular lens. UV-vis filters are employed to prevent 

excessive sample degradation. A photomultiplier is arranged at the exit slit o f the 

monochromator. Absorbance changes o f  the sample are monitored v ia  a variable load 

resistor. The oscilloscope is connected to a microcomputer v ia  an IEEE bus and all 

signals are recorded on disk.
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Fig. 6.1: Apparatus for UV-vis laser flash photolysis

6.5.2 Mode of operation

The amount o f light passing through the sample before the laser flash is triggered is 

measured as Io. This value is measured by obtaining the difference in the voltage of the 

amount o f light transm itted by the solution when the shutter of the monitoring beam  is 

opened and then closed. After the laser has been triggered the intensity o f light passing 

through the sample is m easured and recorded as I. The ratio o f Io/I creates a trace on the 

screen known as the transient. A  standard trace illustrates the change in voltage with 

time, which corresponds to time resolved absorbance. The resulting transients are 

analysed by first order kinetics.
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6.6 Matrix isolation

6.6.1 Apparatus for IR  and UV-vis detected matrixes

The matrix isolation apparatus is described below. The apparatus consists o f a closed 

cycle helium  refrigerator, sample window, sample shroud, deposition tube, gas mixing 

chamber, gas inlet, backing pump, diffusion pum p and temperature control unit (Figs.

6.2 and 6.3). M atrixes are deposited v ia  the slow ‘spray-on’ technique onto a CaF2 

window cooled to 20 K. For UV-vis detection, CaF2 outer windows are used. This 

allows detection to 950 cm '1 in the IR spectrum. A thermocouple embedded into a 

cavity beside the w indow  and connected to the temperature control unit maintains the 

temperature. The w indow  is cooled by a closed cycle helium refrigerator (Air Products) 

m ounted v ia  a double O-ring seal in a stainless steel vacuum shroud. The system 

pumps to 8 x 1 O’4 m bar prior to cooling and achieves 1 O'7 mbar upon cooling. Host 

gases (Cryo Service) are deposited onto the window v ia  the needle valve. W hen a 

reactive gas such as CO is being deposited, it is mixed with Ar in the correct ratio in the 

mixing chamber prior to deposition. A ratio o f sample molecule to host molecule in the 

region o f  1:2000 is desirable. A BOC gauge controls the rate o f gas deposition. 

Typically a rate o f  0.6 torr per min achieves sufficient dilution on the matrix window. 

Simultaneous w ith gas deposition, is sample deposition. The sample is kept in a right- 

angled tube at temperatures below -1 0  °C until required. W hen required, the sample is 

heated w ith a heating wire to the necessary temperature, where it sublimes onto the 

CaF2 window. A temperature o f  8 °C was required for the sublimation o f 

(r)5-C5FI5)Fe(ri5-(CH3)2C4l I 2N ) onto the CaF2 w indow while sublimation o f 

(r |5-C4H4Se)Cr(CO )3 was achieved at 35 °C v i a  a heating coil. Photolysis o f the matrix 

is achieved with either an Oriel 300 W att Xe-arc lamp or 200 Watt Hg/Xe lamp. Cut 

o ff interference filters w ith Xcxc =  546, 436, 405, 365 nm  are employed along with 

broadband filters with A.exc > 550, > 410, >390, >310 nm. UV-vis spectra are recorded 

on a Perkin Elmer Lam bda EZ201 spectrophotometer while IR spectra are recorded on a 

Perkin Elmer Spectrum One instrument.
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Support

Stand

Shroud

Mixing chamber for 
Matrix gas

Diffusion Pu“ P
Pump Diffusion

Pump

Fig. 6.2: Apparatus for m atrix isolation

Gas Handling lin e

Fig. 6.3: Illustration of the sample shroud, sample container and gas inlet
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6.7 Cyclic voltammetry

The apparatus for cyclic voltamm etry is illustrated in Fig. 6.4. The most important 

electrode in cyclic voltamm etry is the working electrode, which was made from teflon 

shrouded glassy carbon. The counter electrode was made from platinum wire. The 

redox o f the analyte occurs at this electrode. The auxiliary electrode conducts 

electricity form the signal SCE into the solution to maintain the correct current. The 

reference electrode used for these experiments was made from  saturated calomel (SCE). 

The scan rate employed in these studies was 100 mV/s. The potential of this electrode 

is known and remains constant. The potential that is cycled is the potential difference 

between the working electrode and the reference electrode. The potential is scanned in 

the negative direction until it has becom e negative enough to reduce the analyte at the 

working electrode. The reaction continues at the electrode until most o f the species has 

been reduced. The current then decays for the remainder of the forward scan until the 

potential is reversed. The potential is scanned in the positive direction until it reaches 

point where the analyte is oxidised. The current then decays from this peak and the 

potential completes its cycle.

6.7.1 Apparatus

Nitrogen tank

Fig. 6.4: Apparatus for cyclic voltammetry
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6 . 8  Future work

6.8.1 C-F  activation

In the chapter presented on C-F activation, success was achieved in producing three new 

complexes in which the activated fluorine had been replaced by new functionalities. 

The orientation o f  these groups is I ra n s  to the polyfluorinated ring. In order to achieve 

reductive elimination, a c is  orientation is required. W ork on this project is ongoing and 

fellow workers in the University o f  York have succeeded in producing a C-F complex 

in which the activated fluorine and polyfluorinated pyridine ring are in a c i s  orientation 

(Eqn 6.11). Dicyclohexylphosphino ethane (dcpe) was employed as the phosphine. 

Current work is attempting to replace the activated fluorine atom in the complex 

NiF(dcpe)2(CsF3HN) with an alternative ligand.

6.8.2 Photochemistry of (r|5-C sH 5)Fe(r|5-2 ,5 -(C H 3)2C 4H 2N)

Studies o f  the photochemistry o f  (n 5-C5H 5)Fe(r|5-2 ,5-(CH3)2C4FI2N) are almost 

complete. Future work involving this complex would be to assign a structure to the 

metal-carbonyl complex that absorbs at vco = 2061 cm '1. M olecular modelling studies 

would obtain theoretical data about the assignments made for the photoproducts 

observed in the matrix isolation studies. The observation o f  a triplet state 

monocarbonyl com plex is rather unusual and further molecular modelling studies will 

confirm w hether its presence is likely. Indeed preliminary studies do indicate that the 

triplet state com plex is a possible intermediate. Details o f these initial studies are 

included in the appendix.

6.8.3 Photochemistry of (Ti5-C 4H 4Se)Cr(CO )3

Studies o f  the photochemistry o f  (r |5-C4lLiSe)Cr(CO)3 have been completed. 

Theoretical studies could be employed to confirm the assignments made for the 

photoproducts observed in the various matrixes. Investigation o f  methyl-substituted 

derivatives o f  the parent complex may shed further light on the photochemistry o f this 

complex.

6.8.4 Photochemistry of [(r|5-C 5H 5)M(r|6-arene)]+ complexes

The photochemical studies o f  complexes o f  the type [(t)5-C5I I5)M (r|6-arcnc) ] 1 are 

incomplete. Transient absorption spectra need to be completed for [(r|5-C 5H 5)Fe(r|6-

2 1 1



Chapter 6 Experimental
(CH3)2CHC6H5)]+ in CO and Ar purged acetone and acetonitrile solutions at A.cxc = 355 

and 532 nm. Laser flash photolysis studies need to be completed for the complexes, 

[(t|5-C5H5)Fe(r|6-C6H5.xClx)]+ (where x = 1 and 2). Studies carried out on the 

heteroaromatic complex [(iy-C sH s)R u(rf-C 4H<|S)| t need to be subjected to the full set 

o f  experiments that have been suggested for the proceeding complexes.

