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Fluoro-Complexes of the Transition Metals 

Stuart Anson Brewer 

Abstract

Transition metal carbonyls (Ir*(CO)12, Os3(CO)12 and 
M(CO)3 (PPha)2 M=Ru or Os) have been reacted with XeF;, and
Os3(CO)12 with fluorine gas. The products have been fully 
characterised by NMR spectroscopy, i?F, isc, 13C { i a n d  
3iP, where appropriate.

For the reactions between Ir4 (CO)12 and Os3(CO)12, the 
presence of hydrogen fluoride was observed to be critical to 
the subsequent fluorinations, the first stage of the 
reaction being protonation of the carbonyl clusters. The 
resulting transition metal carbonyl fluorides are observed 
to be reactive towards tertiary phosphines, resulting in the 
formation of carbonyl phosphine fluoro-complexes.

For the reactions between the five coordinate species 
H(CO)3(PPh3)2 (M=Ru or Os) and XeFz, oxidative addition not 
only results in the formation of a M-F bond, but also 
produces the novel fluoroacyl ligand (-COF). These reactions 
were followed by variable temperature NMR spectroscopy. This 
enabled the elucidation of the overall mechanism for the 
reaction, which ultimately afforded the respective 
MFz(CO)2 (PPhs) 2 complexes.



Acknowledgments
Firstly I would like to express my gratitude to

Dr.D.R.Russe11 for supplying me with a SERC grant enabling 
me to undertake a Ph.D. in chemistry. I would also like to 
thank Prof.J.H.Hoiloway and Dr.E.G.Hope for supervising my 
research, and Dr.P.G.Watson for his help and guidance, 
particularly for the work described in Chapter Four.

I am also indebted to Drs.I.H.Saddler and D .Reed 
(University of Ebinburgh SERC Ultra High frequency NMR
service) for recording the i3C{i^F} NMR spectra, and Drs 
J.Fawcett and D.R.Russe11 for determining the crystal
structure of RuFz(CO)2(PPha)2. I must also acknowledge Dr. 
A.K.Brisdon for help with EXAFS analysis (a technique for 
which its best to get as much help as possible).

I would also like to thank the members of the inorganic 
research group who helped make my time at Leicester a happy 
one, ■ in particular, my drinking partner Lesley Buggey (the 
one with hollow legs).

Finally, I thank the SERC for financial support and the 
University of Leicester for Laboratory and library
facilities.



List of Contents

Carbonyl containing Fluoro-Complexes of the Transition Metals.

1.1 A brief synopsis of low-valent fluoro-complexes. 2
1.2 Complexes of Chromium, Molybdenum and Tungsten. 6

1.3 Complexes of Manganese. 16
1.4 Complexes of Rhenium. 19
1.5 Complexes of the general formula ReF(CO)3 L2 . 23
1.6 Rhenium nitrosyl carbonyl fluorides. 26
1.7 Complexes of Iron. 28
1.8 Complexes of Ruthenium. 29
1.9 Complexes of Osmium. 33
1.10 Complexes of Cobalt 35
1.11 Complexes of Rhodium and Iridium. 35
1.12 Complexes of Rhodium(in) and Iridium(in). 39
1.13 The reactons of Vaska's derivatives with the chalcogenide fluorides 44 

SF4 , SeF4  and TeF4 _
1.14 Summary. 46

References. 47

The Synthsis and Characterisation o f Carbonyl Fluoro-Complexes of Iridium

2.1 A brief synopsis of iridium carbonyl halide chemistry. 55
2.2 The reaction of Xr4(CO)i2 with anhydrous hydrogen 

fluoride (AHF).
57

2.3 The reaction of It4(CO)i2 with XeF2  in AHF. 62
2.4 The reacton of Ir4(CO)i2 with XeF2  in AHF >1:6 mole ratio. 71
2.5 An evaluation of the only previous report of a iridium carbonyl 

fluoride.
72

2.6 The EXAFS analysis of Ir(C0)3Fg. 74
2.7 The reaction between yhc-IrlCOIgFg and PMeg. 82
2.8 Discussion of the data for IrF3 (CO)(PMe3 )2 . 83
2.9 Discussion of the data for [IrF4 (CO)(PMe3 )]‘. 89
2.10 Discussion of the data for [Ir(CO)(PMe3 )4 ]'^ 90

References 92



The Synthsis and Characterisation of Carbonyl Fluoro-Complexes o f Osmium

3.1 The reaction between M3(CO)i2 (M=Ru or Os) and AHF. 97
3.2 The reaction of Os3(CO)i2 and XeF2 in AHF. 105
3.3 Discussion of the NMR data. 121
3.4 Discussion of the fluorination of osmium carbonyl. 123
3.5 Polymerisation of the osmium fluoro-complexes on removal of the 

solvent AHF.
125

3.6 Fluorination of osmium carbonyl by fluorine gas. 130
3.7 Osmium phosphine fluoro-complexes. 132
3.8 Osmium carbonyl phosphines. 136
3.9 An alternative synthesis of fluoro-complexes. 139
3.10 Summary 146

References 148

The Reaction o f Five Coordinate Carbonyl Phosphine Complexes 
with Xenon Difluoride

4.1 Introduction. 154
4.2 The reaction of Os(CO)3 (PPh3 ) 2  with Xep2  157
4.3 The reaction of Ru(CO)3 (PPh3 ) 2  with Xep2  173
4.4 Discussion of the crystal structure of RuF2 (CO)2 (PPh3 ) 2  176

References 179

Experimental

5.1 Metal vacuum line. 182
5.2 Dry box. 184
5.3 Reaction vessels. 185
5.4 NMR spectroscopy. 187
5.5 Infra-red spectroscopy. 187

VI



5.6 EXAFS; Preparation of samples. 189
5.7 Crystal structure determination of RuF2 (CO)2 (PPhg)2 . 190
5.8 Solvents. 191
5.9 Source of chemicals. 192
5.10 l^CO enrichment of metal carbonyls. 195
5.11 The reactions of Ir4(CO)i2> Rug(C0)i2 and Os3 (CO)j2  

with AHF.
195

5.12 The reaction of AHF with Fe2 (C0 )g, Co2 (CO)g and 
Rh4(C0)i2

196

5.13 The reactoin of Ir4(C0)%2 with XeF2 - 197
5.14 The reaction of If (CO)3 F3  with PMe3 . 198
5.15 The reaction Os3(CO)i2 with XeF2 . 198
5.16 The reaction of Os3(CO)%2 with F2  gas in AHF. 199
5.17 The reaction of ”[Os(CO)3 F2 ]4 " with PMeg. 2 0 0

5.18 The reaction of Os(CO)4 (Me) 2  with AHF. 2 0 0

5.19 The reaction of Re(CO)4 (CH3 )(PPh3 ) with AHF. 2 0 1

5.20 The reaction of Os3 (CO)g(PPh3 ) 3  with XeF2 2 0 1

5.21 The reaction of M(CO)3 (PPh3 ) 2  (M=Ru and Os) with XeF2 . 2 0 2

References 203

Tables o f bond length and bond angles data for cis-RuF2(CO)2(PPh )̂2

Vll



List of Abbreviations

AHF Anhydrous hydrogen fluoride
bipy 2,2 '-bipyridine
Cp Cylclopentadienyl
Cy Cyclohexyl
6 Chemical shift (NMR)
DMSO Dimethyl sulphoxide
dppe 1,2-bis(diphenylphosphino)ethane
dppm 1,2-bis(diphenylphosphino)methane
E.S.R. Electron spin resonance
Et Ethyl
EXAFS Extended X-ray Absorption Fine Structure
FEP Tetrafluoroethene/perfluoropropene copolymer
Kel-F Polytrifluoroehylene
HOMO Highest Occupied Molecular Orbital
Hz Hertz
IR Infra-Red
LUMO Lowest Unoccupied Molecular Orbital 
Me Methyl
NMR Nuclear Magnetic Resonance
O.D. Outside diameter
Ph Phenyl
PPN Bis(triphenylphosphine)iminium
R Alkyl
traeda N,N,N',N '-tetramethylethylenediamine
THF Tetrahydrofuran
€ IR stretch

Vlll



CHAPTER ONE

Introduction To Low-Valent Fluoro-Complexes 
Of The Transition Metals



1.1
A Brief Synopsis of Low-Valent Fluoro-Complexes

It is well established that the fluoride ligand is
particularly useful in stabilising high oxidation-states of 
the transition metals. For example compounds such as RhF&i, 
IrF& 2 and PtF& 3 are readily prepared by fluorination of the 
appropriate metals. However, there are only a limited number
of reports of species in which a fluoride ligand is
coordinated directly to a metal in a low oxidation state. 
This has very recently been highlighted in a review article 
on trans i t i on-meta1 fluoro-compounds containing carbonyl,
phosphine, arsine or stibine ligands4, which has drawn 
attention to the relative paucity of these species compared 
with those of the heavier halogens. Indeed, there are many 
instances where a particular type of halo-complex has been 
established for all the halogens except fluorine e.g. the 
substitution of a carbonyl ligand in [Rhs(CO)15]" by 
chloride, bromide and iodide but not fluorides. However, the 
literature does contain a few such fluoro-species. Those 
containing both a carbonyl and a fluoride ligand are 
presented below as a synopsis of the different synthetic 
routes available.

An overriding reason for this lack of study is probably 
the commonly held belief that problems will arise if 
attempts are made to introduce fluorine or fluoride into 
organometallie systems. However, there are a number of 
examples of fluorine being successfully incorporated and the



successful methods used so far are listed below.

i) Fluorination of a metal carbonyl.
ii) Carbonylation of a binary metal fluoride.
iii) Metathesis: fluoride ion is exchanged with an anionic 

ligand, X
iv) Unexpected fluoride abstraction, by a metal 

complex, e.g. from BF4" or PF&-.
Considering each of these synthetic routes separately

i) Commonly, HX or X? itself, where X=C1, Br and I, are 
the reagents used in the halogénation of transition metal 
systems. By analogy, therefore, if HF or F 2 are considered 
as reagents for the introduction of fluorine or fluoride 
into transition metal species, the need for specialised 
equipment and expertise are probably the reasons for the 
lack of study of fluorine-containing species. The 
suitability of F 2 and HF as reagents has also been 
questioned from the view-point of the difficulties in 
controlling the reaction of these highly aggressive 
reagents *. However, it is noteworthy that in one of the most 
recent syntheses of a fluoro-complexo, the problems 
associated with handling hydrogen fluoride were overcome by 
utilising Olah's reagent (a solution of pyridine and HF). 
This provided a convenient means to prepare Mo2F4(PR3)4.
ii) An alternative preparation of transition metal fluoro- 
complexes, which does not require the use of elemental 
fluorine is v i a  carbonylation of a binary metal fluoride. 
The analogous method has been used extensively for chloro-.



bromo- and iodo carbonyl complexes. For example, RuX; X= Cl, 
Br or I are commonly used precursors for the syntheses of 
numerous organometal1ic species'. However, the corresponding 
carbonylation of binary metal fluorides are very limited 
(see literature survey).
iii) Other reagents which have been utilised in metal 
fluorine bond formation are those which provide a source of 
F“ in metathesis reactions with chloride, bromide and iodide 
complexes or, more successfully, replacement of weakly- 
coordinating anions or solvent. The order of stability for 
such halo-complexes is predicted by Pearson's hard/soft 
acid/base rules increases in the order F< Cl< Br <1“. Thus, 
the fluoride ligand is considered as a hard base, chloride 
and bromide are borderline bases while iodide is a soft 
base. Hence, as low-valent organometal1ic systems are 
generally considered as soft acids, complexes containing a 
fluoride ligand are predicted to be the least stable . This 
trend is observed in the syntheses of rhodium and iridium 
Vaska's derivatives where the fluoride of H(C0 )F(PPh3)2 is 
very labile in methanol and easily replaced by X~(X= a one 
electron donor)’. However, the opposite trend has been 
detected for various systems in aprotic solvent 
systems 1 .( see 1.11) .



A practical problem associated with introducing 
fluorine via metathesis reactions is solubility. AgF is an 
obvious choice for F-/X- exchange, since the AgX by-product 
can be precipitated from solution, forcing the reaction to 
completion. However, AgF is not only light sensitive, but is 
also fairly insoluble in non-polar solvents such as CH 2C 12 . 
This difficulty has been conveniently overcome by the i n  

s i t u  formation of AgF by the reaction of Ag2Co3 with NH4F. 
Good examples are HF(CO)(PPha) 2 (M= Rh and Ir) which are 
readily prepared in high yields from the chloro- 
analogues ? .

Despite the success in forming fluoro- Vaska's 
derivatives, it is evident that there have been few 
concerted efforts to synthesis M-F bonds in organometallie 
complexes by either routes (i), (ii) or (iii). This is 
exemplified by the predominance of these complexes which 
have been isolated from reactions involving unexpected 
fluoride abstraction from the usually inert, weakly 
coordinating anions BF4" or PF&". This has recently been 
demonstrated in the synthesis of [{¥(C0 ) 2 (PMe2Fh) 2} 2 (/i- 
F)3]BF4^1 v i a  the reaction between [WH&(PMe2Ph)3] and HBF4 
in THF saturated with carbon monoxide.



1.2
Complexes of Chromium. Molybdenum and Tungsten

Molybdenum hexacarbonyl reportedly reacts with MoFt in 
HF, with the elimination of carbon monoxide, affording 
[Mo(CO)2F4]2 and M0F5 ̂ ̂ . The dimeric carbonyl fluoride is 
suggested to contain bridging fluorides and possibly a Mo-Mo 
bond; the possibility of bridging carbonyl ligands being 
discounted on the basis of an IR analysis. Claims that 
Mo(CO)4F2 has been synthesised using HF as a metathesis 
reagent on Mo(CO)4CI2 have been made 13, and fluorination of 
this difluoride with various ratios of XeFz is reported to 
give rise to Mo(CO)3F3, Mo(CO)3F4 and, ultimately, MoFe ̂ ̂ . 
Similar reactions were attempted with tungsten, affording 
W (CO)4F 2 from W(CO)4CI2 and HFi3, However, the subsequent 
oxidation of this ¥(II) complex by XeF? did not form higher 
oxidation state carbonyl fluorides. Instead ¥(C0)& and WF& 
were the only products observed. The production of W (CO)& 
was presumed to occur via disproportionation. The apparent 
difference in behaviour between the two systems is 
consistent with the greater stability of tungsten 
hexafluoride compared with that of MoF & 1 ^. However, the 
overall reaction schemes for both of these metals are, at 
present, incompletely characterised, and the assignments are 
best regarded as tentative.



Mo(CO)b has been shown to react thermally with KF in 
DMSO affording [Mo(CO)jF]■i . The ’SMo NMR spectrum for this 
species indicated a clean quantitative reaction, but, 
surprisingly, I’F NMR data was not reported. This fluoride 
complex was also obtained by fluoride abstraction from BF4- 
in the reaction of NaBFi with Mo(CO)& 1s, For [M(CO)gF]- (M= 
Cr or W) the use of crown ethers has been shown to
facilitate the preparation of these complex ions in non­
polar solvents such as CH % C12. Hence the reaction of F~
(KF.2H2O) with [M(CO)5]-, photochemically produced from
M (CO)6, affords [M(CO)sF]- M= Cr and ¥1 &. The chromium 
complex is observed in lower yields and is less stable than 
the tungsten species. An attempt to react [NEt4]F with 
If (CO) 6 in CH 2CI2 produced only low yields of the tungsten 
complex. This was ascribed by Ruff to a solubility
problem!?, whereas Liotta found that the use of crown ethers 
with KF enhances the reactivity of the fluoride ion!s. These 
complexes have also been obtained from the reaction of
(PPN)2M2(CO)10 with AgF in THF! ?, however the yield in the 
photochemical reaction is much higher than in the redox 
reactions. Attempts to obtain !’F NMR spectra of the anions 
[Cr (CO) sF] - and [%f (CO) sF] - were unsuccessful due to the 
instability of the products in concentrated solutions! .

The seven-coordinate [Mo (CO)2(dppe)2F]PF& has been 
obtained from the reaction of [Mo(CO)2(dppe)23 with
nitrosonium hexafluorophosphate (NOPF&) in CH2C12 !’. 
Originally, this complex was formulated as



[Mo (CO) 2 (dppe) 2 3 [PFf, ] 2 2  ̂ but, a later NMR investigation 
revealed the presence of a terminal fluoride ligand. The sip 
resonance (648) exhibits doublet coupling to a fluorine 
nucleus and the i’F NMR resonance (6-266) shows splitting 
consistent with coupling to four equivalent phosphines. From 
this evidence the stereochemistry was postulated as that of 
a capped trigonal prism with the four phosphorus atoms on a 
square face, a prediction which was later confirmed by a 
structural determination^i (for an example of the structure 
see fig 1.1). Variable temperature 3ip NMR studies revealed 
that, unlike the bromo and iodo analogues, the fluoro- 
complex was rigid on the NMR timescale.