I
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A .l CRYSTAL DATA

Appendix

Table 1: Crystal data and structure refinem ent for N iN 3(C5F3NH)(PEt3)2 as obtained 

from S. Archibald o f  the University o f  Hull.

Empirical Formula C 17H 31N 4F3P2NÌ

Unit cell contents 

Form ula weight 

Temperature 

W avelength

Crystal system, space group 

Unit cell dimensions

Volume

Z (no. o f  molecules per unit cell), 

calculated density 

Absorption coefficient 

F (000)

Crystal size

0 range for data collection 

Index ranges

Reflections collected/unique 

Completeness to 20 = 69.94 

Refinement method 

Data/ restraints/ parameters 

Goodness-of-fit on F2 

Final R  indices [I>2a(I)]

R  indices (all data)

Extinction coefficient 

Largest diff. peak and hole

68 H124 F12

876.43 

50 (2) K  

0.71073 A 

monoclinic, P2j/C 

a = 9.1396 (12) Â 

b =  12.7408 (12) Â 

c =  19.819 (3) A

2288.7 (5) A3

N16 Ni4 P 8

alpha = 90 deg 

beta = 97.383 (11) deg 

gamma = 90 deg

4, 1.361 M g/m3 

1.0 20  m m ' 1 

984

0.05 x 0.12 x 0.17 mm 

2.62 to 34.97 deg

-14<=h<=14, -19<k<=20, -31<=1<=30 

29439/ 9834 [R(int) = 0.1246]

97.8 %

Full-matrix least squares on F

9834/ 0 / 245

0.740

R, = 0.0450, wR 2 = 0.858 

Ri = 0.1477, wR2 = 0.1082 

0.0026 (3)

0.728 a n d -1 .629  e.A'3
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O t

Table 4: Anisotropic displacement param eters (A X  10 ). The anisotropic 
displacement factor exponent takes the form:
-2  7t2 [h2 a*2 U n  + ... + 2  h k a *  b * U 12]

U n u 22 u 33 U 23 U 13 U i2

N i(l) 27 (1 ) 23 (1) 2 0 ( 1 ) -2 ( 1 ) 3 (1 ) 3 (1 )
P (l) 33 (1) 28 ( 1 ) 24 (1) -5 (1) -2 ( 1 ) 2 ( 1 )
P(2 ) 30 (1 ) 31 (1 ) 2 4 (1 ) -2 ( 1 ) - 1  ( 1 ) 8 ( 1 )
F(4) 56 (1 ) 29 (1 ) 4 8 (1 ) 4 (1 ) 22  ( 1 ) -2 ( 1 )
F(5) 72 (1 ) 47 (1) 70 (1 ) -2 1  ( 1 ) 42 (1 ) 3 (1 )
F (6) 45 (1) 51(1) 37 (1 ) 1 ( 1 ) 17(1) -5 (1)
N (l) 42 (1) 30 (1 ) 33 (1) -6  ( 1 ) 1 1 ( 1 ) 7 (1 )
N(2) 4 2 (1 ) 33 (1) 34 (1 ) -5 (1) 6 ( 1 ) 3 (1 )
N(3) 74 (2 ) 63 (2 ) 63 (2 ) -8 ( 1 ) 41 (2 ) -3 (2 )
N(4) 27 (1 ) 30 (1 ) 23 (1) 0 ( 1 ) 2 ( 1 ) 0 ( 1 )
C (l) 24 (1 ) 25 (1) 2 0 ( 1) -2  ( 1 ) 1 ( 1 ) 4 (1 )
C(2) 29 (1 ) 25 (1) 27 (1) - 1  ( 1 ) 3 (1 ) -2 ( 1 )
C(3) 41 (2 ) 25 (1) 44 (2 ) -8 ( 1 ) 8 ( 1 ) 1 ( 1 )
C(4) 36 (1 ) 39 (1 ) 35 (1) -13 (1 ) 1 2 ( 1 ) 1 ( 1 )
C(5) 26 (1 ) 38 (1 ) 25 (1) -3 (1) 4 (1 ) -5 (1)
C(6) 41 (2 ) 35 (1 ) 44 (2 ) - 1 0 ( 1 ) -3 (1) -7 (1 )
C(7) 51(2 ) 48 (2 ) 75 (2 ) -15 (2) 24 (2 ) -14 (2)
C (8) 38 (1 ) 40 (2 ) 37 (1 ) -7 (1 ) -8 ( 1 ) 14(1)
C(9) 2 1 (2 ) 71 (2) 47 (2 ) - 1 1 (2 ) -18(2) 20  (2 )

C(10) 54 (2 ) 42 (2 ) 2 2 ( 1 ) -2 ( 1 ) 1 ( 1) 7 (1 )
C ( l l ) 102 (3) 46 (2 ) 44 (2 ) 7 (2 ) 26 (2 ) -2 (2 )
C(12) 41 (2 ) 56 (2 ) 2 6 (1 ) - 1 1 ( 1 ) -2 ( 1 ) 14(1)
C(13) 52 (2 ) 115(4) 38 (2) -26 (2 ) -13 (2) 30(2 )
C(14) 32 (1 ) 6 6 (2 ) 44 (2) - 1 1 (2 ) 2 ( 1 ) 1 ( 1 )
C(15) 56(2 ) 73 (3) 89 (3) 17(2) 29 (2) 1 (2 )
C(16) 100 (3) 44 (2 ) 53 (2) 0 (2 ) -19 (2) 34(2 )
C(17) 207 (7) 42 (2) 93 (4 ) 2 6 (2 ) 14(4) 2 (3 )



Table 4: Anisotropic displacement param eters (A X  10 ). The anisotropic 
displacement factor exponent takes the form:

-2  7t2 [h2 a*2 U n  +  . . . + 2 h k a V U i 2]

Crystal data Appendix

X y y U(eq)

N i(l) 9347 (1) 2996 (1) 1595 (1) 23 1 )
P (l) 11182 ( 1 ) 2938 (1) 2433 (1) 28 1 )
P(2) 7406 (1) 2937(1 ) 814(1) 29 1 )
F(4) 9710 (2) 543 (1) 152 (1) 43 1 )
F(5) 12932 (2) 484 (2) -147 (1) 60 1 )
F(6) 12710 (2) 2596 (1) -206 ( 1 ) 43 1 )
N (l) 8410 (3) 4066 (2) 2073 (1) 35 1 )
N(2) 7562 (3) 4024 (2) 2477 (1) 36 1 )
N(3) 6739 (4) 4057 (2) 2876 (2) 64 1 )
N(4) 11179(2) 2624 (2) 608 ( 1 ) 27 1 )
C (l) 10408 (2) 2138 (2) 1057(1) 23 1 )
C(2) 10482 (3) 1055 (2) 1085 (1) 27 1 )
C(3) 11306 (3) 454 (2) 700 (2) 37 1 )
C(4) 12070 (3) 992 (2) 255 (1) 36 1 )
C(5) 11959 (3) 2068 (2 ) 234(1 ) 30 1 )
C(6) 12202 (3) 4173 (2) 2496 (2) 41 1 )
C(7) 12852 (4) 4452 (3) 1847(2) 56 1 )
C(8) 12565 (3) 1902 (2 ) 2422 (2) 40 1 )
C(9) 13806 (4) 1894 (3) 3017 (2) 59 1 )

C(10) 10533 (3) 2811 (2 ) 3264 (1) 39 1 )
C ( l l ) 9654 (5) 1812(3) 3320(2) 62 1 )
C(12) 7554 (3) 2201 (3) 34 (1 ) 42 1 )
C(13) 6207 (4) 2207 (4) -514(2) 70 1 )
C(14) 5788 (3) 2404 (3) 1161 (2 ) 48 1 )
C(15) 5977 (4) 1296 (3) 1397 (2) 71 1 )
C(16) 6805 (5) 4239 (3) 513 (2) 68 1 )
C(17) 8035 (8) 4770 (3) 170 (3) 114(2)
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 Table 3: Bond lengths (A) and angles (deg) for N iN 3(Csf;3NH)(PEt3)2

N i(l)-C (l) 1.881 (2 )
N i(l)-N (l) 1.923 (2)
N i(l)-P (2) 2.2003 (9)
N i(l)-P (l) 2.2053 (9)
P (l)-C (6) 1.825 (3)

P(l)-C (10) 1.827(3)
P (l)-C (8) 1.829 (3)

P(2)-C(16) 1.823 (3)
P(2)-C(12) 1.827 (3)
P(2)-C(14) 1.839 (3)
F(4)-C(2) 1.359 (3)
F(5)-C(4) 1.354 (3)
F(6)-C(5) 1.355 (3)
N (l)-N (2) 1.185 (3)
N(2)-N(3) 1.160 (3)
N(4)-C(5) 1.303 (3)
N (4)-C (l) 1.353 (3)
C (l)-C (2) 1.383 (3)
C(2)-C(3) 1.372 (3)
C(3)-C(4) 1.378 (4)
C(4)-C(5) 1.375 (4)
C(6)-C(7) 1.526 (4)
C(8)-C(9) 1.528 (4)

C (10 )-C (ll) 1.517(5)
C(12)-C(13) 1.534(4)
C(14)-C(15) 1.490 (5)
C(16)-C(17) 1,543 (7)

C (l)-N i(l)-N (l) 170.40 (10)
C (l)-N i(l)-P (2) 90.55 (7)
N (l)-N i(l)-P (2 ) 90.08 (8)
C (l)-N i(l)-P (l) 90.54 (8)
N (l)-N i(l)-P (l) 89.78 (8)
P (2)-N i(l)-P (l) 174.35 (3)
C(6)-P(l)-C(10) 103.72(14)
C(6)-P (l)-C (8) 105.96(14)

C(10)-P(l)-C(8) 104.58 (14)
C(6)-P (l)-N i(l) 110.77(11)

C (10)-P (l)-N i(l) 112.24(10)
C(8)-P (l)-N i(l) 118.35 (10)

C(16)-P(2)-C(12) 104.01 (16)
C(16)-P(2)-C(14) 103.62(19)
C(12)-P(2)-C(14) 106.05 (15)
C(16)-P(2)-N i(l) 112.41 (14)
C(12)-P(2)-N i(l) 118.16(10)
C(14)-P(2)-N i(l) 111.32(11)
N (2)-N (l)-N i(l) 132.3 (2)
N (3)-N (2)-N (l) 175.3 (3)
C(5)-N (4)-C(l) 119.7 (2)

V
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N (4)-C (l)-C(2) 117.1 (2)
N (4)-C (l)-N i(l) 117.17(18)
C (2)-C (l)-N i(l) 125.73 (25)
F(4)-C(2)-C(3) 117.2 (2)
F(4)-C(2)-C (l) 118.6 (2 )
C (3)-C(2)-C(l) 124.2 (2)
C(2)-C(3)-C(4) 116.0(2)
F(5)-C(4)-C(5) 120.4 (2)
F(5)-C(4)-C(3) 121.3 (2)
C(5)-C(4)-C(3) 118.3(2)
N(4)-C(5)-F(6) 117.2 (2)
N(4)-C(5)-C(4) 124.6(2)
F(6)-C(5)-C(4) 118.2 (2 )
C(7)-C’(6)-l’( l) 113.2 (2)
C (9)-C (8)-P(l) 116.2(2)

C(11)-C(10)-P(1) 1 1 2 .1  (2 )
C(13)-C(12)-P(2) 117.2 (2)

C( 15)-C( 14)-P(21 ) 113.7 (2)
C(17)-C(16)-P(21) 109.7(3)

Appendix

vi



Ta
bl

e 
5: 

To
rs

io
n 

an
gl

es
 

(d
eg

) 
fo

r 
N

iN
3(

C
sF

3N
H

)(
PE

t3
)2

en < en
Cs

iT)
f '  °® ^  ^  ^
1—H "-J « , 1—H XÎ

t> en oo in  -rf

o  vo

- m
. 00 oo CN

OS °
' - ?  CM \ 0

P  oo ^  as ' f  
©

t̂- î-
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C / C C ^ ^ ^ O C C N  N M N N N  i s C C C Ü ^ ^ C  1 ^  ^  ^  “  ''* “"■

^  ^  ^  ^  ^  PÎ J ü  U  J;



Crystal data Appendix
N i(l)-P (l)-C (8)-C (9) -179.6(2)

C (6)-P (l)-C (10)-C (ll) -179.5 (2)
C (8)-P(l)-C (10)-C (l 1) -68.7 (3)

N i(l)-P (l)-C (1 0 )-C (ll) 60.8 (3)
C(16)-P(2)-C(12)-C(l 3) -52.3 (3)
C(14)-P(2)-C(12)-C(13) 56.6 (3)
N i(l)-P(2)-C(12)-C(13) -177.7 (3)
C(16)-P(2)-C(l 4)-C (l 5) 175.8 (3)
C(12)-P(2)-C(14)-C(15) 66.6 (3)
N i(l)-P (2)-C (l 4)-C (l 5) -63.2 (3)
C(12)-P(2)-C( 16)-C( 17) -66.4 (4)
C(14)-P(2)-C( 16)-C( 17) -177.1 (3)
Ni(l)-P(2)-C(16)-C(17) 62.6 (3)

Symmetry transformations used to generate equivalent atoms:
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Coefficient determination Appendix
A.2 EXTINCTION COEFFICIENT DETERMINATION

(1) (îi5-C 5H 5)Fe(Ti5-(CH3)2C4H 2N)

Concentration (M) Absorbance at 354 nm 
0 0

0.0012 0.04004
0.0024 0.08308
0.0036 0.12216
0.0048 0.16434

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for (r|5-C5H5)Fe(Ti5-(CH3)2C4H2N) in pentane at 354
nm is 34.2 dm3 mol'1 cm'1
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(2) (ti5-C41 I4Sc)Cr(CO)3

Concentration (M) Absorbance al 354 nm 
0 0

0.00156 0.45236
0.002992 0.94339
0.003888 1.3042
0.00468 1.5897

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for (r^ -C iF U S eK ^C O ^ in dichloromethane at 354
nm is 56.4 dm 3 mol' cm ' 1
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(3) (n3-C 5H 5)Fe(n6-(CH 3)2CH C 6H 5)