A solvent dependency for this reaction was also 
established. In nitromethane two fluoro-complexes were 
observed, the fluorine bridged dimer [{Mo(CO)2(dppe)2}2(p- 
F)][PF6 ] 3  (80%) and [Mo(CO)2 (dppe)2F]PF6 (20%). In
nitroethane the product ratio is reversed, whereas in 
nitrobenzene only [Mo(CO)2 (dppe)2F]PF6 is produced. NMR data 
for the dimer revealed a sharp singlet in both the I’F and 
the 3ip spectra at 6-139 and 656 respectively. The lack of 
any observable coupling is presumably the result of 
intermolecular fluxionality. Conversion of the dimer to 
[Mo(CO)2(dppe)2F]+ in a dichloromethane solution is also 
conveniently achieved by the addition of NEt4F . This complex 
has also been synthesised electrochemical l y 2 f r o m
Mo(CO)2(dppe)2 in the presence of F~.



C o m p l e x e s  s t r u c t u r a l l y  r e l a t e d  to [ M o ( C O ) 2 ( d p p e ) z F ] + 

h a v e  a l s o  b e e n  o b s e r v e d  f o r  a s e r i e s  o f  m o l y b d e n u m  a n d  

t u n g s t e n  d i t h i o c a r b a m a t e  h a l i d e  c o m p l e x e s

[M(C0 ) 2 ( S 2C N R 2 ) 2F 3 - (M= Mo, R z =  E t 2 o r  C4 H 4  M =  W  R z =  Mez,

E t 2 o r  C 4 H 4 2 3 . 2 4 ).

Fig 1.1 View of [M(C0)2(S2CNR2)2F]

OC CO

M=Mo,W

These species are readily obtained in high yield from 
the reaction of NEt4F hydrate with M(CO)2 (S2CNR2 )2 • For the 
dialkyldithiocarhamate halide series2 3 , the fluoride 
[MoF(CO)2 (SzCNEtz)2 ][NEt4 ] is the only species which can be 
isolated as a solid, but it readily eliminates [NEt4 ]F in 
solution to regenerate Mo(CO)2 (SzCNEtz)2 • In contrast, the 
pyrrole-N-carbodithioate complexes2 4 react with halides to 
afford stable crystalline solids for F, Cl and Br. The 
reactivity differences observed are postulated to result 
from the decrease in electron delocalisation from nitrogen 
into the CS 2 fragment for Rz= C 4H 4 relative to the dialkyl 
ligand, hence the former have electron-poor metal centres.



[NEt4 ]F.2 HzO has also been used to prepare the fluoro- 
analogue of the series of halocairbyne complexes 
WX(CO)2 (dppe)(CCHzPh), from Its reaction with
[W(CO)2 (dppe)(CCHîPh)]BF4 2 5 . NMR spectroscopy indicates that 
this is an octahedral complex, where the fluoride is trans- 
to the carbyne ligand (3ip 6373.7, doublet, 2JPF 46Hz, iJPW 
234Hz; 13C0 6213.6, doublet of triplets, zJCPtran. 51Hz,
2JCPcis=2JCFois 8 HZ).

Treatment of [WHs(PMezPh)3 ], with HBF4 .OEtz and carbon 
monoxide, gave an immediate clear yellow solution from which 
yellow crystals were isolated. An X-ray single crystal 
structure determination showed the material to be 
[{W(CO)2 (PMe2Ph)2 >2 (m”F) 3 IBF4 . The structure was also 
supported by NMR spectroscopy were the 3 ip and 1 ’F spectra 
showed couplings consistent with three equivalent fluorine 
atoms and four equivalent phosphine ligands 1 1 .

Fig L2 View of [{W(CO)2(PMePh)2)2(ii-F)3l *

*‘>̂\̂P(22) 
F(31) y — * 0

\F(32) V
ÆP(21)

0(14)



The low yield of this material (32%) prompted an 
investigation, by i?F and 3ip n m r spectroscopy, of the 
reaction mixture from which it was isolated. This confirmed 
the presence of the above complex but also revealed two 
other structurally related fluoro-species,
[{%KC0 )2 (PMe2Ph)2 } 2 (jLt-F)2 (fz-H)]+ and [{W(C0 )2 (PHe2Ph)2 }2 (p- 
F) 2 ] the latter being derived from [{W(CO)2(PMezPh)2)2(p- 
F) 3 ]+ where a bridging fluoride ligand is replaced by 
solvent (THF). The characteristic NMR spectral patterns were 
also used to identify the products resulting from the 
reaction of M 0 H 4 (PR3 )4 (Rs= Et 3 or MePh2 ) and HBF4.OEt2 in 
THF under an atmosphere of carbon monoxide. This revealed 
the analogous molybdenum derivatives, [Mo(CO)2 (PRa)2 ]2 (M" 
F)3]+, which could not be isolated because of contamination 
by the phosphonium salts, [HPRslBF*. The 1 ?F chemical shifts 
for all of these species fall within the range 6—191.7 
to -201.9, as expected for a low-valent metal bound 
fluoride.

WF(CO)2 (NO)(PPha) 2 has been prepared in high yield from 
the reaction of a methanol solution of [BU4N]F mixed with an 
acetone solution of lUOClOa)(CO)2(NO)(PPha)22 &. it has also 
been shown to be produced in small amounts if samples of 
[W(CO)a(NO)(PPha)2]PF& are heated, or allowed to stand at 
room temperature for extended periods of time. The 3 ip NMR 
spectrum comprised of a resonance at 613.9, exhibiting a 
doublet coupling (2JPF 42Hz). The phosphite derivative, 
WF(CO)2 (NO)(P(OiPr)3 )2 , is also obtained from the analogous

11



reaction of [W(NO)(CO)3 (P(OiPr)3 )2 ]PFs with KPz?.
Halogénation reactions of LW(CO) 3 (L= the tridentate 

ligands N,N',N"-trimethyl-l,4,7-triazocyclononane or 
N,N',N"-1,4,7-triazocyc1ononane) afford a variety of 
monomeric, air- and moisture-stable, tungsten (II) 
complexes:8 . The cationic seven-coordinate complexes, 
[LW(CO)3%]+, (X= F, Cl, Br and I), were obtained from the
reaction of HX solutions of LW(CO) 3 with oxygen. For the 
fluoride, aqueous HF is used in an open vessel, and the 
resulting complex is precipitated by addition of NaPF&.

Fig 1 3  View of the Cationic Seven (Coordinated Complex
[LW(C0)3X]+ L= NJ^J4"-l,4,7-TrimethyItriazocyclononane 
and NJ4’jr-l,4,7-Tria20cycIononane

CO

CO

RN CO

.NR

RsH,Me

The preparation of [WF(CO)2 (bipy)(L-L)]BF 4 (L-L= dppe 
or dppm) results from the reaction of [W(CO)2 (bipy)2 ] [BF4 ]2 

with the appropiate L-L ligand:9 . The structures of these 
complexes were established by NMR spectroscopy. The aip NMR 
spectrum of the dppe complex consists of a single resonance

12



at 650.4 with 18 3W satellites, exhibiting coupling to 
fluorine (2J(PF)=33.2Hz). Corresponding results were 
obtained for the dppm complex (3iP 6-8.84, 2J(PF)=33.2). The 
I’F spectrum of the dppe complex shows a singlet, 6-151.7, 
assigned to the tetrafluoroborate anion, and a triplet 
signal centered at 6-169.3 (1J(WF)=61.6), assigned to the 
tungsten-bonded fluorine. It is not clear whether phosphorus 
coupling is observed.

Related seven-coordinate tungsten (II) tricarbonyl 
fluoro-complexes also result from the facile oxidative 
addition of an aromatic C-F bond to tungsten(O) complexes30 . 
Hence, the treatment of a 1:1 Schiff base such as 
[(C&F5 )CHNC&NC6H 4NH 2 ] with W(CO)3 (EtCN) 3 in THF yields the 
fluoro-complex depicted in the reaction below.

Fig 1.4

W(COyNCEt),
1914(5) _/
1793(vs) on-’ \

F F  ^

N NHj

13



laMfe-LI

Oreanometallic Fluoro-Comolexes of Chromium Molybdenum and Tungsten
Product Reagente Rets

[Mo(CO)2F4] [Mo(CO)6] + [MoFg] 12
[M(CO)4F2](M = Mo,W) [Mo(CO)4a2] + HF 13
[Mo(CO)3F3] [Mo(CO)4F2] + XeF2 13
[Mo(CO)3F4] [Mo(CO)4F2] + XeF2 13
[Mo(CO)5F]- [Mo(CO)6] + KF 15
[Mo(CO)5F]- [Mo(CO)6] + NaBF4 15
[M(CO)gF]-(M = Cr.W) [M(C0)6] + KF + hv 16
[M(C0)5F]-(M = Cr,W) [M2(CO)io]2- + AgF 17
[Mo(CO)2(<ft)pe)2F][PF6] [NOlEPFg] + [Mo(CO)2(dppe)2] 19
[{Mo(CO)2(dppe)2}2(H-F)][PF6]3 (NOlEPFg] + [Mo(CO)2(#pe)2] 19
[M(C0)2(S2CNR2)2F] [M(C0)2(S2CNR2)2] +[NEt4F 23 24
(M = Mo.R2 = Et2.C4H4:
M = W, R2 = Me2. Et2, C4H4)
[WF(CO)2(dppeXCCH2Ph)] [NEt4]F + [W(CO)2(dppe)(CCH2Ph)]+ 25
{W(CO)2(PMe2Ph)2)2Ûi-F)2ai-X)]+ [WH6(PMe2Ph)3] + HBF4/CO 11
(X = H,F,THF)

[(Mb(C0)2(PR3)2)2(H-P)3]+
(PR3=PEt3,PMePh2)

[MoH4(PR3)4] + HBF4/CO 11

[WF(CO)2(NO)(PPh3)2] [BU4NF + [W(N0XC0)2(PPh3)2]+[CI04]- 26
[WF(CO)2(NO)(PO‘Pr3)2] [W(NO)(CO)3<POipr3)2]+[PF6]- + KF 26
ILW(C0)3F]+
(L = N. N; N"-Trimethyl-1.4,7 
-ttiazocyclononane)

[LW(C0)3] + HFaq/air 28

[WF(CO)2(bipy)(L-L)][BF4] [W(CO)2(bipy)2][BF4]2 + [L-L] 29
[L-L] = dppe, dppm
[WF(C0)3- [W(C0)3(EtCN)3] + 30
(ti3.NR2C6H4-2-N=CHC6F4)] U-NR2C6H4N=CHC6F5
(R=H,Me)
[WF(C0)3- [W(C0)3(ElCN)3] + 31
(Ti3.NMe2Œ2CH2N=CHC6F4)] U.NMc2CH2CH2N=CHC6F5
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The structure was confirmed by a single-crystal X-ray 
structural determination, and can be approximated to a 
capped octahedron with a W-F bond of 2 .032Â. This W-F bond 
is stable in solution in the presence of D2O, as observed by 
a 19F NMH. resonance at 5-226. Similar reactions are also 
observed for other Schiff base ligandsa 1 .
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1.3
Complexes of Manganese

The reaction between Hn(CO)sBr and. AgF3 2 demonstrates 
the difficulty in obtaining unambiguous assignment of 
products and their dependence on reaction conditions.
Originally the reaction was formulated, on the basis of IR 
spectroscopy,mass spectrometry and elemental analysis, as 
yielding the dimer, [Mn(CO)4F]2, or, with excess AgF,
Mn(CO)3F3 3 3. However, a reinvestigation of this system by 
Horn e t  a l so, in which X-ray crystallography revealed the 
presence of the cluster [Mn4(CO)12(F/OH)4] led to a
reassignment of the products. In the overall reaction four 
structurally related clusters were observed, 
[Mn*(CO)1 2Fx(OH)4 -x] (x=0-4). The hydroxyl contamination
occurred from moisture within the system and, when water was 
added, the reaction rate was accelerated. The absence of 
moisture (which is difficult to eliminate completely since 
AgF is hydrated) significantly reduced the reaction time but 
the clusters [Mn4(CO)12Fx(OH)4-x] for x=3 and 4 were
obtained in higher yields. This reaction, which might have 
been anticipated to produce Hn(CO)5F, demonstrates the 
distinctive difference in the properties of fluoro complexes 
to those of the heavier halogens, where Hn(CO)&X for Cl, Br 
and I, can be isolated as stable solids3 4b. Alternatively 
this difference may be due to the synthetic route employed. 
However, for Re(CO)5F and the related ReF(CO)3 (PPhs)2 , 
carbonyl lability is enhanced, within the halo series, for
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the fluoride. Hence for Hn(CO);X (X= F, Cl, Br and I) the 
fluoro-complex can be expected to be the most unstable.

Another bridging fluoro-complex of- manganese has been 
observed in the reaction of BF3 with [Mn3(CO)g(p3“0Et)2(M2~ 
0Et)]3b, where fluoride abstraction from BF3 results in the 
formation of the structurally analogous fluoride-bridged 
trinuclear cluster, [Hns (CO) 9 (p3-0Et) 2 (pz-F)] . I'̂ F NMR 
analysis for this complex revealed one broad resonance 
at 6-4 7 6 . The very low frequency of this resonance, compared 
to that of organo-fluorine compounds, was attributed to the 
shielding of the fluorine nucleus by the two manganese 
atoms. This is comparable to that observed in iH HMR 
spectroscopy for metal-bridging h y d r id esa ?. This 
investigation was extended to the other BX3 Lewis acids 
(X=C1, Br and I) which also afforded structurally related 
halo-complexes. However, for the reaction of [Mns (CO) g (/U5- 

OEt) 2 (iU2~OSt3 ) 3 with HX, halo-complexes were only formed for 
X= Cl and Br. The lack of reaction with HF was attributed to 
the very strong HF bond in the acid. Fluoride ion 
abstraction from BF3 (and BF4-) was also reported as a side- 
reaction in the synthesis of the monosubstituted manganese 
carbonyl cationic species, [Hn(CO)5(PPhs)3BF4, forming 
HnF(CO)3(PPha)2 in a low yield (1 5%)s a. This species was 
formulated on the basis of elemental analysis and IR 
spectroscopy.

17



O rsan o m eta llic  F luoro-C om olexes o f M anganese

Produit Reagoits Re&

[M=4(CO)i2Fx(OH)4_x [Mn(C0 )5Br] + AgF 34

[Md2(CO)9F]- [Mn2(CO)io3 + [KF dibai20-18-crown-6] 35
[Mn3(CO)9(n3.OEt)20i2.F)] [Mn3(C0 ) # 3^ B y +  BF3 36

[Mn(CO)3F(H»h3)2] [Mn2(C0 )g(M»b3)2] + i)Na/Hg, ÛOHBF4 38

O rganom eta llic  F luoro-C om olexes of R henium

Product Reagents Re&

[Re(CO)63Pte2Fii] 4[ReF6] + (Re2(CO)io3 41.42
[Re(CO)5EReF5] 2EReFg] + m%(CO)io] 41.42
[Re(CX5)5FRif5] XeF2  + IRe2(CO)io] 45
[Re(CO)63[ReF6] [Rc(CO)5FReF5] + CO 43
[ReCOPyP] (ReCCOyO] + HF 45
[Re(CO)5F] [Re2(M-FXCO)io] + MeCN 48
[Re(C0)3F]4.4H20 [Re(C0 )5Br] + AgF 47
[Re2(M.-FXCO)io] [Re(CO)5(CH3)] + HPFg, or [CPhsJIPFg] 48

[ReF(CO)3L2] [ReBr(CG)3L2] + AgF2H 49
L=SbHi3 or L2= tmeda.

bq>yordppe.
I^PPh3 [ReCCOyCKM^y + AgS0 3CF3/[PPN]F 50
tReF(COKNO)(PPh3)3]+ [ReH2(NO)(H>h3)3] + HBF4/CO 51

[ReFX(COXNO)(PPh3)2] [ReF(CQKNG)(PPh3)3]+ + X ' 52
X=H,OCH3 orF
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1.4
Complexes of Rhenium

A number of organometallic fluoro-complexes have been 
reported for rhenium, among which are those stabilised 
solely by carbonyl and fluoride ligands. For these, there 
are two general procedures for their preparation; 
fluorination of Re2(CO)% o with either XeFz or ReF&, or by a 
metathesis reaction of HF with Re(CO)5CI or AgF with 
Re(CO)sBr. However, as with the complexes of manganese 
above, the earlier characterisations of some of the reaction 
products were later shown to be in error.