Concentration (M) Absorbance at 354 nm 
0 0

0.0018 0.1186
0.0037 0.2516
0.0055 0.3659
0.0074 0.4614

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for (ri' -C 5 I l5)Fe(t'|ù-(C Il3)2CI ICôI Is) in
• 3 1 I 1dichloromcthane at 354 nm is 63.6 dm mol" cm*
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(4) (T!5-C5H5)Fe(ri6-(CH3)2CHC6H5)

Concentration (M) Absorbance at 532 nm 
0 0

0.0018 0.0211
0.0037 0.0431
0.0055 0.0651
0.0074 0.0791

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for (r |5-C 5H 5)Fe(r|6-(CH3)2CHC6H 5) in 
dichloromethane at 532 nm  is 10.9 dm 3 m ol'1 cm '1
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(5) r0i5-C5H5)Fe0i6-C 6H 5Cl)]+PF6-

Concentration (M) Absorbance at 354 nm 
0 0

0.00196 0.16606
0.00392 0.30254
0.00588 0.46162
0.00784 0.62546

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for [(iy-C 5 I ïs)Fe(r|6-C 6l 15CI ) | ' Pl'V in 
dichloromethane al 354 nm is 78.9 dm3 mol' 1 cm ' 1
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(6) [(îi5-C 5H 5)Fe(Ti6-C6H 5Cl)]+PF6-

Concentration (M) Absorbance at 532 nm 
0  0

0.00196 0.0144
0.00392 0.0277
0.00588 0.0395
0.00784 0.0492

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for [(ti5-C5H5)Fe(r|6-C6H5Cl)]4PF6" in
dichloromethane at 532 nm is 6.3 dm3 mol'1 cm"1
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(7) [(T15-C5H 5)Fe(Ti6-C6H 4Cl2)]+P F 6-

Concentration (M) Absorbance at 354 nm 
0 0

0.00176 0.11528
0.00352 0.27412
0.00528 0.39146
0.00704 0.55695

Beer's Law Fit

Concentration (M)

Therefore the extinction coefficient for [(r|5-C 5H 5)Fe(r|6-C6H4Cl2)]4PF6~ in 
dichloromethane at 354 nm  is 80.1 dm3 m ol'1 cm '1

XV
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(8) [(t15-C 5H 5)Fe(r16-C 6H4Cl2)]+PF6-

Concentration (M) Absorbance at 532 nm 
0 0

0.00176 0.01505
0.00352 0.0327
0.00528 0.0468
0.00704 0.0660

Beer's Law Fit

Concentration (M)

T h ere fo re  th e  e x tin c tio n  c o e f f ic ie n t fo r  [ ( rp -C s IIs )F e (r i  ’-C&II4C I2) | ' I’TV hi
d ic h lo ro m c th a n e  a t 5 3 2  n m  is 9 .3  d m ' m o l"1 c m '1
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A.3 HARTREE-FOCK CALCULATIONS

The purpose o f this study is to estimate the wavefunction stability o f  the electronic 

wavefunction o f  a 16-electron intermediate species formed by the photolysis o f 

dimethylazaferrocene, (Ti5-C5H 5)(Ti5-(CH3)2C4H 2N)Fe, in low-temperature matrixes 

containing carbon monoxide. The initially produced carbonyl containing species 

exhibited a carbonyl stretching absorption at 1999 cm '1. Similar experiments with the 

unsubstituted azaferrocene species produced a feature at 1974 cm '1, which was assigned 

to (T|5-C 5H 5)(ri1-C4H 4N)Fe(CO). The calculations presented here are designed to 

determine if  alternative high-spin wavefunctions are energetically close to the ground 

wavefunction, which could explain the difference in spectroscopic parameters observed 

in these two experiments. Previous studies on carbonyl systems have provided evidence 

for the formation o f  intermediates w ith triplet as well as singlet multiplicity, which has 

been used to explain the observed kinetic and spectroscopic properties o f  these 

intermediates.

S ta rtin g  geom etry o f (n 5-C 5H 5)(r |1-(C H 3)2C 4H 2N )Fe(CO )

The initial geometry o f this intermediate was estimated using semi-empirical molecular 

mechanic MM2 routine in the Chem 3D programme suite.

These starting coordinated were used as the input file to Gaussian 98W  programme and 

these param eters were optimised at the restricted Hartree-Fock level using the limited
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Starting coordinates

Z-M atrix orientation:
Center

N um ber
Atomic
N um ber

Atomic
Type

Coordinates
X

(Angstroms)
Y z

1 26 0 0.000000 0.000000 0.000000
2 -1 0 0.000000 0.000000 1.710000
3 7 0 1.645472 0.000000 -1.068582
4 6 0 1.180000 0.000000 1.710000
5 1 0 2.179848 0.000000 1.692548
6 6 0 0.364640 1.122247 1.710000
7 1 0 0.673610 2.073158 1.692548
8 6 0 -0.954640 0.693587 1.710000
9 1 0 -1.763534 1.281282 1.692548

10 6 0 -.0954640 -0.693587 1.710000
11 1 0 -1.763534 -1.281282 1.692548
12 6 0 0.364640 -1.122247 1.710000
13 1 0 0.673610 -2.073158 1.692548
14 -1 0 2.611034 0.000000 -1.693232
15 6 0 2.906737 0.000000 -0.581900
16 6 0 3.138803 0.000000 0.900040
17 1 0 2.184336 0.000000 1.405404
18 1 0 3.697634 -0.884351 1.168428
19 1 0 3.697634 0.884351 1.168428
20 6 0 3.759352 0.000000 -1.631042
2 1 1 0 4.757888 0.000000 -1.576963
2 2 6 0 3.025031 0.000000 -2.766129
23 1 0 3.385028 0.000000 -3.699083
24 6 0 1.718581 0.000000 -2.418510
25 6 0 0.659774 0.000000 -3.481019
26 1 0 1.134908 0.000000 -4.450889
27 1 0 0.049916 -0.884351 -3.369677

28 1 0 0.049916 0.884351 -3.369677
29 6 0 -1.677341 0.000000 -1.089278
30 8 0 -2.589282 0.000000 -1.704390

x v i i i
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After Optimisation o f the structural parameters a stationary point was reached.

Item Value Threshold Converged?

Maximum Force 0.000090 0.000450 YES
RMS Force 0.000018 0.000300 YES
Maximum Displacement 0.001335 0.001800 YES
RMS Displacement 0.000204 0.001200 YES
Predicted change in Energy= -2.683707D-07

Opimization completed
— Stationary point found.