O'Donnell e t  a l ^9 suggested from IR spectroscopy, I- 
ray powder diffraction and elemental analysis that the 
reaction of ReF& with Re2(CO)10 in anhydrous HF resulted in 
CO elimination and the formation of ReFg and Re(CO)3F 3 (an 
empirical formulisation). Holloway a t  a l *° independently 
investigated this system and revealed a more complex 
reaction, from which two rhenium carbonyl complexes were 
isolated and structurally characterised^1,42. The relative 
proportions of these two complexes varied as the molar ratio 
of ReFô'•Re2 (CO) 10 was increased, such that, at the two 
extremes (2:1 and 4 :1) pure samples of Re(CO)5(p-F)ReF5 or 
[Re(CO)6] [Re2Fi1] respectively were obtained. The 
reassignment of these two species to that previously 
observed by O'Donnell as Re(CO)3F3 is still not clear; the 
reported data on Re(CO)3F3 is not completely consistent with
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those of either or both of these latter complexes. However, 
the vCO bands of Re(CO)sFs are consistent with a [Re(CO)&]- 
unit; which prompted Holloway e t  a l to suggest that
Re(CO)3F3 was a form of [Re(CO)&][Re^Fi1], for which they
have identified three similar crystal modifications a, p and 
p4 3. The species was shown by XRPD not to be
[Re(CO)6][ReF&]43.

The reaction between Rea(CO)10 and XeF? was also
examined by both groups. O'Donnell 44 suggested that Re(CO)5F 
was the initial product from a 1:1 molar ratio reaction. 
This formalisation was on the basis of elemental analysis 
and an IR spectrum. The fluorination of this material, by
XeF?, yields "Re(CO)3F3" (characterised by analogy with the
data from the ReF& reaction) and, ultimately, ReF5. However, 
the characterisation of this binary fluoride appears to be 
based purely on its colour. Holloway et a l revealed a more 
complex reaction that, as well as being sensitive to the 
reagent ratio, is also dependent on CO pressure. With
venting. Re(CO)5(^-F)ReFs is initially produced, and then
further oxidised to ReF& with increasing molar amounts of 
XeF2 4 5 . However, if the carbon monoxide that is eliminated 
from the reaction mixture is allowed to build-up within the 
reaction vessel, the initially formed Re(CO)5(p-F)ReFs is 
converted to the ionic complex [Re(CO)&] [ReFe]4 3, For lower 
ratios, >1:3 (Re2 (CO) 1 0 :XeF2 ), Re(CO) 5 (ju-F)ReFs and 
unreacted Re?(CO)10 were observed. This XeF2 reaction was 
later investigated by Hisra who claimed to have
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characterised the material as the tetrainer, [Re(CO) 3F2 ] 4 * ̂ . 
It is difficult to understand this formulisation as, 
although it exhibits the same IR spectrum as the stucturally 
determined Re(CO)5(p-F)ReF5, its assignment is not made 
accordingly even though Hisra's work was published after 
this data was available in the literature.

The formation of Re(CO)5F via metathesis has also 
received some attention. Both O'Donnell and Holloway have 
reported its formation from the reaction of Re(CO)5CI with 
HF. However, in an attempt to obtain metathesis between AgF 
and Re(CO)sBr, Horn et ai 47 noticed an alternative 
reaction. The pentacarbonyl fluoro complex (observed in 
solution by IR spectroscopy) was not isolated as room 
temperature decarbonylation was detected in fluorobenzene, 
yielding a new complex. In this investigation the 
decarbonylation was observed to be accelerated by refluxing 
the solution. The resulting complex was isolated and 
structurally characterised as the tetramer,
[Re(CO)sF]4.4H2O.
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Fig 1.5 View of [Re(C0)3F]4.4H20

fih™

The water in this species was believed to have been 
derived from the hydrated AgF, and may possibly be involved 
in the room temperature decarbonylation; a reaction not 
observed by O'Donnell or Holloway under the anhydrous 
conditions of their investigations, which were carried out 
over a period of several days. Re(CO)sF has also been 
prepared by the cleavage, by MeCN, of [Re2(p-F)(CO)io] 
which is obtained from the reaction of Re(CO)5(CH3) with 
HPFe or [CPhs][PF&]*8.
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1-5
Complexes of the General Formula ReF(CO) 3L2

Carbonyl fluoro-complexes of the type ReF(CO)3L2, where 
L= SbPha or L?- tmeda, bipy or dppe, have been obtained in 
good yield from the bromide abstraction of the corresponding 
bromo-analogue with silver bifluoride^?. The use of plastic 
vessels is important in these reactions, since the solvated 
HF in AgF2H results in etching of glassware and the 
isolation of complexes containing the trifluoroborate anion, 
BF3OH-. The AgF2H was used instead of the more commonly
utilised AgF as it enables the formation of pure metal 
fluoride complexes via halide abstraction. Silver fluoride
derived from aqueous solutions always contains some water 
even when dried over P2O549. Previously Horn and Snow 
observed that the use of this hydrated reagent can result in 
the isolation of aqua complexes e.g. [Re(CO)3F]4.4H2O47. The 
role of HF in AgF2H is therefore important in solvating the 
AgF and thus preventing water solvation. Hence :-

b2 (CO) 3R6—Br+AgF2H > L2 (CO) 3ReF 4- AgBr *!- HF

L= SbPhs, L2= tmeda, bipy or dppe

The crystal structure of Re(CO)3(tmeda)F has been 
determined, and confirmed an octahedral geometry around the 
central rhenium atom with facial carbonyls. The molecules 
within the lattice were observed as discrete entities
separated by a minimum distance of 3 .196Â.
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The PPha phosphine analogue of ReF(CO)3L2 has only 
recently been reporteds 0. Addition of silver triflate 
(AgSOaCFa) to ReCl(CO)3(PPh3)2 results in the almost 
quantitative formation of Re(CO)3(PPha)2(SO3CF3).2H2O. The 
weakly coordinating anion SO3CF3" can be readily replaced by 
F~ derived from bis(triphenylphosphine)nitrogen fluoride, 
(PPN)F, yielding trans- Re(CO)aF(PPh3)2 in a 90% yield. A 
13C NMR study indicated a trans- phosphine rather than 
facial carbonyl arrangement. As the two carbonyl resonances 
exhibited only doublet couplings they were interpreted as 
resulting from 2J (FC). Hence the absence of observable 
2J(CP) implied a geometric arraugment where the carbonyl 
ligands were als- to the phosphines i.e. mutually trans- 
phosphines.
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An interesting characteristic of this fluoro-complex is 
its greater reactivity relative to the comparable chloro- 
species. When reacted with RsVNSiMea (R=Me3SiO), it affords 
a nitride-bridged complex, whereas the chloride is 
unreactive even at elevated temperatures. The strengths of 
the resulting Si-X bonds (X= F or Cl) is suggested as the 
governing factor in the reaction.

Fig 1.6

MegSiO 
MeaSiO .m hvSN SiM eg  

MegSiO^

PPh,
CO

F —   Re—

O C ^ I
PPbq

CO
-MegSiF

PPh,

MegSiO 

McgSiO «mVen
CO

o c /
Re- CO

PPh,

Similar chemistry is observed for rhodium and iridium 
MX(CO)(PPhs)2 derivatives where, for a series of anions (X), 
only the fluoro-, methoxy- and acetato-derivatives form 
sufficiently strong Si-X bonds to drive the reaction to 
(RaSiO) 3V(fi-N)-M(C0) (PPha )2*.
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1.6
Rhenium Nltrosvl Carbonyl Fluorides

Fluoro-complexes of rhenium are also known in nitrosyl 
chemistry. From the reaction of ReHa(NO)(PPhs)3 with HBF4 
under a CO atmosphere, the novel fluoro-complex, 
[ReF(CO)(NO)(PPhs)3]+, was i s o la t e d s 1. Since the phosphine 
ligands are labile, this complex is a useful precursor for 
neutral species of the type ReF(X)(CO)(NO)(PPha)2 where X= 
H, OCH3 or F, which can be readily synthesised by the
addition of the appropriate anion. For the hydride complex, 
NaBH* was used. The stereochemistry of this species was 
probed by IR and NHR spectroscopy, from which an arrangement 
of trans- phosphines with the hydride cis- to the fluoride
but trans- to the nitrosyl ligand was established. This was
confirmed, as the stability of the perchlorate salt of 
[ReF(CO)(NO)(PPhs)3]+ permitted a structural determination 
to be carried out, confirming the direct coordination of F~ 
to the metal centre at a bond length of 1 .97Â. This is
consistent with low—valent transition metal fluoro- 
complexes « .

Later, in 1989, a successful attempt to extend this 
area of chemistry resulted from the preparation of 
[ReH(MeOH)(NO)(PPhs)33CIO452, which exhibited useful
lability of both a phosphine ligand and the solvate under 
different conditions. Hence, the addition of neutral ligands 
results in phosphine substitution, whereas if an anion is 
added replacement of the methanol solvate occurs. By this
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latter method the complexes [ReHX(NO)(PPha)3]CIO*, where X= 
F, Cl, Br, W3 and. NCO, were obtained. For the fluoro- 
complex, KF.2H2O is the source of the fluoride ion. 
Subsequent substitution of the labile phosphine with CO 
resulted in the previously isolated species, 
ReHF(CO)(NO)(PPha)2. However, from this alternative reaction 
scheme, obviously involving a different mechanism, the F 
t r a n s -  NO stereochemistry is obtained.
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1.7
Complexes of Iron

Ion cyclotron resonance spectroscpoy (ICR) was used to 
investigate the interaction of F- (produced by dissociative 
electron capture from NF3) with Fe(CO)5 ̂ ̂ . The anion, 
[FeF(CO)s]", is reported to be the product of this reaction. 
The species, CpFeF(CO)2, has also been isolated, in high 
yield, from the reaction of CpFe(00)2(8iHe2CH=CH2) with 
HF5 4. Formation of this same material via F~ metathesis with 
CpFe(CO)2CI in acetone has also been attempted. However, 
definitive characterisation of the product was not possible 
as the species readily decomposes in acetoness. However, 
CpFeF(CO)2 in DMSO revealed a I’F NHR resonance at 6-148.3 
and displayed a parent ion in the mass spectrum consistent 
with [CpFeF(CO)23+. The decarbonylation of CpFe(CO)2F by 
Rh(PPh3)3CI is reported to afford the carbonyl substituted 
derivative, CpFeF(CO)PPh3, in trace amounts. (The source of 
CpFeF(CO)2 is not reported)^ &.
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The chemical oxidation of [FeSMe(CO)2(PMea)]2 with AgF 
affords [Fe2F(SMe)2(CO)4(PMes)alPFe in a 50% yields?. This 
material was characterised by elemental analysis, including 
analysis for fluorine, and by IR and iH NMR spectroscopies. 
The data was assigned to the iron (II) dimer containing a 
fluoride bridge and two methy1thiolato bridges.

Fig 1.7 View of [Fe2P(SMe)2(CO)4(PMe3)2]-

CH3

DC CO

1:8
Complexes of Ruthenium

The carbonyl fluoride chemistry of ruthenium has
received significantly less attention than that of rhenium, 
the majority of the work arising from a single group. The 
ruthenium carbonyl fluoride [Ru(CO)3F2]4 has been observed 
in the high pressure, high temperature carbonylation of 
[RuFs]4, and also from the fluorination of Rus(CO)% 2 with
XeF2 in either HF or the fluorocarbon, Genetron 113
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(CFaClCFCl2)^®• The structure of the complex was determined 
by X-ray crystallography, which revealed a tetrameric ring 
with fluorine bridges:?, similar to that of [RuFs]4 .

Fig 1.8 View of [Ru(CO)3F2]4

To date, there have only been three crystal structures 
of complexes stabilised solely by carbonyl and fluoride 
ligands, and it is worth noting that all of these contain 
fluoride bridges (Re(CO)5(p-F)ReFs, [Re(p-F)(CO)3]4 and 
[Ru(CO)3F2]4). For [Ru(CO)3F2]4 the tetrameric structure is 
anomalous compared to the related chloro-, bromo- and iodo- 
complexes Ru(CO)3X2. Although these species contain bridging 
halide ligands, they are dimeric species.
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Fig 1.9 View of [Ru(CO)3X2]2 X=C1, Br, I

OC

OC

CO

CO

Ru

^ c o
X

X= Cl, Brand I

Investigations of less-forcing carbonylation of [RuFg]4 
produced a yellow-brown, moisture sensitive complex with the 
empirical formula Ru(C0)F3.5. This was originally postulated 
to be [Ru(CO) 2F] [RtiFe], or a related structure involving 
fluorine bridges, on the basis of an analysis of the IR 
spectrum which suggested the presence of an octahedral 
[RuF&]- unit^i. However, in a later study, a more detailed 
analysis of the IR spectrum prompted reassignment to 
[Ru(CO)3F2.RuFs]2 /  with a structure similar to that of 
[RuFs]4 and [Ru(CO)3F2]4 containing alternating "Ru(CO)3F2" 
and "RuFs" units. The mixed valence of this product [Ru(II) 
and Ru(V)] accounted for its bulk magnetic 
susceptibility. This material was also prepared by the 
thermal (100°C) reaction of Rus(CO)12 with an excess of XeF2 
in Genetron 113. However the room temperature reaction with 
excess XeF2 results in the isolation of a third ruthenium 
carbonyl-fluoride, which was characterised as Ru(CO)3F3. 
This formulisation was supported by analytical, e.s.r. and
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raagnetic-susceptibiIty data, and also IR spectroscopy. The 
number and position of the vco bands are consistent with 
facial carbonyls, as observed for [Ru(CO)3F2]4• The magnetic 
moment of 1.92 BH, (at 298K), expected for a ruthenium (III) 
species, was interpreted as resulting from one unpaired 
electron. Although the e.s.r. spectrum of this material, in 
AHF at 77ÎC, did not reveal hyper fine coupling to fluorine 
nuclei, this does not rule out assignment of the physical 
and spectroscopic data to the f a c  isomer.

To date the only other isolable organometallic fluoride 
of ruthenium is [Ru(CO)(dppe)2F]+ ̂ 2 This species was 
observed in a series of investigations where the workers 
were attempting to prepare [Ru(CO)2(L-L)2]%2 from the 
reaction of [RuCl2(L-L)2] with silver salts of "non 
coordinating" anions (I-) under a pressure of carbon 
monoxide. When (L-L)= (dppe), however, the interaction with 
AgBF4 not only resulted in the desired 
[Eu(CO)2(dppe)2][BF4]2/ but also caused fluoride ion 
abstraction from the BF4-. This afforded
[RuF(CO)2(dppe)2]BF4, which was separated by
recrystal1isation. The spectroscopic confirmation of the 
identity of this fluoro-monocation complex was made by aip 
and 1 nhr spectroscopy. The 3ip NMR spectrum comprised a 
doublet resonance at 6-42.7 and the I’F NMR spectrum 
exhibited a related quintet at 6-400. This data is 
assignable to a octahedral ruthenium(II) complex with four 
equivalent phosphines. Similar fluoro-complexes were
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observed in the analogous reaction with AgPFt after 
prolonged reaction times or when the chelating phosphine was 
dppm. These were only present in trace amounts. However, 
their assignment was made on the basis of vco IE stretching 
frquencies.

1.9
Complexes of Osmium

To date there has been only one reported example of an 
organometallic fluoro-complex of osmium. As part of a 
extensive investigation of X~ interaction with the 5- 
coordinate cation, [Os(CO)2(NMPh)(PPha)2]+, the addition of 
[NEt4][F].H2O afforded the neutral octahedral complex 
OsF(CO)2(NNPh)(PPha)2 ® ®. This assignment is based on 
elemental analysis and IE spectroscopy. Surprisingly, in 
this study although 3ip NME spectroscopy was applied to the 
oh1oro-ana1ogue to determine a cis- or a trans- geometry of 
the phosphines, no such investigation was extended to the 
fluoro species. The anticipated coupling to the fluoride 
would have confirmed Os—F bond formation, which at present 
is only inferred. The ruthenium analogue
[Ru(CO)2(NNPh)(PPha)2]+ is unreactive towards F~. An account 
of preliminary studies on the reaction of Os3(CO)12 and XeF2 
is available in the PhD thesis & ̂ of A.Hewitt where the 
product is tentatively assigned to the tetrameric 
[Os(CO)3F2]4 (c.f. [Eu(CO)3F2]4)• This work is discussed 
later in Chapter Three.
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Organom etallic Comolexes of Iron Ruthenium and Osmium
Product Reagmt Refs

[CpPc(C0)2F] [CpFe(CO)2(SiMe2CH=Œ2)] + HF 54
[P62P(SMe)2(C0)4(PMe3)2]PF6 [Fe2(SMe)2(CO)4(PMe3)2] + AgF 57

[Ru(CO)3F2]4 [Ru3(CO)i2] + XeF2 58
[Ro(CO)3F2-RuF5]2 [RnFg]4 + CO 200atm;200°C 58

[Ru3(CO)i2] + XeF2 KXFC 58
[Ru(CO)3F3] [Ru3(CO)i2] + XfiF2 25°C 58
[Ru(C0 )(L-L)2F]+ [Ru(C0 )2(L-L)2]̂ + + AgX 62
(L-L) = dppe, dppm X = BF4-,C104-
[OsF(CO)2(NNPh)(PPh3)2]+ [Os(CO)2(NNPh)(PPh3)2]2+ + NEt4F 63
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1.10
Complexes of Cobalt

The only reported example of a carbonyl fluoro-complex 
of cobalt is that of the unstable [CpCo(CO)F]- & s, formed 
from the gas-phase reaction of CpCo(CO)% and F- and studied 
by ion cyclotron resonance spectroscopy. The source of F~ is 
from the dissociative attachment of electrons to NF3. 
Neither Cl- or I~ were reactive towards CpCo(CO)2, which was 
proposed as resulting from the much weaker gas-phase 
basicity of the heavier halides compared to F~.