Distance m atrix (angstroms):
1 2 3 4 5

1 Fe 0.000000
2 N 1.890803 0.000000
3 C 2.214415 3.294087 0.000000
4 H 2.99557 3.550924 1.071713 0.000000
5 C 2.170163 3.540916 1.409984 2.215488 0.000000
6 H 2.938214 3.972845 2.221411 2.671675 1.077254
7 C 2.248416 4.060192 2.291882 3.323548 1.426939
8 H 3.006010 4.771741 3.332263 4.328548 2.236790
9 C 2.248416 4.060192 2.291882 3.323548 2.292434

10 H 3.006010 4.771741 3.332263 4.328548 3.337549
11 C 2.170163 3.540916 1.409984 2.125488 2.283959
12 H 2.938214 3.972845 2.221411 2.671675 3.324723
13 C 3.064680 1.422803 3.693240 3.520140 4.202190
14 C 3.708557 2.653983 3.370588 2.771029 4.147777
15 II 3.314915 2.853702 2.435005 1.714199 3.344605
16 H 4.440307 3.345097 4.012609 3.327541 4.999038
17 1-1 4.440307 3.345097 4.012609 3.327541 4.581450
18 C 4.151826 2.282328 5.036168 4.853179 5.466468
19 H 5.153571 3.319776 5.790453 5.442111 6.300288
20 C 4.082383 2.286103 5.530210 5.606719 5.751943
21 H 5.046427 3.324632 6.595064 6.683126 6.768071
22 C 2.910596 1.425907 4.672197 4.976818 4.761638
23 C 3.360821 2.633517 5.475595 6.006883 5.329786
24 II 4.427039 3.471416 6.499670 6.964315 6.372289
25 H 3.337385 3.005343 5.478888 6.102693 5.437840
26 H 3.337385 3.005343 5.478888 6.102693 5.054123
27 C 1.663544 2.867890 3.713298 4.612769 3.316915
28 O 2.813920 3.960713 4.734426 5.692852 4.207158

6 7 8 9 10
6 II 0.000000
7 C 2.231956 0.000000
8 H 2.685265 1.078730 0.000000
9 C 3.329689 1.409441 2.224907 0.000000

10 H 4.341417 20224907 2.686565 1.078730 0.000000
11 C 3.324723 2.292434 3.337549 1.426936 2.236790
12 H 4.331648 3.329689 4.341417 2.231956 2.685265

xix
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13 C 4.469118 5.046839 5.850549 5.046839 5.850549
14 C 4.327284 5.254871 6.167328 5.254871 6.167328
15 H 3.590231 4.503423 5.464643 4.503423 5.464643
16 H 5.281064 6.031712 7.002916 5.823461 6.658447
17 H 4.50575 5.823461 6.658447 6.031712 7.002916
18 C 5.662641 6.243292 6.968331 6.243292 9.968331
19 H 6.421444 7.184405 7.937440 7.184405 7.937440
20 C 6.010134 6.257314 6.840630 6.257314 6.840630
2 1 H 6.998425 7.207544 7.722325 7.207544 7.722325
2 2 C 5.131361 5.071673 5.606212 5.071673 5.606212
23 C 5.750075 5.259608 5.562683 5.259608 5.562683
24 H 6.734030 6.336019 6.603372 6.336019 6.603372
25 H 6.030808 5.147047 5.467796 4.899761 5.016091
26 H 5.360525 4.899761 5.016091 5.147047 5.467796
27 C 4.000279 2.706461 2.954638 2.706461 2.954638
28 0 4.486128 3.305167 3.216384 3.305167 3.216384

1 1 12 13 14 15
1 1 C 0.000000
12 H 1.077254 0.000000
13 C 4.202190 4.469118 0.000000
14 C 4.147777 4.327284 1.521993 0.000000
15 H 3.344605 3.590231 2.192852 1.072740 0.000000
16 H 4.581450 4.505785 2.152078 1.087455 1.742166
17 H 4.999038 5.281064 2.152078 1.087455 1.742166
18 C 5.466468 5.662641 1.349170 2.495078 3.405084
19 II 6.300288 3.421444 2.160587 2.782931 3.828176
20 C 5.751943 6.010134 2.234997 3.689046 4.424800
2 1 H 6.768071 6.998425 3.275601 4.673501 5.467933
2 2 C 4.761638 5.131361 2.231051 3.730174 4.165276
23 C 5.329786 5.750075 3.720554 5.183923 5.487134
24 II 6.372289 6.734030 4.318083 5.834045 6.280161
25 H 5.054123 5.360525 4.193050 5.574460 5.765104
26 II 5.437840 6.030808 4.193050 5.574460 5.765104
27 C 3.316915 4.000279 4.271322 5.218467 4.948224
28 O 4.207158 4.846128 5.380411 6.383162 6.115466

16 17 18 19 20
16 H 0.000000
17 11 1.751651 0.000000
18 C 2.797849 2.797849 0.000000
19 H 2.825965 2.825965 1.076875 0.000000
20 C 4.070984 4.070984 1.418256 2.236073 0.000000
2 1 II 4.968118 4.968118 2.236058 2.707843 1.076796
22 C 4.286175 4.286175 2.229245 3.270442 1.347622
23 C 5.751198 5.751198 3.692402 4.682760 2.512762
24 H 6.325863 6.325863 3.950807 4.804652 2.573948
25 II 6.041273 6.291631 4.312637 5.314263 3.235562
26 H 6.291631 6.041273 4.312637 5.314263 3.235562
27 C 5.919271 5.919271 5.057076 6.128083 4.513524
28 0 7.070783 7.070783 6.057147 7.134011 5.336707

2 1 22 23 24 25

X X
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2 1 H 0.000000
2 2 C 2.162071 0.000000
23 C 2.819942 1.519927 0.000000
24 II 2.435584 2.120748 1.085220 0.000000
25 H 3.566279 2.184962 1.086738 1.749543 0.000000
26 H 3.566279 2.184962 1.086738 1.749843 1.762705
27 C 5.255464 3.168449 2.795847 3.845823 2.522570
28 0 5.934671 4.001687 3.207555 4.112338 2.768383

26 27 28
26 H 0.000000
27 C 2.522570 0.000000

Final coordinates:
Standard Orientation

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 26 0 0.000000 0.688582 0.000000
2 7 0 0.143266 -1.196785 0.000000
3 6 0 -2.165130 1.153176 0.000000
4 1 0 -2.991652 0.470952 0.000000
5 6 0 -1.544040 1.699240 1.141980
6 1 0 -1.812602 1.499005 2.165824
7 6 0 -0.650461 2.722210 0.704721
8 1 0 -0.078069 3.376629 1.343282
9 6 0 -0.650461 2.722210 -0.704721

10 1 0 -0.078069 3.376629 -1.343282
1 1 6 0 -1.544040 1.699240 -1.141980
12 1 0 -1.812602 1.499005 -2.165824
13 6 0 -0.787028 -2.273318 0.000000
14 6 0 -2.307879 -2.214388 0.000000
15 1 0 -2.710341 -1.220007 0.000000
16 1 0 -2.700000 -2.725983 -0.875826
17 1 0 -2.700000 -2.725983 0.875826
18 6 0 -0.146349 -3.460664 0.00000
19 1 0 -0.620601 -4.427485 0.000000
20 6 0 1.247472 -3.198533 0.000000
21 1 0 2.040566 -3.926883 0.000000
22 6 0 1.405442 -1.8660202 0.000000
23 6 0 2.776771 -1.204738 0.000000
24 1 0 3.521988 -1.993633 0.000000
25 1 0 2.952468 -0.593716 -0.881352
26 1 0 2.952468 -0.593716 0-881352
27 6 0 1.545056 1.305170 0.000000
28 8 0 2.494684 1.990389 0.000000

Electronic structure at Optimised Geometry

X X ]
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Population analysis using the SCF density.