1.11
Complexes of Rhodium and Iridium

Rhodium and iridium have received by far the most 
attention in organometallic fluoride chemistry, particularly 
Vaslca's derivatives . Since the preparation of M(C0)F(PPh3 ) 2 
(M= Rh or Ir), these organometallic fluoro-complexes have 
been extensively studied. Initially they were obtained by 
the reaction of the chloride analogue with AgF in boiling 
acetone6 &. Later Vaska and Peone modified this synthetic 
route by the in situ formation of AgF from the reaction of 
Ag2COs with NH4F in methanol, increasing the yields of the 
fluoro—complexes to 90% for Rh and 80% for Ir& ?. The related
tri-p-tolylphosphine^ 8, alkyldiphenylphosphine*» 9, AsPh3 ? 0, ? 1
and SbPh3?° fluoro derivatives have also been reported.
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Forester reported that the halide preference for the ds 
complexes, trans- M(C0 )X(PPh3)2 and cis- H (CO)2X 2' (M= Rh or 
Ir), in aprotlc media, followed the order X= Cl >Br >17 2. 
From, this trend, he suggested that, in rigorously aprotic 
solvents, fluoro derivatives may frequently be found to be 
the most stable halocarbonyl species. This prediction was 
substantiated, for Rh(C0)X(PPh3)2 F, Cl, Br or I, by 
Branan et aJ7 3, using equilibrium constants for the halide 
exchange of RhF(CO)(PPhs)2 with (PPN)X (X= Cl, Br, or I).
Earlier investigations revealed that PPN+ salts are strongly 
associated in CH 2 C12 as ion pairs, with association 
constants independent of the nature of the anion?^. Hence, 
there is little thermodynamic preference for (PPN)F
formation over the other (PPN)X ion pairs. The equilibrium 
experiments were therefore interpreted as demonstrating the 
greater stability of the fluoro-complex relative to the
heavier halo-complexes. The lability of the fluoride is 
greatly increased in the presence of polar molecules like 
water and methane1 ?. This was suggested to result from the 
high affinity of the uncomplexed fluoride for these species
arising from strong hydrogen bonding to their hydroxyl 
groups. This phenomena was utilised by Vaska and Peone where 
a methane1 solution of M(C0 )F(PPh3)2 allowed the convenient 
metathesis of the fluoride ligand with X-, affording various 
derivatives of M(C0 )X(PPh3)2 (M= Rh or Ir and X= ON, NCSe, 
NO2, N(CN)2, OCIO3, NC8, ONO2, SePh, NCO, I, Br, Cl, N3, 
SPh, O2CH, 02CPh, O2CCH3, OPh and OH)?.
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The carbonyl IE stretching frequencies of 
MX(CO)(PPha)2 (M= Eh, Ir) have been shown to follow the
order X=F< Cl 1 Brl I ? s, a. trend consistent with the 
increasing w-acceptor strength of the halide. This trend 
would seem to imply that, although fluorine is the most 
electronegative element for this series, the fluoro-complex 
has the most electron rich metal centre. This trend is also 
observed for EhX(C0)L2 (L= AsPha and SbPha)? °, but M=Auliffe 
and Pollock demonstrated that for M= Ir and L- PMePh2 and 
PEtPh2 the trend is not as clear? &. For octahedral Eh(111) 
complexes the halide trend for the PPh3 complexes, 

RhXY2(C0)(PPh3)2 7'' (X= F, Cl, Br or I and Y2= Cl2, Br2 or 
12), is reversed such that EhFa(CO)(PPh3)2, if it had been 
prepared, would be predicted to exhibit the highest vco. 
This investigation also revealed that VCO is relatively 
insensitive to changes in the trans- halide in these 
complexes, which is in contrast to the square planar ds 
derivatives.

The reaction between O2 and Ir(CO)X(L)2 is considered 
as an acid-base reaction, where the metal complex is acting 
as a Lewis base. Hence, factors increasing the electron 
density at the metal centre, in the absence of unfavourable 
steric effects, should enhance dioxygen addition. For this 
series where L= PMePh2, PEtPh2 and PPh3 ? &, an increase in 
the basicity of the phosphine and a decrease in the 
electronegativity of the halogen, increased the rate of 
oxygenation. With a constant phosphine group, variation of
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the halide enhanced the rate in the order FI Cl< Br< I. This 
experimental data was used to suggest the opposite trend for 
the electron density at the metal centre, previously derived 
from the vcO frequencies, and that the vco frequencies did 
not fo11ow a discernable trend for an extended series of 
phosphine and halide ligands.

The reactions with olefins similarly results in adduct 
formation.

IrF(C0)(PPh3)2 + L  > lr(C0)F(PPh3)2L
L“ C2F4, C2(CN)4 and C2(CF3)2^®

When L= C2F4, the adduct is significantly more stable than 
the chloro analogue, which loses C2F4 on crystal1isation. 
The authors associated this with the relative ir-bonding 
effects of the halide ligands, and also the closer approach
of the unsaturated molecule to the metal atom which arises
from the smaller size of the fluorine atom.



1.12
Complexes of Rhodium (III) and Iridium (III)

The oxidative addition, of methyl fluorosulphates, such 
as CH3SO3F and CH3SO3CF3, to Ir (CO)Cl (PPha ) 2 yields 
Ir (CO)Cl (PPha ) 2 (CHa )3C for X- SO3F and SOaCFa- These weakly 
coordinating anions were found to be very labile in polar 
organic solvents, resulting in dissociation of the methyl 
fluorosulphate complex and thereby providing a new route to 
Ir(III) species, some of which are inaccessible by direct 
oxidative addition. The fluoro species,
IrF(CO)Cl(PPha)2(CHa), is reportedly synthesised v i a  this 
method, NEt^F acting as the source of the F-. Surprisingly, 
in the iH IMR spectrum of this complex, the methyl resonance 
only exhibits coupling to the t r a n s -  phosphines. The further 
splitting by coupling to the fluoride ligand is not 
discussed.

The preparation of Ph(III) and Ir(III) f1uoro-comp1exes 
is, however almost entirely dominated by the oxidative 
addition of a substrate A-B to Vaska's type derivatives 
M(C0 )3£(PRa ) 2 (where M= Rh or Ir; I=C1, Br or I and A-B is a 
fluorinating agent); or alternatively by the reaction of A-B 
with M(CO)F(PPha)2• The complexes listed in Table 1.5 have 
been prepared via these reactions.
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Table h§

Oreanometallic Comolexes o f Rhodium (111) and Iridium flTD
Product Reagent Refs

[RhFa(COPh)(PPh3>2] [Rha(PPh3)3l + PhCOF 87

[RhFX2<CO)(PPh3)2] [Rha(CO)(PPh3)2] + %2 77

(X = C1, Br,I)
[IrFaH(C0)L2] [hCl(C0 )L2] + HCOF 88
(L = PMe3,PPh3)
[IïFHX(CO)(PPh3)2] [IrX(CO)(PPh3)2]+ HF 89
(X=C1. Br,D
[IrPH(SiR3)(CO)(PPh3)2] [IrF(CO)(PPh3)2] + HS1R3 90

(SiR3= SiPh3, SiMea2
Si(OEt)3andSiF3)
[IrFH2(CN-p-tol)(AsPh3)2] [IrH3(CN-p-tol)(AsPh3)2] + HF 91

[IrFClMe(CO)(PPh3)2] [IrCl(OTf)Mfi(CO)(PPh3)2] + NE^F 79
[IiFIMe(CO)(PPh3)2] [IrF(CO)(PPh3)2] + Mel 92

[IrF(02XCO)L2] [IrF(CO)L] + O2 93,76

(L= PMePh2, PEtPh2, PPb3) 94

[IïF(U-02C6CU)(CO)(PPh3)2] [IrF(CO)(PPh3)2] + U-O2C6CI4 94

[IfCl2(CO)(PPh3)2] [IrF(CO)(PPh3)2] + SF5CI 95

[hFl2(CO)(PH:3)2] [kF(C0 )(PPh3)2] + I2 93a),94

Pfa(S02CioH7XCOXPPb3)2] [Wn(CO)(PPh3)2] + FSO2C10H7 96

[IrFX(SF3)(CO)(PEt3)2] [IrX(CO)(PEt3)2] + SF4 83
(X=a,Br.D
[IrF(COF)(CO)2(L)2]+ [b(C0)3<L)2]+ + X f 2 81,82
(L= PEt3, PM63, PMc2Ph
PEt2Ph)
[IrF(Ti2.NH=NC6H3-2.Br)- [ItF(C0)(PPb3)2] + 97

(C0XPPh3)2r C2.BK:6R4N2)BF4
[IrF(Ti2.NH=NC6H3X) [IrH(COXPPhg)̂  + 85

(C0XPPb3)2]+ (XCgH^N l̂BF /̂air
(X=2.F ,4-F.2-CF̂
4.Me,2-NO^)

[IrF(Ti2.NNC6H3-2-Br) [IrF(ii2-NH=NC6H3X)(CO)(PPh3)2]+ + 97

(C0XPPh3)2]+ NEt3 or N^H or NaOAc
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Recently a concerted effort to synthesis complexes 
containing a terminal fluoride led Cockman et al to 
investigate the fluorinating properties of SF4 and XeFz. 
Vaska's derivatives were the ideal candidates for this 
particular study, where the oxidative addition can be 
anticipated to afford the d& fluoro-complexes.

These reactions are of particular interest in 
demonstrating the usefulness of multinuclear NMR techniques 
in elucidating reaction products within a system. Prior to 
these studies and those presented in the following chapters, 
very little 3ip and 13C NMR data was available for
trans iti on-metal fluoro-complexes. This is somewhat 
surprising as a wealth of information can be derived from 
such investigations, especially concerning the
stereochemistry.

For the reaction between XeFa and M(C0 )X(PEt3)2 in 
CD2C12 (M= Rh and Ir and X= Cl, Br or I )so, the choice of 

the triethylphosphine increased the solubility of the 
complexes relative to the triphenylphosphine derivatives, 
which is an important criterion for NMR spectroscopy. Low 
temperature 1?F and 3ip NMR spectra revealed that, for 
iridium, reaction occurred at 233K affording, xenon and 
principally, the anticipated Ir(III) complex
IrF2(CO)X(PEts)2, in which the fluoride ligands adopt a cis- 
configuration. (The phosphines are always mutually trans-). 
The chloro-, bromo- and iodo-comp1exes are stable at room 
temperature. In each reaction, additional minor resonances
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were observed in both the i’F and sip NHR spectra, 
representing less than 10% of the intensities of the major 
resonances. These correspond to the isomers of the mono- and 
trifluoro- derivatives, which were rationalised as the 
result of an intermolecular halogen rearrangement. The 
rhodium systems exhibited more complex reactions. The 
corresponding cis- fluorides, RhF2(CO)X(PSt3)2 (X= Cl, Br 
and I), displayed a thermal instability in the order Cl< Br< 
I. Ultimately, F 2PEt3 is the major fluorinated species 
produced at room temperature. Various isomers of the mono-, 
di- and tri-fluorinated species are observed, at low 
temperature in solution, resulting from intermolecular 
exchange and, in the case of Br and I, from the reaction 
with the solvent, CD2C12, which resulted in mixed chloro- 
halo-fluoro complexes.

These HER analyses for an extensive series of related 
complexes enabled the establishment of various trends. The 
Ir(III) products are more stable to halogen exchange than 
their rhodium (III) analogues. In the rhodium system, 
reactivity towards halide exchange increases in the order 
Cl< Br< I. The most stable complexes in both the Rh and Ir 
systems are the trifluorides, M(C0)F3(PEt3)2. Certain trends 
were also observed in the NHR parameters. 2J(PFa) is
invariably larger than 2J(pf^), with only a minor dependency 
on X Also 2 )  is dependent on both X and the metal, 

ranging from 89Hz for X=F and H=Rh, to 143Hz for X=I and 
M=Ir. Two distinct ranges for the 1’F chemical shifts were
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also observed in the i N M E  spectra, the chemical shift of 
both lying to very low frequency when compared to organic 
fluorines and high-valent metal fluorides. Signals in the 
region between 6-270 and 6-390 are assignable to F trans- 
to a carbonyl ligand, whereas those below 6-400 indicate 
fluorine trans- to a halide.

PEt,

OC-

PEt,

(X= a .  Brand I)

The reactions of 5-coordinated Ir(I) complexes of the 
type [Ir(C0)3Lz]+, L-PEta, PMea, PMezPh, PEtaPh and PEtPhz, 
with XeFz in CD2CI2 results in the formation of a terminal 
metal-fluoride and the very unusual metal bound fluoroacyl 
ligand8i,82. These reactions are discussed in detail in 
Chapter Four.
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1.13

The Reaction of Vaska ' s Derivatives with the Chalcoqenlcle
Fluorides SF4 SeF* and TeF*

The use of low temperature NMR spectroscopy has also 
been applied to the study of the reactions of the 
chalcogenide fluorides, SF*, SeF^ and Te?4, with 
IrX(CO)(PEta)2 (X= Cl, Br and I). With 8F4^^, at very low 
temperatures (200K for X= Cl), complexes
IrF(CO)X(PEta)2(8F3) were identified by their 1^F and 3ip 
NHR spectra. As with the XeF2 study (see above), HHR
resonances assignable to metal-bound fluoride were observed 
at relatively low frequencies, and three resonances observed 
for the SFa ligand were attributable to the inequivalence of 
the fluorines due to the lone pair of the S(IV). Variable 
temperature WîiS. spectra revealed that at least two different 
exchange processes were occurring at higher temperatures. 
Analogous complexes of rhodium result from the reaction with 
SF4®^. These are however less stable and more isomeric
products were identified. With SeF4 and Rh(CO)X(PEta)2
(for X= Cl, Br, I, KCS and NCO)84, a low temperature
reaction gave a mixture of complexes, the most abundant 
being RhX(CO)F(PEta)2(SeFa), again identified by and 3ip 
NMR analysis. The minor resonances seen in the spectra were 
all associated with isomers or products of halide exchange.
The major complexes were observed to be much less thermally



stable than their sulphur analogues.
With TeF», the reactions did not produce the expected 

analogous chemistry. The products of these reactions were 
the cationic 5-coordinate rhodium (III) complexes
[Rh(CO)3E(PEt3 ) 2 (TeFa ) ] + 8 4 , a 6 , with TeFs" as the counterion. 
The presence of TeFs" suggests that the six coordinate 
Rh(III) complex with a Rh-F bond was initially formed, but 
unreacted TeF4 is a Lewis acid of sufficient strength to 
remove the fluoride bound to the metal. Similar reactions 
between Ir(C0)X(PEt3)2 , SeF4 and TeF4 have not been 
reported.

An alternative route to Ir(III) organometallie fluoro- 
derivatives has been reported to occur when the
orthometal1ated hydrazido complex
[(PPh3)2lr(C0)(Tl2NHNC6H4l)]+ (X=2-M02, 2 -CF3 , 2-Fand 4-
F ) 8 5 , abstracts fluoride from BF4 ". These reactions were 
first• observed as a result of air oxidation during work-up 
procedures. The metal complex least susceptible to this 
secondary reaction is the 2-nitro-derivative. However, the 
others in this series react quickly as air or oxygen 
dissolves into the solution yielding the aryldiazene
complexes [IrF(CO) (PPhs ) 2 (TÎ2HWC6H 4X)] + with Ir-F bond
formation.
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1.14 Summary
It may be seen from the literature, contrary to the 

predictions from hard/soft acid/base considerations, it is 
clear that there is no inherent instability in the metal- 
fluoride bond. For certain complexes fluoride has even been 
demonstrated to display the greatest stability within the 
halide series (see Rh and Ir). Therefore, the lack of study 
is probably the result of the anticipated practical problems 
of extending halogénation reactions to fluorine. Xenon 
difluoride has proven to be reasonably inert to a variety of 
common organic solvents, in which it displays reasonable 
solubility. The by-product of fluorlnatlon reactions, xenon 
gas, can easily be removed thus facilitating "clean" 
fluorlnatlons. The work by Holloway et al., and more 
recently Ebsworth @t &1., demonstrates the effectiveness of 
XeFz in overcoming the practical problems of fluorlnatlon.

Low-valent organometallie complexes are often 
stabilised by the carbonyl ligand due to its ability to 
remove electron density from electron rich metal centres, by 
TT-back-bonding, therefore affording soft metal complexes. 
Hence, the study of low-valent organometallie fluoro- 
complexes presented in this thesis targeted the formation of 
carbonyl fluoro-complexes, chiefly concerned with the 
reaction of XeF; with transition metal carbonyl or carbonyl- 
containing complexes. Other fluorinating agents are 
also discussed.
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CHAPTER TWO

Synthesis And Characterisation Of 
Finoro-Compiexes Of Iridium
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2.1
A Brief Synopsis of Iridium Carbonyl Halide Chemistry

Transition-metal carbonyl halides are well established 
for most of the transition-metals. In 1925 Manchot e t  ai.i 
isolated small quantities of the first iridium carbonyl
halo-complex, [Ir(CO)2CI2]n, from the reaction of iridium 
(III) chloride with CO at atmospheric pressure and 150°C. 
Subsequent to this work in 1941, Hieber e t  a l .2 made a 
more detailed study of this type of reaction with IrXa (X= 
Cl, Br or I) and revealed the presence of not only 
[Ir(CO)2X 2]n complexes but also [Ir(CO)3X]n and Ir^(CO)1 2 , 
however, no spectroscopic analysis was possible at this 
time. From this work it was concluded that the ease of 
halogen elimination from the halocarbonyl complexes by CO 
decreased in the order Cl > Br > I, suggesting a direct 
relationship with the ease of formation of the relevant 
carbonyl halides, COX2 . [Ir(CO)sBr]n has also been observed 
as an impurity in the high-pressure carbonylation of
1(2IrBr6 in the presence of a halide acceptor, provided 
reaction times were sufficiently long to afford 
decomposition of, IC2 Ir2 (CO) 4Brs initially formed in the 
reactions. The chloro analogue, Ir(CO)3CI, was also 
prepared by Fischer e t  a l . ^  and, in a later structural
determination, was shown to exist as staggered planar
Ir(CO)3CI molecules joined by an Ir-Ir bond of 2.844Â.5

High pressure carbonylation of Iris was studied by 
Malatesta^, who observed that Ir(CO)313 and the dimer.
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[Ir(CO)213]2, were formed. The former has also been 
obtained by the oxidative addition of iodine to the 
polymeric, Ir(CO)31 ?.

Thus, the only neutral iridium carbonyl halo complexes 
to be isolated to date are of the type [Ir(CO)2X 2]n, 
[Ir(CO)3X]n where X=C1, Br or I, and Ir(CO)3I 3 , 
[Ir(CO)2I3 ] 2 and [Ir2 (CO)31&], for which the chloro- and 
brorao-analogues have not yet been reported. The only 
iridium carbonyl fluorides to be reported to date are 
Ir(CO)3F 2 1 3 and Ir(CO)2F 2 ̂ s which will be discussed later 
in more detail.
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2 . 2
The Reaction of Ir4 (CO)i2 with AHF

Tetrairidium dodecacarbonyl was found to be 
insufficiently soluble in organic solvents to allow 
investigation of its fluorination by XeF2 . However, the 
reaction between Ir4 (CO) 12 and XeF2 was observed in 
anhydrous hydrogen fluoride (AHF) at ca. -40°C, with the 
vigorous evolution of volatiles. The reaction also occurred 
in Genetron 113 (CFG12CF2C1) if a trace amount of AHF was 
present, implying that the AHF was acting as a catalyst. 
Therefore, an attempt to elucidate the nature of the 
initial iridium carbonyl complex formed by the reaction of 
Ir4 (CO) 12 with AHF, which is readily fluorinated by XeF2, 
was undertaken.

AHF was condensed on to a sample of yellow Ir4 (CO)1 2 , 
in an FEP reactor. There was no immediate sign of reaction 
and the cluster appeared to be insoluble even at room 
temperature. However, with time, the colourless liquid 
above the solid began to develop a pale ye11ow tinge. 
After approximately 8hr. all of the solid had been consumed 
forming a yellow/green solution. The reaction time 
decreased with larger volumes of AHF or with agitation.

NMR spectroscopic data for the resulting complex in 
solution can convincingly be rationalised as arising from 
the diprotonated cluster, [Ir4 (CO)1 2H 2]2+, in which the 
tetrahedral geometry of the Ir4 skeleton in Ir4 (CO)1 2 has 
been retained (Fig.2.1). The three facial carbonyls on each
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Fig 2.1 13c NMR Spectra of [Irzi(CO)%2H]2+
a) 13c fully coupled b)l3c{lH }
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metal in such a structure are inequivalent, one being 
effectively t r a n s -  to a hydride, whereas the other two are 
c i s - .  NMR spectroscopic analysis of the solution-
revealed a single hydride resonance at 6-2 0 . 0 indicating 
protonation of the cluster. i3C NMR experiments on iaco 
enriched samples showed two resonances at 6143.7 and 
142.0, in an approximate 2:1 ratio. The resonance at 6143.7 
resolved as a doublet of doublets exhibiting 2j(CH) and 
3J(CH) coupling of approximately 2.2Hz from coupling to the 
adjacent hydride, and the hydride on the opposite edge of 
the tetrahedron. The similarity of these coupling 
constants, even though one is longer range, is presumably 
due to the geometry of the complex. Hence, the 3J(CH) 
coupling arising from the interaction of a CO t r a n s -  to H 
is similar in magnitude to that of a c i s -  %J(CH). The
resonance at 6142.0 was observed as a large doublet,
exhibiting zj(CH) of 21.2Hz. No 3J(CH) was observed for 
this resonance as the carbonyl is effectively c i s -  to the 
hydride on the opposite side of the cluster and is 
therefore only expected to exhibit very small coupling,
which was not resolved in this experiment. The non-
fluxionality of the complex at room temperature is as
expected for a third row transition-metal carbonyl complex 
of this type c . f .  Os3 (CO)% ? and [Os3(CO)1 2H]+s.

Attempts to isolate the complex as a salt by the
addition of either BF3, PFs, AsFs or SiF^ resulted in the
precipitation of solids. IR spectra of these showed a large
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number of terminal VCO bands consistent with a reduction in 
symmetry of the proposed structure. However, these salts 
decomposed to Ir^(CO)i2, HF and the appropriate gaseous 
Lewis acid with time as observed by IE spectroscopy, 
implying the greater thermodynamic stability of these 
species relative to that of [Irt(CO)1 2H ] 2 + .

The protonation of neutral carbonyls is not unexpected 
in strong acidic media and has previously been reported in 
similar investigations where concentrated H2SO4 was used as 
the protonating agent^. Although HF is a fairly weak acid 
as a solute (e.g. aqueous HF), similar in strength to 
formic acid, its acidic strength increases dramatically as 
the HF is purified. Hence anhydrous HF is an extremely 
acidic solvent, comparable in acidity with anhydrous 
sulphuric acid, and both act as protonic so1vents1 °.

In the Ir*(CO)1 2/H2SO4 reaction Knight and Hays9 used 
accurate integrals, against a measured quantity of M6 2SO4 , 
on the hydride resonance, (also at 6 - 2 0 .0 ) to empirically 
interpret the product as [Ir4(CO)1 2H 2]2+. However, with the 
limited data available for the complex, which was only 
stable in solution, they were unable to make any 
predictions as to a possible geometry. Their attempt to 
isolate this complex by addition of NH4PF6 resulted in the 
precipitation of Ir4 (CO)1 2 . Hence, the addition of Lewis 
acids in this work has provided the only method of 
isolating this cationic species.
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The length of time needed for complete conversion of 
Ir*(CO)12 to [Ir4 (CO)1 2H 2]2 + implies that in the reaction 
of Ir4 (CO)1 2 with XeF2 in AHF, which is a rapid process, 
the HF is acting catalytically. Hence, the subsequent rapid 
fluorination of [Ir4 (CO)1 2H 2]2+ "draws" the neutral 
carbonyl into solution such that all the Ir4 (CO)% 2 reacts 
in a matter of minutes instead of hours. Of course, it is 
impossible to say unambiguously from this data that 
[Ir4 (CO)1 2H 2]2+ is the species which is reactive towards 
XeF2 . But the required presence of HF strongly implies 
that [Ir4(CO)1 2H 2]2+, or a related protonated species such 
as [Ir4 (CO)1 2H]+, is necessary for reaction to take place.
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2.3
The Reaction of Ir4 (CO)i2 with XeFz in AHF

Fluorination of Ir4 (CO)12/AHF by XeF2 was investigated 
between the molar ratios of 1:1 to 1:25. Below the ratio of 
1:5, un-fluorinated [Ir4(CO)1 2H 2]2+ was detected in the iH 
and 13C NMR spectra. New unassigned i3c NMR resonances 
which displayed coupling to either iH or 1 nuclei, or 
both, were also observed, suggesting the presence of 
iridium carbonyl complexes containing both fluorine and 
hydrogen.

The ratio at which all the [Ir4 (CO)1 2H 2]2 + had been 
consumed was shown by NHR spectroscopy to be 1:5. In a 
typical reaction at this ratio, gas evolution occurred at 
ca. “40°C, and the reaction was controlled by judicious 
cooling and venting. These volatiles were IR inactive, 
presumably Xe, Implying that CO was not being released from 
the reaction. Once gas evolution had ceased, the resulting 
yellow solution was allowed to warm to room temperature 
overnight so that rearrangement to thermodynamically stable 
species could occur (see later). Room temperature 1 NMR 
spectroscopic analysis of the solutions showed three major 
resonances Fi, F 2 and F 3 , at 6-310, -338 and -476
respectively. These occur in the region of the 1 ?F NMR 
spectrum characteristic of a fluoride ligand bound directly 
to a low-valent metal centre (see Section 1.12). At lower 
temperatures these broad resonances sharpened such that Fi 
was observed as a sharp singlet, and F 2 and F 3 as a triplet
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and doublet respectively, in the ratio of 1 :2 , with a 
mutual coupling of 75Hz. (Fig.2.2.)

These M-F resonances fall into two very distinct 
regions. Those associated with Fi and F 2 are 
characteristic of F trans- C Q n  whilst F 3 occurs in the 
region expected for a F trans- 1 environment (see Section 
1.12). Hence the 1 »F NMR data is readily assignable to the 
fac- and mer- isomers of the d& 18 electron complex 
Ir(C0 )3Fs.

OC

CO

Fi

Fac-

OC

OC X
x :
F3

Mer-

Undoubtedly the system undergoes slow exchange at room 
temperature but, for practical reasons, the coalescence 
point could not be obtained due to HF solvent leaching 
through the FEP NMR tubes at higher temperatures. The 1 ac 
NMR spectra of the products from the reaction of XeFz with
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13C0 enriched Ir4 (CO)i2 showed a broad second-order 
multiplet centred at 6131. Interpretation was greatly 
assisted by recording selective i3C{i’F> NMR spectra 
(Fig.2 .3-2.5.) at the University of Edinburgh's Ultra high- 
frequency NMR service (600MHz). Irradiation at Fa (6-476) 
(b) only affected the resonances at 6130.7 and 6141.6, 
removing the triplet couplings, whilst irradiation at the 
related F 2 (6-338) (c) removed the doublet couplings on 
the same peaks. These resonances can therefore be assigned 
to CO traas- to F and CO trans- to CO in mer- Ir(C0 )3Fa. 
Irradiation at Fi (6-310) (d) only affected the multiplet 
at ca. 6131 which collapsed to a sharp singlet. Hence, 
this resonance can be assigned to the three equivalent 
carbonyls in fac- Ir(C0 )aF3 . The fully coupled resonance 
can be successfully modelled as an AXX '2 system with the 
coupling constants given in Table 2.1.

lable 2,1

19p and NMR Parameters at 25°C

Complex i^ ^ p m
- Hz

i^C/ppm W C )/H z

fac-
[IKCOhFil

F] -310(s) - 131.3a c o n ) .a

mer- F2 -338(t) 75 130.7(dt) C0f2) 79.2b.2c
0r(CO)3F3] F3 -475(d) 75 , 141.6(dt) C0f3^ 6.5,6.5

a. AXX 2 system, simulated with coupling constants of 
2j(FxC)= 84Hz. 2j(Fx'C)= 5Hz and 2j(FxFxO= 120Hz.

b.ÿ(F2Q.c.2j(F3Q.
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Removal of the solvent from the reaction mixture under 
high vacuum resulted in a yellow, very air-sensitive powder 
which, when redissolved in AHF, showed NMR spectra almost 
entirely attributable to fac- Ir(CO)3F 3 (>90%). Resonances 
assigned to m e r - Ir(CO)3F 3 were absent. Attempts were made 
to find an alternative solvent for this complex, but, none 
were found to be suitable. The Ir(CO)3F 3 was insoluble in 
CH2CI2 and Genetron 113 and was reactive towards SO2 and 
CH3CN, in the latter case with vigorous evolution of CO and 
the formation of a black solid.

As previously discussed, the solutions were allowed 
to remain at room temperature overnight as it was noted 
that NMR spectra recorded soon after reaction were 
relatively complicated, with resonances due to Ir(C0 )3F 3 

and uncharacterised intermediates. With time, rearrangement 
occurred so that Ir(CO)3F 3 represented approximately 75% of 
the products. The only other observable resonance in the 
13C NMR spectra was an apparent singlet at 5165, which 
will be discussed later, along with I’F NMR resonances at 
5-277 ami -439.

A noteworthy observation from the 1 NMR spectra 
recorded soon after reaction (~2hr.) is that the mer- 
isomer of Ir(C0 )3F 3 is in greater relative abundance 
indicating that it is the more kinetically favoured isomer, 
whereas the f a c -  isomer is more thermodynamically stable 
as shown by the growth of its NMR signal with time. This is 
not unexpected, as bonding considerations suggest that CO
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t r a n s -  to F (or X-) is preferred to CO t r a n s -  to CO where 
two Tî-acidic ligands are competing for the same electron 
density on the central metali2 .

Prior to this work, the only other halogen carbonyl 
of this type was Ir(C0 )3 l3 , formed by the reaction of Irla 
with CO under high temperature and pressure&. However, this 
complex readily loses CO even in the solid state to form 
the dimeric species, [Ir(CO)213]2 . The analogous chloro- 
and bromo-species have not been reported to date. Hence, 
Ir(C0 )3Fa represents the first sol id-state stable 
Ir(CO)3X 3, X- halide, complex to be isolated.

As mentioned above, an apparent singlet at 6165 was 
observed in 1sc NMR spectra prior to the removal of the 
solvent. Variable temperature 1 ac NMR experiments revealed 
that this apparent singlet was the fast exchange limit of a 
fluxional process. Unfortunately, because of the 
temperature range of the solvent employed, the limiting 
spectra could not be measured as this species was still 
fluxional at -80“C, only slightly above the freezing point 
of AHF. This high degree of fluxionality implies a co- 
ordinatively unsaturated complex, e.g. trigonal 
bipyramidal, where a low energy barrier for rearrangement 
would be expected.

Although the resonance is observed as a singlet at 
room temperature, the lack of coupling to fluorine is 
presumably either the result of the fluxional process 
(intermolecular exchange) or coupling which is small and
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not resolved in this experiment. It is likely, therefore, 
that this resonance is associated with at least one of the 
unassigned I’F NMR resonances at 6-277 or -439. Unambiguous 
assignment of this species is only possible by reaching the 
1ow-temperature exchange limit. As the removal of the 
solvent appears to cause the decomposition of this species, 
this can only be obtained by depressing the freezing point 
of the AHF.
2.4

The Reaction of Ir4 (CO)i2 with XeF? 
in AHF (>1:6 Mole Ratio)

When the ratio of Ir4 (CO)i2 to XeF? is increased above 
1:6, a two-stage reaction is observed; an initial vigorous 
evolution of xenon gas as the solution is warmed to room 
temperature, followed by the much slower evolution of 
carbonyl fluoride (COF2 ), which was characterised by gas- 
phase IR spectroscopy. These solutions were left overnight 
with occasional venting so that the second phase of the 
reaction could reach completion. Solutions of 1:8 and 1:10 
mole ratios showed both isomers of Ir(CO)3F 3 , but, as the 
ratio was increased further, all the 1 NMR resonances due 
to metal fluorides disappeared.

A mole ratio of 1:26 was judged to be the end point of 
the reaction by the absence of any carbonyl bands in the 
IR spectrum of the yellow air-sensitive solid left after 
the removal of AHF. This solid was found to be [XeF][IrFa], 
by comparison of its IR and Raman spectral data with those
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in the literaturei3. The oxidation of lr(0) to Ir(V) by 
XeF? has previously been reported by O ' D o n n e l l - w h e r e  
iridium metal is oxidised to IrFs in anhydrous hydrogen 
fluoride. Presumably, the stoicheometry of the latter 
reaction precluded the formation of [XeF][IrFa].

2.5
An Evaluation of the only Previous Report of a Iridium 
Carbonyl Fluoride Complex

The only previously reported example of an iridium 
complex stabilised solely by carbonyl and fluoride ligands 
is that by Misrais who, with only limited data, made 
questionable assignments. From the reaction of IrFs with 
carbon monoxide at atmospheric pressure, he isolated a 
complex which he suggested was Ir(CO) 2 .5F 2 on the basis of 
elemental analysis.