Orbital symmetries:

Occupied (A') ( A ) ( A ) ( A ) (A") ( A ) ( A ) ( A ) (A") ( A )
( A ) ( A ) (A") ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A )
( A ) ( A ) (A") ( A ) ( A ) ( A ) ( A ) (A") ( A ) ( A )
( A ) ( A ) ( A ) (A") ( A ) ( A ) ( A ) ( A ) ( A ) ( A )
( A ) (A") (A") ( A ) (A') (A") ( A ) (A") (A”) ( A )
( A )
(A")

( A )
(A")

( A )
(A")

(A") ( A ) ( A ) ( A ) ( A ) (A") ( A )

Virtual (A") ( A ) ( A ) (A") (A”) ( A ) (A") ( A ) (A") (A")
( A ) ( A ) ( A ) ( A ) (A”) ( A ) ( A ) (A") ( A ) ( A )
( A ) (A") ( A ) (A") (A") ( A ) ( A ) ( A ) ( A ) ( A )
(A") (A1) 
(A") (A1) 

The electronic state is 1 -A'

(A")
( A )

( A ) ( A ) ( A ) ( A ) ( A ) ( A ) (A")

A lpha occ. eigenvalues — -285.73300 -31.43485 -27.38440 -27.37692 -27.37536
Alpha occ. eigenvalues — -20.34968 -15.28292 -11.08480 -11.08429 -11.07932
Alpha occ. eigenvalues — -11.07399 -11.07369 -11.07369 -11.02888 -11.02526
A lpha occ. eigenvalues — -10.99996 -10.99650 -10.94597 -10.94432 -4.13693
Alpha occ. eigenvalues — -2.74616 -2.74490 -2.73311 -1.38306 -1.20040
Alpha occ eigenvalues — -1.14443 -0.97712 -0.96744 -0.96344 -0.93128
Alpha occ. eigenvalues — -0.90814 -0.79887 -0.74784 -0.74337 -0.72977
Alpha occ. eigenvalues — -0.72155 -0.65188 -0.64291 -0.59266 -0.57826
Alpha occ. eigenvalues — -0.56918 -0.55782 -0.54644 -0.54161 -0.53500
Alpha occ. eigenvalues — -0.53225 -0.52803 -0.52439 -0.52049 -0.50802
Alpha occ. eigenvalues — -0.48500 -0.44175 -0.43368 -0.43270 -0.42836
Alpha occ. eigenvalues — -0.39932 -0.38733 -0.34682 -0.33715 -0.31734
Alpha occ. eigenvalues — -0.24279 -0.19433 -0.19015
Alpha virt eigenvalues — 0.22931 0.26530 0.28827 0.29184 0.33941
Alpha virt eigenvalues — 0.38037 0.42194 0.42837 0.44669 0.52993
Alpha virt eigenvalues — 0.54567 0.59608 0.61764 0.63308 0.63807
Alpha virt eigenvalues — 0.64617 0.64929 0.64945 0.68697 0.71826
Alpha virt eigenvalues — 0.73404 0.73822 0.74143 0.74185 0.74951
Alpha virt eigenvalues — 0.75252 0.76300 0.79008 0.79965 0.85329
Alpha virt eigenvalues — 0.89464 0.94037 1.00524 1.02207 1.02821
Alpha virt eigenvalues — 1.03158 1.04717 1.20722 3.93483 3.96641
Alpha virt eigenvalues — 3.99665 4.01135 4.28676

The stability o f  the w avefunction was tested using the Stable=Opt routine, which looks 

for unrestricted wavefunctions which are close in energy to the restricted solution 

obtained in these calculations. In this case such an instability was found.

X X 11
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Stability analysis using <AA,BB:AA,BB> singles matrix:

Eigenvectors o f  the stability matrix:

Eigenvector 1:

61 -> 64

62 -> 64

62 -> 67

63 -> 64

Triplet-A' 

0.17161 

0.61985 

0.24912 

-0.12548

Eigenvalue—0.2425419

Eigenvectro 2:

61 -> 65

62 -> 65

63 -> 65

Triplet-A"

0.16657

0.65980

-0.13756

Eigenvalue= 0.0973028

Eigenvector 3:

61 -> 65

62 -> 65

63 -> 65

Singlet-A"

0.16241

0.66447

-0.13874

Eigenvalue= 0.1299263

Eigenvector 4:

61 -> 64

62 -> 64 

62 -> 67

62 -> 73

63 -> 66

Triplet-A'

0.10251

-0.27671

0.60462

0.11624

-0.12253

Eigenvalue= 0.2186020

Eigenvector 5: 

62 -> 65 

62 -> 66 

62 -> 69 

62 -> 71

Triplet-A"

-0.10142

0.65430

0.10338

0.14366

Eigenvalue= 0.2223757

xxiii
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6 3 - > 6 6  -0.13379

Eigenvector 6 : Singlet-A' Eigenvalue= 0.2361212

62-> 64 -0.36523

6 2 - > 6 7  0.56351

6 2 - > 7 3  0.11470

63 -> 67d -0.10939

The wavefiinction has an RHF -> UHF instability.

An alternative unrestricted wavefunction was then calculated at this opitmised geometry. 

The electronic structure calculated is as follows

Orbital symmetries:

A lpha orbitals:

Virtual

( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) (?A) (?A)

(?A) (?A) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A )

( A ) ( A ) ( A ) ( A ) (?B) ( A ) ( A ) (?C) (?C) (?C)

( A ) ( A ) (?D) (?D) (?D) (?D) (?C) (?D) (?D) (?C)

(?C) (?C) (?C) (?D) (?D) (?C) (?D) (?D) (?C) (?C)

(?C) (?C) (?D) (?D) (?C) (?D) (?C) (?C) (?D) (?D)

(?C) (?D) (?D)

(?D) (?D) (?C) (?D) (?D) (?D) (?D) (?C) (?C) (?B)

(?D) (?D) (?C) (?C) (?C) (?C) (?C) (?D) (?C) (?C)

(?C) (?C) (?C) (?C) (A") (?C) (?C) ( A ) (?C) ( A )

(A”) ( A ) (?A) (?A) (?B) ( A ) (?C) ( A ) (?D) (?B)

(?B) (?C) (?D)

Beta orbitals:

( A ) ( A ) ( A ) ( A ) ( A ) A ) ( A ) ( A ) (?A) (?A)

(?A) (?A) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A ) ( A )

( A ) (A1) ( A ) ( A ) (A’ ) ( A ) (?A) (?A) (?A) (?A)

( A ) ( A ) (?B) (?B) (?B) (?B) (?B) (?B) (?C) (?C)

(?C) (?C) (?B) (?C) (?C) (?C) (?B) (?C) (?C) (?B)
(?A) (?C) (?B) (?C) (?C) (?A) (?C) (?C) (?B) (?C)

(?B) (?B) (?C)

X X I V



Molecular modelling calculations Appendix
Virtual (?B) (?C) (?B) (?B) (?B) (?B) (?B) (?B) (?B) (?A)

(?A) (?C) (?B) (?A) (?B) (?A) (?B) (?B) (?A) (?A)

(?B) (?A) (?A) (?B) (?B) (?A) (?A) (?A) (A' )  (A' )

(A") (A' )  (?A) (?A) (?A) (A' )  (?A) (A' )  (?B) (?B)

(?A) (?A) (?B)

Unable to determine electronic state: an orbital has unidentified symmetry.