Subsequent "purification" by a high temperature and 
pressure carbonylation reaction produced two complexes 
assigned as Ir(CO)2F 2 and Ir(CO)3F 2, although both of 
these materials appear to give essentially the same IR 
spectrum and have almost identical elemental analyses, 
consistent with "Ir(CO)3F 2 ".

Comparison of the IR data in the vCO region of 
"Ir(CO)3F 2"^5 with Ir(C0 )3Fs (this work) reveals a fairly 
good correlation of the strong, high frequency IR bands 
(Table 2.2) suggesting the reassignment of Misra’s 
"Ir(CO)3F 2" as Ir(CO)3F 3 . However, other data has to be 
considered before such a reassignment is made.
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Misra's elemental analysis is not consistent with an 
Ir:F ratio of 1:3, and his mass spectrum shows not only 
monomeric species but also dimeric and trimeric fragments. 
These observations could possibly be the result of 
polymeric impurities, explaining the extra bands observed 
as shoulders in the IR spectrum of "Ir(CO)3F 2 ". However, 
reassignment, based purely on IR spectral data, can only be 
substantiated by repeating the original work and recording 
NMR spectra on the products.

TaMe 22

Comparison of u(CO) IR Bands for "fr(CO)3F2" 
and h^C0 )gF3/cm"l

Ir(CO)3F2 It(CO)3F3 (this work)

2210 s 2213 s
2170 s 2165 s
2155 sh n/o

2085 sh n/o

n/o not observed
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2.6
The EXAFS Analysis of IrfCOlaFa

An inability to obtain suitable single crystals for X- 
ray crystallographic studies meant that structural 
information had to be obtained by an alternative 
technique. Recent workit'i? has shown EXAFS to be a 
valuable tool for obtaining bond length data on compounds 
when other methods have failed or are inappropriate.

In a typical experiment, metal L m - e d g e  EXAFS data 
were collected at the Daresbury Synchrotron Radiation 
Source on station 7.1 in transmission mode. Sample
preparation was conveniently achieved by flattening a FEP 
NMR tube, so that solution EXAFS could be obtained on a 
sample of Ir(CO)3F 3 in AHF, once the 1^F and i3C NMR 
spectra had been checked.

Initially the EXAFS data was modelled utilising 
EXCURVE9017 and revealed the expected three shells of atoms 
around the central metal, consistent with Ir(CO)3F 3 .
Subsequent calculations involving multiple scattering of 
the oxygen shell resulted in a final determination of the 
three shells as 3C's, 3F's, and 30's at 1.93, 2.00 and
3.07Â respectively. However, two other obvious features 
were present at 3.54 and 4.87A (Fig.2.6). Since the
monomeric nature of the complex had already been 
unambiguous 1y proven, these longer distance cannot be the 
result of any polymeric species. A possible explanation is 
the strong interaction of the solvent, HF, with Ir(C0)3Fs.
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The data was successfully modelled with two additional 
shells of 5 and 2 fluorine atoms at 3.54 and 4.87Â 
respectively. The validity of this solvated model was 
subsequently tested with another monomeric complex, OsF&.

Osmium hexafluoride is known to dissolve in AHF to 
molar concentrations. Conductivity measurements indicate 
that there is only a very low level of ionisation, and 
Raman spectroscopic studies show that the octahedral 
geometry is unperturbed in solutionis. Room temperature 
EXAFS experiments on OsFe in AHF, conducted in an identical 
manner to that for Ir(CO)3F 3 , revealed the expected six F's 
at 1.82Â, in very good agreement with that obtained for 
solid OsFô at lORi?. However, two additional, well defined 
features at 3.21 and 3.37Â modelled as 8 and 6 fluorines 
respectively, resulted in a significant reduction in the 
R-factor and fit index (Fig.2.7). These extra shells can 
only sensibly be rationalised as arising from solvent 
interaction, in agreement and therefore substantiating the 
Ir(CO)3F 3/AHF model.

Comparison of the bond length data for Ir(C0 )3F 3 with 
those of other f 1uoro—comp1exes of low-valent metals is 
hampered by the paucity of such structural information. The 
Ir—F distance of 2.00Â is consistent with that observed for 
other terminal fluoride ligands (Table 2.4). However, the 
Ir-C bond length, when compared with those in the same 
complexes, seems to be slightly longer than those reported 
for a carbonyl trans- to a fluoride ligand. Generally, for
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organometallie iridium carbonyl complexes, the range for 
the Ir-CO bond length is 1.898-1.839Â (av. 1 .8 7 )2 0 . in 
considering the possible strength of the iridium-carbon 
bond in fac- Ir(CO)3F 3 , it is worth noting the IR spectrum 
of the solid. This molecule, with facial carbonyls and 
fluorides, possesses C 3 v symmetry and therefore from a 
group theory analysis is predicted to exhibit two IR active 
VCO bands (Ai and E). However, these were observed at very 
high frequency, 2213 and 2170cm-1 .

To a first approximation, since VCO occurs in a region 
of the IR spectrum significantly removed from other 
vibrations, C-0 stretching frequencies can be regarded as 
being independent from other vibrations in the raoleculezi. 
Therefore a relationship between vCO frequencies and CO 
bond order can reasonably be established^ 2 . Generally2 2 , 
the bonding between CO and a transition metal is described 
as involving the donation of electron density from the HOMO 
of CO (5o") into an empty hybrid AO of the metal, in 
conjunction with the donation of electron density from the 
filled or partial1y filled AO of the metal to the LUMO of 
CO (2'ir*); this latter interaction is termed back-bonding. 
The overall effect is a synergic type of bonding where the 
CO ligand is considered to act as both a e-donor and ir- 
acceptor. As the back-bonding from the metal to CO 
increases, the M-C bond should become stronger (shorter) 
and the C-0 bond correspondingly weaker (longer). This 
increase in M-C bond order and, conversely, the decrease



for C-0, is manifested in the positions of the IR active 
bands of the resulting complexes, which usually show a 
shift to lower frequency on coordination to a metal 
(relative to free CO) in accordance with the bonding 
description described abovezs. However, for Ir(CO)3F 3 , the 
values of the IR bands are observed to be at higher 
frequency than for free CO.

Prior to this work there have been a few reports of 
such co-ordinated carbonyl complexes exhibiting IR 
frequencies higher than free carbon monoxide itself2 3 .

Comparison of the IR data of fr(CO)3F3

Complex D(CO)/cm-l Ref

Ir(C0)3F3 2213(s),2165(s)
Free CO» 2143
NiF2(CO)b 2204

Cu(CO)+c 2180

Ag(CO)+c 2204

Au(CO)-^ 2198

a. gas-phase; b matrix; c Nujoi mull

DeKock et ai . 2 4 interpreted the very high vco IR 
frecfuency in NiFz (CO) as being a feature of a complex in 
which the carbonyl was entirely a-bonded. Later, in 1979, 
Desjardins et ai.25 explained the increase in the IR 
frequency of Cu(CO)+ relative to that of free CO, as being
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attributable to o-donation from the slightly antibonding 5a 
lone pairZb of CO (Fig 2.8) towards the cuprous ion, 
increasing the positive charge on carbon and therefore the 
CO bond order. They also suggested that there was, 
presumably, only weak ir-back donation. More recently, 
Wiliner and Aubke2 ? substantiated this interpretation with 
a report of an vco IR band for Au(CO)+, at 2198 cm-i, from 
which they suggested that the acceptor ability of a metal 
is increased by weakly electrophilic anionic ligands, in 
this case AsF&- and SO3F - ,  and that there would appear to 
be little or no ir-back donation from the metal to the 
carbonyl. The phenomenon of CO acting solely as a a-donor 
is probably best described for the adduct BH3CO2 a ; the 
central atom, boron, being devoid of the ability to ir-back 
donate. For this adduct VCO is observed at 2164cm-1 .

Fig 2.8 Molecular Orbital Diagram of Caiton Monoxide

Pg*(60)

3

\Sg(3c) . .

CO O
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Comparison of these results with those obtained for 
Ir(CO)3F 3 implies that the carbonyls are bonded in a 
similar manner, where there is little or no ir-back donation 
which would be expected to shorten the Ir-C bond. 
Presumably, in a similar way to that reported by Wiliner 
and Aubke, the electron withdrawing fluoride ligands are 
effectively removing the electron density from the d* 
Ir(III) metal centre, increasing the o-acceptor ability of 
the metal.

Selected Bond Length Data for Various Fluoro-Q>mplexes (Â)

Complex (C-0)
trans-'F

(C-O)
trans-
CO

M-CO
trans-
CO

M-CO
trans-F

M-F
(terminal)

M-F
(bri(%ing)

Refa

Ir(CO)3 F3 1.13 1.934(4) 1.999(2) -

F5 -Re-F-Re(CO) 5 1.19(4) Av.1.13 Av.1.99 1.89(3) - 2 2 0 (2 ) 41.42

[Re(C0 )6 ]+
IRe2 F lir

Av.1.13 Av2.01 Av. 1.84(2) 2.009(2) 41,42

Pe(CO)3F]4.4H20 Av.
1.153(10)

Av.
1.893(7)

Av.
2200(5)

47

ReF(C0 )3 (tmeda) 1.146(9) 1.913(6) 2.039(4) 49

[Ru(CO)3 P ^ 1.18(7)
120(7)

1.90(7)
1.84(7)

1.99(7) 2.04(7) 59

PiF(CO)L^
(PPb3)2r*

221(4) 85

[IrF(COh(COF)
(PEt3)2]+

1.989(5)
a-ans-vo
OOF

1.883(5) 1.998(3) 81

a, Refaences pertain to Chapter One
b, L=(NHNC6 H3 -2 -€F3 )
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2.7
Reaction of f a c -  IrÇGOjaFs with PMea

Following the unambiguous characterisation of f a c -  

Ir(CO)3F 3, it was of interest to investigate the chemistry 
of this very reactive species. The substitution of 
carbonyls by various ir-acceptor ligands such as phosphines, 
arsines, stibines, nitrous oxide and amines is well 
established in the literature2 ?. Of these ligands, 
phosphines were targeted, because the 100% spin 3 ip
nuclei provides another MMR handle which, in conjunction 
with 2 NMR spectroscopy, should facilitate
characterisation of the resulting complexes. Of the various 
phosphine ligands available, PMes was used in the 
preliminary investigation since, being volatile, it could 
be easily manipulated in the vacuum line, essential for 
handling the very reactive Ir(CO)3F 3 .

F a c - Ir(CO)3F 3 was found to be insoluble in CD2CI2 at 
room temperature but, on addition of PMes, vigorous 
evolution of CO occurred with the development of a ye11ow 
solution.

Combinations of I’F, 3ip and 13C NMR spectroscopic 
data revealed the presence of two major complexes in
solution, (I) and (II), and 1sc and 3ip NMR data provided 
evidence of a third complex, (III), which did not contain



fluorine. All the NMR data (Table 2.6) described below are 
from mixtures of (I), (II) and (III),

OC

PMC3

Ilf

PMC3

(I)

MejP

OC"

Fs
(ID

[MCO)(PMe3)4]+
m

2.8 Discussion of the Data for IrFa(CO)(PMea) 2

The I’F NMR spectrum of complex (I) revealed two 
resonances at 6-284.6 and -470.6, due to Fi and F 2 , 
(Fig.2.9 and 2.10) in a ratio of 1:2 respectively. That 
associated with F% is observed as a triplet of triplets and 
that due to F 2 as a doublet of triplets with mutual zj(FF) 
coupling of 97Hz for the triplet and doublet couplings 
respectively. The remaining triplet couplings on each 
resonance arise from cis- couplings of the fluorines to two 
equivalent trans- phosphine ligands, (Fig.2.10),
consistent with the structure of (I), and confirmed by the 
observation of a doublet of triplets in the 3iP{iH} NMR 
spectrum. The only discernible information from the 1 3c NMR 
spectrum, an expected 18 line pattern, was the large trans-
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F coupling (see Table 2.6).
Fluoro-complexes of Ir(III) generally result from the 

oxidative addition of substrate A-B to various ds Ir(I) 
starting materials, in one of two ways. Either the A-B 
substrate is added to a fluoro precursor, e.g. 
Ir(C0)F(PPh3)2, or A-B is a fluorinating agent such as SF4 , 
where the oxidative addition of an S-F bond to 

Ir(C0)Cl(PEt3)2 affords IrF(C0)Cl(SF3)(PEt3)2 (see Chapter
1). As these two preparative procedures have only been
carried out separately, only monofluoro carbonyl complexes 
of iridium were known.

Iridium(III) carbonyl phosphine halo-complexes of the 
type Ir(CO)XY2L 2 (X= F, 01, Br, or I, ¥ 2= CI2 , Br2, or 12 
and L= various phosphine ligands) have been obtained by the 
oxidative addition of halogens ¥2 to Ir(C0)XL2^°. Of these, 
the fluoro-complexes obtained result from the reaction of 
Cl 2, Br2, or 12 with Ir(C0)F(PPh3)2 • There is no reported 
example of fluorine gas being used in a similar 
investigation, presumably for practical reasons.

Very recently Cockman et ai.11 successfully identified 

the first example of F 2 addition, where the fluorinating 
agent XeF2 was allowed to react with M(CO)X(PEt3)2 (X= Cl, 
Br, I; and M= Ir, Rh) in solution to give M(C0 )F2X(PEt3)2
and thus completing the series of H (CO)X¥2 (PEt3)2 complexes
(X and ¥ = halogen). Since Ir(CO)F(PEt3)2 has not been
reported in the literature, the comparable reaction of this 
Ir(I) complex with XeF2 which should result in the



formation of the trifluoro Ir(III) derivative, 
Ir(C0)F3(PEta)2 , could not be undertaken. However, this 
Ir(III) complex was observed in the NMR analysis of the 
products of the reaction of IrX(CO(PEt3 ) 2 with XeF? from 
what was considered to be an intermolecular halogen 
rearrangement process. However, it only represented a minor 
component of the reaction mixture.

Comparison of the NMR data of Ir(C0 )F3 (PEt3 )2 ^̂  and 
Ir(C0)F3 (PMea ) 2 (I) shows the relative insensitivity of I'̂ F 
NMR chemical shifts and coupling constants to changes in 
the phosphine ligand. In contrast, a marked difference in 
the 3iP chemical shifts associated with the ir-acidity of 
the two phosphines was observed^1 .

TaMfi2.S
CompariscHi of NMR data.

Complex 5Fi 5F2 2j(FF) 2J(FFi ) 2j(PF2 531?

[Ir(C0)F3(PEt3)2 -288.5 -470.6 96 31 18 6.9

[Ir(CO)F3(PMe3)2 -284.6 -470.6 97 38 24 -14.2

Although (I) does not represent the first example of a 
trifluoro-iridium phosphine complex, it is the first report 
of an attempt to prepare such a species. It is also the 
first example of this type of complex being obtained in a 
significant yield.
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Fig 2.10 Expansion of Fi and F2

-4T0 -471PPM

T
-284 -285PPM
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2.9 Discussion of the Data for [IrF4(CO)CPH©3)]~
The 1?F NMH spectrum of complex (II) revealed three 

resonances, at 6-224.9, -248,5 and -432.8, associated with 
Fa, F 4 and Fg, respectively in a ratio of 1:1:2 see (Fig.
2.9 and 2.11). Fa was observed as a doublet
(2J(F3F 4 )=1 0 0Hz) of triplets (2J(FaFs)=70Hz) of doublets
( 2j(FaP)=19Hz), F 4 as a doublets ( 2 j (F4P)=208Hz) of
doublets (2j(F4Fa)=100Hz) of triplets (2j(F4Fs)=43Hz) and 
F 5 as a doublet (2j (F5F 3)=70Hz) of doublets (2j(FgF4)=43Hz) 
of doublets (2J(FsP)=13Hz ), (Fig. 2.11). The couplings were 
consistent with the structure of (II), which was confirmed 
by observing a doublet of doublet of triplets in the
3iP{iH} M R  spectrum at 6-29.2. As with compound (I), the 
only discernible information from the i3C NMR spectrum was 
the large trans- F coupling.

The i^F chemical shifts for complex (II),
([Ir(C0)F4(PMea)]~), although still within the expected 
regions for F trans- to F and F trans- to CO (and in this 
case F trans- to ir-acceptor ligand) are observed at higher 
frequency than those of the neutral Ir(CO)aFa and
Ir(CO)Fa(PRa)2 complexes above. This is somewhat surprising 
as increasing negative ionic charge is usually associated 
with increase in the shielding of the NMR nucleus (see NMR
discussion 3.3).

Complex (II) represents the first example of a 
transition metal carbonyl phosphine complex co-ordinated by 
four fluoride ligands, and is best regarded as an anionic
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18 electron Ir(III) species, analogous to carbonyl halide 
complexes of the type Ir(CO)2X4- where X= Cl, Br and 13 2 , 
and the phosphine carbonyl halide complexes of the type 
Ir(PRa) (PRs= PEta, PEt2Ph)33. The former species are 
obtained from the halogénation of the respective Ir(CO)2X 2“ 
in poorly co-ordinating solvents, the carbonyl ligands 
being very labile and easily replaced.

2.10 Discussion of the Data for [Ir(CO)(PMea)*]+

The third major complex in solution, (III), was
identified by comparison of its 3ip{ih} NMR spectrum with 
that of [Ir(CO)(PMea)4]C1 prepared by the reaction of 
Ir(CO)Cl(PEta)2 and PMea. The i3c NMR spectrum of (III) was 
observed as a quintet due to coupling to four equivalent 
phosphorus ligands presumably resulting from a complex 
which is fluxlonal on the NMR timescale. As coupling is 
observed to all the phosphorus ligands, even in the 
presence of excess PMea, the fluxional process must be 
intramolecular. Complex (III) is presumably acting as the 
counter-ion in solution to [Ir(CO)(PMea)P4]" (II). The
overall reaction represents a preliminary study and, to 
date, no attempt has been made to isolate the individual 
complexes. However, the differing charge on these species 
suggests that such a separation could be possible from the 
addition of various salts to the solution. It would also be 
of interest to investigate the initial products from 
reaction. The reaction described above represents the
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thermodynamically favoured species in the presence of 
excess PMea. The resulting solution from the reaction was 
also allowed to stand, at room temperature, for "'10 hours. 
This reaction of Ir(CO)3F 3 with PMea exhibits the possible 
usefulness of this iridium carbonyl fluoride as a precursor 
to many different complexes derived from similar 
substitution reactions.

T a M e M
NMR Data fw  Complexes CD and (H) at 25®C

IiF3(CX>)(PMe3)2 8 2j(FiF2)/Hz 2j(H=)/Hz 2j(FiC)/Hz

Fi (tt) -284.6 97 38 -

F2 (dt) -470.6 97 23 -
31? (dt) -14.2 - 38.23 -

13co 159.1 - - 86

PrF4(CX»(PMe3)]- 5 2j(F3F)/Hz 2j(F4F)/Hz 2j(F5F)/Hz 2j(PF)/Hz 2j(F3Q/Hz

?3 Odd) -224.9 - 100 70 19 -

F4 (ddt) -248.5 100 - 43 208 -

?5 (ddd) -432.8 70 43 - 13 -
31? (ddt) -29.2 - - - 208,19,13 -

13cO 157.5 - - - - 100

91



REFERENCES

CHAPTER TWO

92



1) W.Manchot and H.Gail, Chem.Ber.j 1925,583,232.
2) W.Hieber, H.Lagally and A.Mayr, Z.&norg.allgem. Chem., 1941,246,138.
3) W.Heiber and H.Lagally, Z.anorg.allgem.Chem., 1940,245,321.
4) E.O.Fischer and E.8.Brenner, Z.N&turforsch. B., 1962,17,774.
5) A.H.Reis,Jr., V.S. Hagiey, S.W.Peterson, J.Âm.Chem.Soc., 1977,99,4148.
6) Malatesta,L., U.S. Dept. Com,, Office Tech. Serv., AD 262,065 1961. 

iChem. Âbstr., 1961,58,4597a-d.)
7) D. Forster, J.Chem.Soc, Dalton Trans., 1979,1639.
8) B.A.Forster, B.F.G.Johnson, J.Lewis, T.W.Matheson, B.H.Robinson and 

W.G.Jackson, J.Chem.Soc.jChem.Comm., 1974,1042.
9) J. Knight and M.J.Mays, J.Chem.Soc. A, 1970,711.
10) J.C.Bailar, H.J.Emelèus, H.Nyholra, A.F.Trotman-Dickenson,

"Comprehensive Inorganic Chemistry," Pergamon Press,
Oxford, 1973,pl043.

11) R.W.Cockman, E.A.V.Ebsworth and J.H.HoUoway,
J.Âm.Chem.Soc., 1987,109,2194.
E.W.Cockman, E.A.V.Ebsworth, J.H.HoUoway, M.Mnrdoch,
N.Robertson and P.G.Watson "Fluorine and Fluorine-Containing 
Substituent Groups in Inorganic Chemistry," J.Thrasher and 
S.Strauss, ACS Symposium Series, ACS Books 1993.

12) M.J.Cleare and W.P.Griffith, J.Chem.Soc., A 1969,372.
13) F.O.Siadky, P.A.Bulliner and N.Bartlett, J.Chem.Soc., A 1969,2179.
14) R.C.Burns, I.D.MacLeoD, T.A. O'DonneU, T.E.Peel,

K.A.PhiUips and A.B.Waugh, J.Inorg.Nucl.Chem., 1977,39,1739.
15) S.Misra, Indian J. Cbem. gect W  1981,19A(12).1191.

Chem. Abstr., 94(l6):131460p.

93



15) A.IC.Brisdon, J.H.HoUoway, E.G.Hope, W.Levason, J.S.Ogden and 
A.K.Saad, J.Chem.Soc. Dalton Trans., 1992,447.

17) EXCURRVE90, N.Binsted, S.J.Gurman and J.W.Campbell, SEHC 
Daresbury Laboratory program, 1990.

18) B.Frlec and H.H.Hyman, Inorg chem., 1967,6,1597.
19) A.K.Brisdon, J.H.HoUoway, E.G.Hope, W.Levason, J.S.Ogden and 

A.K.Saad, J.Chem.Soc. Dalton Trans., 1992,139.
20) A. G. Or pen, L.Brammer, F.H.Allen, O.Kennard, D.G.Watson and R.Taylor, 

J.Chem.Soc.,Dalton Trans., 1989,S1-S84.
21) K.Nakamoto, "Infrared and Raman Spectra of Inorganic and Coordination 

Compounds", 4th ed,, Wlley-Intersclence: New York, 1986; p279.
22) H.M.Colquhoun, D.J.Thompson and M.V.Twigg "Carbonylation,"

Plenum Press, London, 1991.
23) a)P.S.Braterman, "Metal Carbonyl Spectra"; Academic Press:

New York, 1975; P177.
b)K.Nakamoto, "Infrared and Raman Spectra of Inorganic and 
Coordination Compounds", 4th ed., Wlley-Interscience:
New York, 1986; pp 292-308

24) C.W.DeKock, D.A.Van Leirsbury J.Am.Chem.Soc., 1972,94,3235.
25) C.D.Desjardlns, D.B.Edwards and J.Passmore, Can.J.Chem., 1979,57,2714.
26) a)J.Chatt, D.P.Melville and R.L.Richards, J.Chem.Soc., A 

1969, 2841 (and refs, therein).
b)J.C.Slatter, "Quantum Theory of Molecules and Solids",
McGraw-Hill: New York, 1963; Vol 1, pp 104,133.
c)K.L.D'Amico, M.Trenary, N.D.Shinn, E.L.Solomon,F.R.M=Feely 
J.Am.Chem.Soc., 1982,104,5102.
d)D.Tevault, K.Nakamoto, Inorg Chem., 1976,15,1282.

94



e)R.L.DeKock, A.C.Sarapu, R.F.Fenske, Inorg. Chem.,
1971,10,38.

27) H.Willner and F.Aubke, Inorg. Chem., 1990,29,2195.
28) C.Elschenbroich and A.Salzer, "Organometallics,” VCH, 1992, p230.
29) For example see G.Wilkinson, F.G.A.Stone and E.W.Abel "Comprehensive 

Organometallic Chemistry" Pergamon Press Vol 3 and 4.
30) R.S.Dickson, "Organometallic Chemistry of Rhodium and 

Iridium," Academic Press Ltd., London. 1983,92.
31) C.Ruger, A.Mehlhorn and K.Schwetlick, E.Chem., 1974,14,196.
32) a)D.Forster, Inorg.Chem., 1969,8,2556.

b)D.Forster, Synth.Inorg.Metal-Org.Chem., 1971,1,221.
33) R.A.Cipriano, W.Levason, D.Pletcher, N.A.Powell and 

M.Webster, J.Chem.Soc.,Dalton Trans., 1987,1901.

95



CHAPTER THREE

Synthesis And Characterisation Of 
Fluoro-Complexes Of Osmium
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Carbonyl halide complexes of osmium have been 
extensively studied for the heavier halogens Cl, Br and I, 
and the preparations and formulation of these species have 
been reviewedi. Generally they either result from a high 
pressure, high temperature carbonylation reaction of the 
metal halide, or by the halogénation of the metal carbonyl. 
However, to date there is only one preliminary report of an 
osmium complex stabilised solely by carbonyl and fluoride 
ligands?, "[Os(CO)3F 2]4", which is discussed later. In fact 
the only other reported example of an organometallic 
carbonyl fluoro-complex of osmium is OsF(CO)2 (NNPh)(PPhg)2 
(see Section 1.9).

3.1 Reaction between H3(CO)i2 (H=Ru and Os) and AHF
)The reaction between Os3 (CO)i2 and XeFa was carried out 

in AHF, since these reagents were previously shown by 
Hewitt? to be unreactive in common organic solvents. 
Therefore it was of interest to investigate the interaction,
if any, of Os3 (CO)i2 with AHF. This study was extended to 
the Ru 3 (CO)1 2 /AHF system for comparison.

RU3(CO)12 and Os3 (CO)i2 were found to react with AHF, 
in FEP reaction tubes, in a similar manner to that 
previously described for Ir^(CO)1 2 , forming orange and 
yellow solutions respectively. The iH and 1^C NMR spectra 
revealed the presence of more than one protonated species in 
both cases. Thus, as with Ir4 (CO)1 2 , the reactions closely 
parallel the analogous protonation by c o n e , H2S O4 . The
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similarity of the two acids is outlined in Section 2.2.
A significant amount of work has been carried out on 

protonation reactions of transition metal carbonyls with 
sulphuric acid. J.Knight et ai.3 have investigated the 
protonation of M 3 (CO)1 2, where M= Fe, Ru and Os. The iron 
carbonyl, Fes(CO)1 2, decomposed rapidly in a 98% sulphuric 
acid solution, but ruthenium and osmium analogues dissolved 
only slowly at room temperature to give solutions which were 
air-stable for many days. The presence of a hydride ligand 
was confirmed by iH NMR spectroscopic studies, and an 
accurate integral against weighed amounts of Me2S04 
suggested the formula [M3(CO)1 2H]+ for both the ruthenium 
and osmium species. This was further substantiated by carbon 
and phosphorus chemical analysis of PF&- salts obtained by 
the addition of the respective acid solutions to aqueous 
NH 4PF 6 . By analogy to the Isoelectronlc hydride complexes of 
rhenium*, [Re3(CO)1 2H 2]~ and [Re3 (CO)i2H]?-, where It has 
been postulated that the hydrogen atoms adopt edge bridging 
sites from X-ray diffraction studies, it was suggested that 
the [M3 (CO)1 2H]+ have similar structures.

A second species was also observed in the reaction of 
Os3 (CO)i2 with c o n c . H2SO4, which exhibited a resonance at 
6-30.2 in the NMR spectrum, typical of a bridging
hydride. The intensity of this resonance increased on 
heating the solution to 100°C. However, [Rus(CO)1 2H]+ 
decomposed at higher temperatures without the formation of 
any new hydride complex.



In an independent study Deeming et ai.s also reported 
the protonation of Os 3 (CO) 12 and substituted derivatives by 
conc. H2SO4. For OS3 (CO)i2, [Os3 (CO)1zH]+ was the first 
species observed at 20“C followed by an intermediate hydride 
complex after Ihr at 100°C, which gave rise to a iH NMR 
resonance at 6-20.3. This is in agreement with that reported 
by Knight et ai.3. However, no assignment of this complex 
was made by either group. In the latter study a third 
species was observed at 6-8.2 after heating at 100°C for 
6 hr, and assigned to the monomeric cation, [Os(CO)sH]+. This 
formulation was confirmed by allowing Os(CO) 5 to react with 
sulphuric acid, and observing a iH NMR resonance at the same 
chemical shift. The overall stoichiometry for the reaction 
of Os3 (CO)i2 with conc.H2 8 O 4 in yielding [Os(CO)sH]+ could 
not be ascertained, however it was concluded that "the
cleavage of the metal-metal bonds Is associated with the 
transfer of a carbonyl from one osmium atom to another."

The structure postulated for [Os 3(CO)1 2H]+ was later 
confirmed by Korldze et ai.& using 1 3C NMR spectroscopy. The 
proton decoupled spectrum showed five resonances of relative 
Intensity 1:2:1:1:1 at 6177.6, 177.1, 166.7, 161.4 and
160.8. The two hlghest-fleld resonances exhibit zj(cH) of
3.7 and 6 .6Hz respectively in the fully coupled spectrum. 
This data was assigned to structure (I), the axial and
equatorial carbonyl groups D and E being differentiated by 
measuring iJ(1s^os-i3C), the latter exhibiting larger 
coupling. This was established from a series of osmium
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cluster complexes. Assignment of B and C was made on the 
assumption that trans- H-C coupling is greater than cis- H-C 
coupling.

OCc
OC

CO,OC CO.
Os

CO,CO
COCO.

CO,
CO,CO

[Ru(CO)sH]+, prepared in an analogous manner to 
[Os(CO)sH]+, was also characterised by NMR spectroscopys,?. 
The iH NMR spectrum displayed a singlet at 6-7.23, while a 

NMR spectrum of a sample prepared from 40% i=0 
enriched Ru(CO) 5 showed two singlets at 6180.5 and 178.5 in 
an approximate 4:1 ratio?. These resonances exhibited 2J(CH) 
of <4 and 24Hz in the fully coupled spectrum and were thus 
assigned to CO cis- and CO trans-H respectively. This is 
consistent with [Ru(CO)sH]+ being an octahedral ion which is 
stereochemically rigid on the NMR timescale.

As already stated, both Rus(CO) 12 and OS 3 (CO) 12 

dissolve in AHF yielding the same protonated species 
described for the H2SO4 dissolutions. The only difference 
between these two protonating agents was the temperature at 
which reaction takes place. With AHF, [Os(CO)5H]+ and 
[Ru(CO)sH]+ are observed at room temperature, whereas in
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H2SO4 high temperatures are required. According to the 
Hammett acidity function, which is a widely used means for 
gauging acidity of non-aqueous media in high concentration, 
liquid H 2SO4 is a stronger acidic solvent than liquid HF®. 
Hence, the difference between these two solvents in their 
reactions with metal carbonyls appears to be independent of 
their relative acidities. An alternative reason for the
difference in the reactivities could possibly be attributed 
to the respective anions HF2~ and HSO4-, where HF 2 - promotes 
the subsequent reaction of [M3 (CO) 1 2H] . For ruthenium the 
monomeric complex [Ru(COsH]+ was observed in greater 
abundance when compared with the osmium case, this is
consistent with the stronger H-M bonds? for osmium relative 
to ruthenium. However, [M3 (CO)1 2H]+ is still the major 
product from each reaction.

The iH NMR resonance observed at 6 -20.2 when Os3 (CO) 12 
is dissolved in H 2SO4 was also apparent at 6 -20.7 in the 
room temperature reaction with AHF. This indicated the 
presence of another complex containing a hydride in a 
bridging environment. The resonance was of a similar 
intensity to that observed for [OS3 (CO) 1 2H] . However, the
13C NMR spectrum suggested that [OS3 (CO) 1 2H] + is the major
species (~75%). Thus the proton resonance at 6 -20.7 (in
AHF) must result from a hydride carbonyl cluster with more
than one hydride ligand, which must be equivalent. The 1 3c
NMR spectrum for this species showed one major resonance at
5159.4 exhibiting proton coupling, but assignment of this
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resonance and an indication of its multiplicity was not 
possible due to an overlap of the resonance with that of 
CO(o) for [Os3 (CO)1 2H 3 + . Three other, as yet unassigned 
minor 1 3C carbonyl resonances were also observed at S 158.2, 
157 and 150. These appeared to be unaffected in decoupling 
experiments and it is not evident, therefore, whether they 
are associated with the complex discussed above or another 
carbonyl containing cluster. From the data available it is 
reasonable to suggest that the unassigned hydrido-cluster 
has a Os : CO ratio less than 1:4, in view of the observed 
formation of [Os(CO)sH]+ which, with a Os:C0 ratio of 1:5, 
is greater than that of the starting material.

13c and iH HME data for both the AHF and H2SO4 
dissolutions are correlated in Table 3.1. The data is 
reasonably consistent, slight variations in chemical shifts 
resulting presumably from the different solvents employed. 
Prior to this work only the iH NMR spectrum had been 
reported for [RU3(CO)1 2H]+. This established the bridging 
hydride environments, s. Variab1e-temperature 1 sc NMR spectra 
has now revealed that this complex is fluxional on the NMR 
timescale, being at coalescence at room temperature (Fig 
3.1). On cooling to -60°C the five resonances expected for 
the stereochemically rigid [Rua(CO)1 2H]+ were observed and 
assigned in accordance with the [Os3(CO)12H]+ species. The 
fluxionality of this cluster at room temperature is not 
unexpected and is directly analogous to that observed for 
the parent carbonyl 1 °. Unfortunately, the fast exchange
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limit of this cluster was unobtainable for practical reasons 
(FEP is porous to AHF at higher temperatures), so a 
prediction of the possible mechanism of exchange, i.e 
scrambling via CO bridges or localised interconversion of 
COax to COeq, is not possible. The former of these two 
mechanisms is more likely and has previously been reported 
as the method of exchange for OS3 (CO) 12 at 150*C&.