Alpha occ. eigenvalues -- -258.78478 -31.50314 -27.45147 -27.44712 -27.44241
Alpha occ. eigenvalues — -20.30298 -15.27696 -11.09012 .11.08204 -11.08154
Alpha occ. eigenvalues — -11.07276 -11.07080 -11.03481 -11.02317 -11.00679
Alpha occ. eigenvalues — -10.99702 -10.97401 -10.96203 -10.95051 -4.25567
Alpha occ. eigenvalues -- -2.89448 -2.86304 -2.85160 -1.31758 -1.20402
Alpha occ eigenvalues — -1.14906 -0.98203 -0.96775 -0.96745 -0.93791
Alpha occ. eigenvalues — -0.91244 -0.80326 -0.74734 -0.74350 -0.72384
Alpha occ. eigenvalues — -0.68151 -0.65679 -0.64670 -0.59424 -0.59036
Alpha occ. eigenvalues — -0.58498 -0.57056 -0.56323 -0.55474 -0.54468
Alpha occ. eigenvalues — -0.53767 -0.53044 -0.52578 -0.52464 -2.51663
Alpha occ. eigenvalues — -0.50867 -0.49065 -0.45158 -0.44166 -0.43716
Alpha occ. eigenvalues — -0.43030 -0.41894 -0.40697 -0.38597 -0.32046
Alpha occ. eigenvalues — -0.31342 -0.25635 -0.20042
Alpha virt eigenvalues — 0.23262 0.25703 0.29612 0.30952 0.34230
Alpha virt eigenvalues — 0.36962 0.37498 0.44829 0.48431 0.51252
Alpha virt eigenvalues — 0.54278 0.60106 0.61982 0.63469 0.63941
Alpha virt eigenvalues — 0.64488 0.64711 0.64983 0.68931 0.71622
Alpha virt eigenvalues — 0.73441 0.73722 0.73940 0.74083 0.74875
Alpha virt eigenvalues — 0.75107 0.76115 0.79255 0.79509 0.84864
Alpha virt eigenvalues — 0.89381 0.93451 10..619 1.02023 1.02527
Alpha virt eigenvalues — 1.04090 1.09180 1.19798 3.81776 3.83256
Alpha virt eigenvalues — 3.88670 3.99404 4.26655

Beta occ. eigenvalues — -258.78480 -31.47852 -27.42663 -27.42332 -27.41675
Beta occ. eigenvalues — -20.31167 -15.27860 -11.08657 -11.08236 -11.08140
Beta occ. eigenvalues — -11.07613 -11.07431 -11.03314 -11.02488 -11.01009
Beta occ. eigenvalues — -10.99409 -10.98617 -10.96256 -10.94981 -4.14503
Beta occ. eigenvalues — -2.75702 -2.74126 -2.70753 -1.35190 -1.20598
Beta occ. eigenvalues — -1.15126 -0.97867 -0.97463 -0.96771 -0.94010
Beta occ. eigenvalues — -0.91134 -0.80497 -0.75518 -0.74449 -0.73873
Beta occ. eigenvalues — -0.72452 -.065920 -0.65108 -0.59339 -0.58003
Beta occ. eigenvalues — -0.57503 -0.57406 -0.56345 -0.55855 -0.54532
Beta occ. eigenvalues — -0.53321 -0.52707 -0.52501 -0.52091 -0.51355
Beta occ. eigenvalues — -0.50928 -0.45338 -0.44492 -0.44053 -0.43743
Beta occ. eigenvalues — -0.42810 -0.40100 -0.39275 -0.35722 -0.28170
Beta occ. eigenvalues -- -0.26417 -0.20495 -0.17627

XXV
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Beta virt eigenvalues — 0.26953 0.27586 0.28469 0.32297 0.34774
Beta virt eigenvalues — 0.39409 0.44985 0.52360 0.53327 0.54393
Beta virt eigenvalues — 0.54851 0.57073 0.61035 0.62086 0.63945
Beta virt eigenvalues — 0.63988 0.64586 0.64793 0.67825 0.71698
Beta virt eigenvalues — 0.72395 0.73245 0.73554 0.73764 0.74352
Beta virt eigenvalues — 0.75468 0.75797 0.78698 0.79456 0.84705
Beta virt eigenvalues — 0.89274 0.93414 1.00481 1.01977 1.02511
Beta virt eigenvalues — 1.03821 1.04832 1.19773 3.84941 3.98036
Beta virt eigenvalues — 3.99647 4.03903 4.18177

This wavefunction exhibited considerable spin contaminatin with a S2 value o f 3.0354

The geometry optimisation was repeated using unrestricted Hartree-Fock level with the 

STO-3G basis set. The results o f  this optimisation is as follows.

Input orientation:

Center
Number

Atomic
Number

Atomic
Type X

Coordinates
Y

(Angstroms)
Z

1 26 0 -0.608346 0.000000 0.322585
2 7 0 0.990214 0.000000 -0.687238
3 6 0 -0.004490 0.000000 2.453076
4 1 0 0.985445 0.000000 2.863682
5 6 0 -0.777890 1.141980 2.160177
6 1 0 -0.475173 2.165824 2.303639
7 6 0 -2.100281 0.704721 1.849959
8 1 0 -2.946596 1.343282 1.650845
9 6 0 -2.100281 -0.704721 1.849959
10 1 0 -2.946596 -1.343282 1.650845
1 1 6 0 -0.777890 -1.141980 2.160177
12 1 0 -0.475173 -2.165824 2.303639
13 6 0 2.377125 0.000000 -0.369677
14 6 0 3.037546 0.000000 1.001565
15 1 0 2.347579 0.000000 1.822976
16 1 0 3.673227 -0.875826 1.108324
17 1 0 3.673227 0.875826 1.108324
18 6 0 3.125974 0.000000 -1.491945
19 1 0 4.202313 0.000000 -1.525889
20 6 0 2.241414 0.000000 -2.600550
2 1 1 0 2.513348 0.000000 .3.642444
2 2 6 0 0.985026 0.000000 -2.113135
23 6 0 -0.236496 0.000000 -3.017602
24 1 0 0.111356 0.000000 -4.045562
25 1 0 -0.858629 -0.881352 -2.886576
26 1 0 -0.858629 0.881352 -2.886576
27 6 0 -1.876909 0.000000 -0.753578
28 8 0 -2.927162 0.000000 -1.271542
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Distance matrix (angstroms):

1 2 3 4 5
1 Fe 0.000000
2 N 1.890803 0.000000
3 C 2.214415 3.294087 0.000000
4 H 2.999557 3.550924 1.071713 0.000000
5 C 2.170163 3.540916 1.409984 2.215488 0.000000
6 H 2.938214 3.972845 2.221411 2.671675 1.077524
7 C 2.248416 4.060192 2.291882 3.323548 1.426936
8 H 3.006010 4.771741 3.332263 4.328548 2.236790
9 C 2.248416 4.060192 2.291882 3.323548 2.292434
10 H 3.006010 4.771741 3.332263 4.328548 3.337549
1 1 C 2.170163 3.540916 1.409984 2.215488 2.283959
12 H 2.938214 3.972845 2.221411 2.671675 3.324723
13 C 3.064680 1.422803 3.693240 3.520140 4.202191
14 C 3.708577 2.653983 3.370588 2.771029 4.147777
15 H 3.314915 2.853702 2.435006 1.714199 3.344605
16 H 4.440307 3.345098 4.012609 3.327541 4.999038
17 H 4.440307 3.345098 4.012609 3.327541 4.581450
18 C 4.151826 2.282328 5.036168 4.853180 5.466468
19 H 5.153571 3.319776 50790453 5.442111 6.300288
20 C 4.082383 2.286103 5.530210 5.606719 5.751943
2 1 H 5.046427 3.324632 6.595064 6.683126 6.768071
2 2 C 2.910596 1.425907 4.672197 4.976818 4.761638
23 C 3.360822 2.633517 5.475595 6.006883 5.329786
24 H 4.427039 3.471416 6.499670 6.964315 6.372289
25 H 3.337385 3.005343 5.478888 6.102693 5.437840
26 H 3.337385 3.005343 5.478888 6.102693 5.054123
27 C 1.663544 2.867890 3.713298 4.612769 3.316915
28 0 2.813920 3.960712 4.734426 5.692852 4.207158

6 7 8 9 10
6 H 0.000000
7 C 2.231956 0.000000
8 H 2.685265 1.078730 0.000000
9 C 3.329689 1.409441 2.224907 0.000000
10 H 4.341417 2.224907 2.686565 1.078730 0.000000
1 1 C 3.324723 2.292434 3.337549 1.426936 2.236790
12 H 4.331648 3.329689 4.341417 2.231956 2.685265
13 C 4.469118 5.046839 5.850550 5.046839 5.850550
14 C 4.327284 5.254871 6.167328 5.254871 6.167328
15 IT 3.590231 4.503423 5.464643 4.503423 5.464643
16 H 5.281064 6.031712 7.002916 5.823461 6.658447
17 H 4.505785 5.823461 6.658447 6.031712 7.002916
18 C 5.662641 6.243292 6.968331 6.243292 6.968331
19 II 6.421444 7.184405 7.937440 7.184405 7.937440
20 C 6.010134 6.257315 6.840630 6.257315 6.840630
2 1 H 6.998425 7.207544 7.722325 7.207544 7.722325
22 C 5.131362 5.071674 5.606212 5.071674 5.606212
23 C 5.750075 5.259608 5.562683 5.259608 5.562683
24 H 6.734030 6.336019 6.603372 6.336019 6.603372
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25 H 6.030809 5.147047 5.467796 4.899762 5.016091
26 11 5.360526 4.899762 5.016091 5.147047 5.467796
27 C 4.000279 2.706461 2.954638 2.706461 2.954638
28 0 4.846128 3.305167 3.216384 3.305167 3.216384

11 12 13 14 15
11 C 0.000000
12 II 1.077254 0.000000
13 C 4.202191 4.469118 0.000000
14 C 4.147777 4.327284 1.521993 0.000000
15 H 3.344605 43.590231 2.192852 1.072740 0.000000
16 M 4.581450 4.505785 2.152078 1.087455 1.742166
17 H 4.999038 5.281064 2.152078 1.087455 1.742166
18 C 5.466468 5.662641 1.349170 2.495078 3.405084
19 M 6.300288 6.421444 2.160587 2.782931 3.828176
20 C 5.751943 6.010134 2.234997 3.689046 4.424800
2 1 H 6.768071 6.998425 3.275601 4.676501 5.467933
22 C 4.761638 5.131362 2.231051 3.730174 4.165276
23 C 5.329786 5.750075 3.720554 5.183923 5.487134
24 H 6.372289 6.734030 4.318083 5.834045 6.280161
25 H 5.054123 5.360526 4.193050 5.574460 5.765104
26 H 5.437840 6.030809 4.193050 5.574460 5.765104
27 C 3.316915 4.000279 4.271322 5.218467 4.948224
28 O 4.207158 4.846128 5.380411 6.383162 6.115466

16 17 18 19 20
16 H 0.000000
17 11 1.751651 0.000000
18 C 2.797849 2.797849 0.000000
19 H 2.825965 2.825965 1.076875 0.000000
20 C 4.070984 4.070984 1.418256 2.236073 0.000000
21 H 4.968118 4.968118 2.236058 2.707843 1.076796
22 C 4.286175 4.286175 2.229245 3.270442 1.347622
23 C 5.751198 5.751198 3.692402 4.682760 2.515762
24 II 6.325863 6.325863 3.950807 4.804652 2.573948
25 H 6.041273 6.291631 4.312637 5.314263 3.235562
26 H 6.291631 6.041273 4.312637 5.314263 3.235562
27 C 5.919271 5.919271 5.057076 6.128083 4.513524
28 O 7.070783 7.070783 6.057147 7.134010 5.336707

21 22 23 24 25
21 H 0.000000
22 C 2.162071 0.000000
23 C 2.819942 1.519927 0.000000
24 H 2.435584 2.120748 1.085220 0.000000
25 H 3.566279 2.184962 1.086738 1.749543 0.000000
26 11 3.566279 2.184962 1.086738 1.749543 1.762705
27 C 5.255464 3.168449 2.795847 3.845823 2.522570
28 0 5.934671 4.001687 3.207555 4.114388 2.768383

26 27 28
26 II 0.000000
27 C 2.522570 0.000000
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28 0  2.768383 1.171033 0.000000

Stoichiometry C12H13FeNO
Framework group CS[SG(C8H5FeNO), X(C4H8)]
Deg. o f  freedom 47
Full point group CS NOp 2
Largest Abelian subgroup CS NOp 2
Largest concise Abelian subgroup CS NOp 2

Standard orientation :
Center Atomic Atomic Coordinates (Angstroms)
Number Num ber Type X Y Z
1 26 0 0.000000 0.688582 0.000000
2 7 0 0.143266 -1.196785 0.000000
3 6 0 -2.165130 1.153176 0.000000
4 1 0 -2.991652 0.470953 0.000000
5 6 0 -1.544040 1.699241 1.141980
6 1 0 -1.812601 1.499005 2.165824
7 6 0 -0.650461 2.722211 0.704721
8 1 0 -0.078068 3.376629 1.343282
9 6 0 -0.650461 2.722211 -0.704721
10 1 0 -0.078068 3.376629 -1.343282
11 6 0 -1.544040 1.699241 -1.141980
12 1 0 -1.812601 1.499005 -2.165824
13 6 0 -0.787028 -2.273318 0.000000
14 6 0 -2.307879 -2.214388 0.000000
15 1 0 -2.710342 -1.220006 0.000000
16 1 0 -2.700000 -2.725983 -0.875826
17 1 0 -2.700000 -2.725983 0.875826
18 6 0 -0.146350 -3.460664 0.000000
19 1 0 -0.620602 -4.427485 0.000000
20 6 0 1.247472 -3.198533 0.000000
2 1 1 0 2.040565 -3.926883 0.000000
22 6 0 1.405442 -1.860202 0.000000
23 6 0 2.776771 -1.204739 0.000000
24 1 0 3.521987 -1.993633 0.000000
25 1 0 2.952467 -0.593717 -0.881352
26 1 0 2.952467 -0.593717 -0.881352
27 6 0 1.545056 1.305170 0.000000
28 8 0 2.494684 1.990388 0.000000
These results confirmed that at this model chemistry the optimised geometry produces a

wavefunction which is singlet in character, as both restricted and unrestricted Hartree-Fock 

calculations resulted in relaxed to the same geometry. In the case o f  the unrestricted 

calculation the S2 value was 0.000. However, the presence o f solutions o f  higher 

multiplicity with similar energies to the ground state solution would suggest that slight 

perturbations to this geometry will have significant effect on the electronic structure o f the 

intermediate.
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C onsequently  variations o f  this optim ised gas-phase geometry, as are likely  in  the condensed 

m atrix, can provide a reasonable explanation for the observed variation in the  infrared 

spectroscopic param eters.

U nfortunately the rather small basis set used in these calculations could no t provide reliable 

estim ates o f the norm al vibrational m odes for the intermediate.
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