Tabig 3.1

N M R  Data for Hydrido-Ctomplexes.̂

Complex Relative
Intensity

^J(CH)/
Hz

Assign­
ment

[Ru(CO)5H]+
at25®C

-7.9(-7.23b) 179.0(180.5^)
176.9(178.2^

4
1

6.6(<4b)
30.7
(24b)

(CO)eq
(CO)ax

[Ru3(CO)i2H]+ -19.4 201.8 1 n.o (CO)d
at -60“C 194.5 2 2 (CO)a

184.9 1 n.o. (CO)e
184.1 1 9.4 (CO)b
179.1 1 <2 (CO)c

[Os(CO)5H]+ -8J(-8.2C) 159 - 3 (CO)eq
at25°C n.o - n.o CO)ax

[Os3(CO)i2H]+ -20.3(-19.2C) 176.4(177.64 1 -(n.o4 (CO)d
at 25°C 169.8(171.14 2 2.9(n.od) (CO)a

165.1(166.74 1 -(n.o4 (CO)e
167.0(161.44 1 <2(3.7d) (CO)b
159.5(160.84 1 7(6.64 (CO)c

[Ir4(CO)i2H2]^+ -20.0(20.0)6 143.7 2 2.2.2.2 f
at 25°Ce 142.0 1 21.2

a. Literature data within parentheses
b. Ref. 5 and 7
c. Ref. 3 and 5
d.Ref.6
e. Ref. 3
f. See Fig 2.1
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3.3 Reaction of OS3(CO)i2 with XeF? in AHF
Triosmium dodecacarbonyl was observed to be unreactive 

towards XeF2 in common organic solvents. However, a vigorous 
reaction occurred in AHF suggesting a similar solvent 
dependency to that described for the Ir4 (CO)iz/XeFz system 
where the formation of the protonated species discussed
above catalyses the subsequent rapid fluorination (see
Section 2.2).

The fluorination of Os3(CO) 12 in AHF was studied in 
the molar ratios 0 3 3 (0 0 )1 2 " XeF2 from 1:1 to 1:5. Unreacted 
XeF2 , evidenced by the i?F NMR spectrum1 1  ̂2, was apparent 
in reactions of molar ratios >1:3, whereas, for lower 
ratios, iH NMR spectroscopy revealed the presence of 
unreacted [Os(CO)gH]+ and [OS3 (CO)1 2H]+ due to incomplete 
fluorination.

At the 1:3 molar ratio neither XeFz nor starting 
material were observed. Further addition of XeF2 had no 
affect on the species present. The room-temperature 1 ^F NMR 
spectrum (Fig 3.2) at this ratio revealed a large singlet at 
6-342 and six smaller resonances of similar integral
intensity: a singlet at 6-433, three doublets at 6-266,
-335 and -340, a triplet at 6-465, and a doublet of triplets 
at 6-412.5 (Table 3.2). These resonances, highly shielded 
from the usual chemical shift region for the I’F NMR 
nucleusiz, are characteristic of a fluoride ligand 
coordinated directly to a low-valent transition-metal 
centrei3'i4. All seven resonances were found to be
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temperature independent, sharpening only at lower 
temperatures. This facilitated the assignment. The i3C NMR 
spectra for samples at the 1:3 molar ratio with ca. 15% isco 
enrichment showed, both at room temperature and at - 
60°C, a large number of signals, the assignment of which was 
only possible by recording selective lacfi??} NMR spectra.

NMR Parameters at 25®C

Complex 19p/ppm Assignment 2J(FF)/Hz

[Os(CO)4F2] (1) -342.5(s) Fi -

[Os(CO)5F]+ (2) -433(s) F2 -

[Os2(CO)?F4] (3) -266(d) F3 86.4
-340(d) F4 117
-412.5(dt) F5 86.4,117

[Os2(CO)«F3]+(4) -336(d) F6 112
-465(t) F7 112

Irradiation at the sharp singlet in the I’F NMR 
spectrum at 6-342, Fi, characteristic of F trans- COi*, 
sharpened the apparent singlet at 6162.4, CO(d , and 
collapsed most of the multiplet at 6154.8, C0(2,, to a
singlet (Fig 3.3). This multiplet represents a number of 
resonances of which the major contribution is from the 
decoupled singlet at 6154.8. The sharpening of CO(i; implies 
the removal of a small fluorine-carbon coupling <2 Hz, 
characteristic of cis- %J(FC)i5, while the much larger

107



n

;II
If
H

s«D

108



coupling in the multiplet C0 <2 ) is typical of irans- 
2J(FC)i5. These two isco resonances can therefore be 
unambiguously assigned as resulting from cis- OsfCO)*?; (1).

CO

Os-O C

O C
COto
1

The positions of the resonances are in agreement with 
those in previous findings, particulary for Os(CO)4 I2 , where 
in the majority of cases the isc resonances of a carbonyl 
trans- to a one-electron donor are at higher field than 
those resulting from a cis- geometry 1 . The observation of 
Os(CO)4F 2 completes the series 0 3 (0 0 )4X 2 , X=C1, Br and I.
For the heavier halogens there are numerous preparative 
routes to their formation^ '1 ?. Generally, they have been 
isolated as the cis- isomers. However, for Os(CO)4CI2 and 
0 3 (0 0 )4 X 2 , the trans- isomers have also been observed and 
characterised by vibrational spectroscopy:8,19. The 
syntheses of these isomers require stringent control of the 
reaction conditions and the chloro- species is only obtained 
from the reaction of trans-Os(OO)4 (SnPPha)2 with 012 at room 
temperature : 8. For 0s(00)4l2 trans- to cis- isomérisation is
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observed as a result of heating or photolysis:’.
Irradiation at the second sharp singlet in the :’F NMR 

spectrum at 5-433, F;, removed the small (cis-) doublet 
coupling at 6156.3, C0 (3 ,, and the large {trans-) doublet
coupling at 6149.2, CO(4 >, in the :3C NMR spectrum (Fig
3.4). This indicates that the complex contains a single
fluoride ligand and has two non-equivalent carbonyl sites.
The two CO resonances are in an approximate 4:1 ratio,
CO(3 ): CO{4 ), and were therefore assigned to the equatorial 
and axial CO's of [Os(CO)sF]+, (2). This species is 
isoelectronic and isostructural with [W(CO)sF]- and Re(CO)sF 
(see Chapter 1). The counter ion in the complex is 
presumably [HF2 ]-. Again, the high-field resonance is 
typical of the CO trans- to a one electron donor:*.

%

X•Os--------C

To date, only the chloro- congener has been reported in this 
class of compounds2 °. It was obtained, in a quantitative 
yield, from the reaction of Cl 2 with a solution of Os(CO) 5 

at -78°C. Elemental analysis and IR data for this complex
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are consistent with the ionic formulation, [Os(CO)sCl]Cl. 
This species is stable at room temperature but dimerises to 
[Os(CO)3CI2]2 when refluxed in hexane. This compares with 
Os(CO)4CI2, which also dimerises under similar conditions21.

Analysis of coupling constants for the multiplets 
observed in the NMR spectrum revealed that the doublets 
at 6-256, F3, and -340, F 4 are related to the doublet of
triplets at 6-412.5, F5, by couplings of 86 and 117Hz
respectively, and in a ratio of 2:1:1. These couplings are 
typical of 2J(FF)i*. The absence of coupling between the two 
doublets implies the presence of a dimer, the unusually high 
field 1»F NMR resonance resulting from a bridging fluoride. 
Complex (3), Os(CO)3F2(p-F)Os(CO)4F, satisfies this I’F NMR 
data, an assignment which is substantiated by its i3C{i9F} 
NMR spectrum (Fig 3.5-3.7).

O C(6)

CO.
(7)

CO.(7)

Irradiation at F 3 removed a large coupling to the isco 
resonance at 6159.7, C0(5>, whilst irradiation at F 4 removed
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coupling to C0{8) at 6155. As expected, when the bridging 
1 NKR resonance F 5 was irradiated, two resonances C0(6) 
and C0{9) at 6152.2 and 156.5, were strongly affected. Since 
no cis- fluorine-carbon coupling was observed on either 
resonance, no firm assignment as to which resonance is 
C0(6) or C0(9) can be made. Unfortunately, the i3C0 
resonance labelled C0(?) was not observed in the spectra, 
presumably because it is obscured by other resonances. The 
only coupling that this resonance would exhibit is a small 
cis- fluorine—carbon coupling, so the decoupled spectrum is 
not likely to be significantly different.

The other two resonances in the I’F MME spectra were 
the doublet and triplet at 6 -336, , and -465, F?, which
exhibit mutual coupling of 112Hz and are in a ratio of 1:2 
respectively. Irradiation at F 7 in the i3c{i9F} experiment 
removes the large (trans-) doublet coupling on the peak at 
6151.4, CO(1 0 ), and causes minor variations in both the 
singlet at 6161.6, CO(1 2 ), and the broad resonance at ca. 
6155, CO ( 1 1 1 (Fig 3.8). Irradiation at F& sharpens CO(1 2 ) 
and removes a large (trans-) coupling in CO(H) (Fig 3.9), 
but has little effect on CO(i0 ). This species, therefore, 
contains three carbonyl environments as well as two fluorine 
environments (in a 2:1 ratio), both of which must be trans- 
CO. The fluorine-bridged cationic dimer, [Os2 (CO)sFa]+, (4),
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readily accounts for all of the NMR data, and is a further 
example of the class of fluorine-bridged transition-metal 
carbonyl fluorldes^ 2 .

CO

O C ------- <(10) y

(11)

/^°(12)

O^-

CQ(11)

CO(10)

These NMR experiments indicate that there are four AHF 
stable osmium carbonyl fluorides formed in the reaction of 
Os 3 (CO) 12 with XeF2 . These are the first examples of osmium 
complexes stabilised solely by carbonyl and fluoride 
ligands. The experiment was found to be reproducible with 
only minor variations in the product ratios, suggesting that 
these are the thermodynamically favoured species. In all of 
the complexes there are no examples of species containing F 
trans- F . This correlates with the fluorination of Ir&(CO)12 

(see Chapter 2), where fac-Ir(CO)3F 3 is thermodynamically 
favoured over mer- Ir(CO)3F 3 . In contrast to the iridium 
system, however, the osmium carbonyl fluorides are stable to
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further oxidation by XeFa and even elemental fluorine (see 
Section 3.6) which may be accounted for by the stronger M-CO 
bond for osmium relative to iridium in the respective 
compounds.

l a f r k 3.3

NMR Parameters at 25®C

Com plex 13cO/^pm 2j(FC)/Hza

[Os(CO)4P2] (1) c o n i 162.4 <2b (Fl)
CO(2) 154.8 65 (Fl)

[Os(CO)5F]+ (2) c o m 156.3 6.5b OF2)
c o m 149.2 62.1 (F2)

[Os2(CO)?F4] (3) COm 159.7 86 (Fl)
C0(9^ 156.5
CO(g) -155 34 (F4)
c o m 152.2 -
c o m n.o 83.1 (F6)

[0S2(C0)RF3]+ (4) C0fi2) 162 <2b
c o n n 154.6 -35 (F6)
c o n o ) 151.4 87.5 (F?)

a, resonance, involved in coupling, in parenthesis (generally thœe are 
trans CO)« ̂ s 2j(F^^C0) were <3Hz.b.2j(FcüCO)
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3.3 Discussion of the NMB Data
The regions of the NMR spectrum associated with a

terminal fluoride ligand t r a n s -  to either a carbonyl or 
halide has already been established for rhodium and iridium 
organometal1ic complexes (see Section 1.12) The data 
presented within this thesis substantiates this and also 
extends the trends to osmium and ruthenium chemistry. 
However, alternative environments for the fluoride ligand 
have also been established warranting further discussion. 
For neutral complexes the I’p NMR resonances for F t r a n s - C O  

and F trans-F fall within the expected regions for the 
terminal ligand. However, for cationic complexes, these 
regions overlap such that for, [Os(CO)sF]+, the i?F NMR 
signal for the fluoride t r a n s -  to a carbonyl group is 
observed to occur within the region associated with F t r a n s -  

F (similar results are obtained for cationic phosphine 
fluoro-complexes see Chapter Four). For anionic complexes 
this situation is reversed, the ^’F NMR resonances being 
deshielded relative to their neutral analogues. This is 
opposite to the expected trend in NMR spectroscopy where an 
increase in negative charge is usually accompanied by an 
increase in the shielding of the NMR nuc1eus 2 3 . Recently^ 4 
similar observations have been reported for [XeFs]~ where 
although the i2 9Xe chemical shift for this species is 
significantly shielded relative to XeF4, the I’F chemical 
shift of [XeFs]- is deshielded relative to XeF^. At present 
the reason for this phenomenon is unclear.
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The reaction between Os3 (CO) 1 2 and XeF? also revealed 
the possibility of a fluoride ligand adopting a bridging 
environment between metal centres. For these species, the 
1 9F NMR resonances of bridging fluorides, although being 
t r a n s -  to carbonyl groups, can be observed at lower 
frequencies than the comparable resonances due to the 
terminal ligands, overlapping with the F t r a n s - F  region,
e.g. Fs(6-412.5). This situation is similar to that observed 
for NMR where terminal hydride ligand resonances occur at 
higher frequency than those of bridging hydrides, see Table 
3.1.

Hence, although I’F NMR spectroscopy provides a useful 
tool for interpreting reaction products and proposing their 
geometries, care must be taken if relying solely on chemical 
shift values, especially where ionic complexes may result 
from the reaction. For carbonyl containing complexes this 
situation can be overcome by recording 1 NMR spectra, 
where the magnitude of the coupling between i^F and i3C 
nuclei clearly distinguishes between c i s -  and t r a n s -  

geometries of the fluoride and carbonyl ligands. Thus, from 
a combination of the NMR data unambiguous assignment is 
possible. The reliance on isc NMR data is not as important 
for complexes containing other spin active nuclei e.g. 3ip.
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3.4 Discussion on the Fluorination of Osmium Carbonyl
In the reaction of Os3(CO) 12 with XeFz in AHF the 

formation of [Os(CO)sF]+, with a carbonyl to osmium ratio 
higher than that of the starting material means that 
carbonyl scrambling must have occurred. The analogous 
hydride, [Os(CO)5H]+, discussed above, was also obtained 
from cleavage of the trinuclear cluster Os3 (CO)1 2 . From this 
it was suggested that metal-metal bond cleavage is 
associated with carbonyl scrambling around the clusters. A 
similar process occurring during the fluorination of 
Os3(CO) 12 can be envisaged. However, the dependence on the 
presence of metal-metal bonds for the formation of 
[Os(CO)sF]+ in this reaction is only speculative. An 
alternative carbonyl scrambling mechanism could occur from 
an intermolecular process after fragmentation of the 
cluster.

In a parallel investigation, an attempt to prepare 
Os(CO)4F 2 via an alternative route was undertaken. The 
complex. Os(CO)4 (CH3)2, was found to react with AHF evolving 
methane gas. (The full reaction is discussed in Section
3.7). The 1 NHR spectrum of the resulting solution 
established the presence of Os(CO) 4F 2 (1) and [OsF(CO) 4 (jn- 
F)OsF(CO)4 ]+ (4). However, in this reaction [Os(CO)sF]+ (2) 
and Os(CO)3F 2 (p-F)Os(CO)4F (3), which are observed from the 
reaction of OS3 (CO) 12 with XeF2 or F 2 gas (see Section 3.6), 
were absent. Since Os(CO)4 (CH3)2 is monomeric, the absence 
of (2) and (3) strongly implies that their formation in the
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Os3 (CO)1 2/XeF2 system is associated with carbonyl scrambling 
resulting from metal-metal bond cleavage, as described for 
[Os(CO) sH] 5. Another implication of the NMR data from

the Os(CO)4 (CH3 )2 reaction is that, although complex (1) is 
the dominant species in solution, the fact that subsequent 
room temperature reaction over several days yielded complex 
(4) implies dimérisation of (1) with loss of CO. This 
suggests a greater thermodynamic stability for fluorine 
bridging species, relative to those containing terminal 
fluorides. This is also strongly supported by the 
polymerisation of Os(CO)4F 2 in the solid state (discussed 
below).
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3.5 Polymerisation of the Complexes (1) (2) (3) and (4) 
on Removal of the Solvent

For the Os3(CO)1 2/XeF2 system the removal of solvent 
from reaction mixtures of >1:3 mole ratio resulted in the 
formation of an air-sensitive off-white solid, the IR 
spectrum of which showed two broad absorptions assignable to 
terminal vco at 2130 and 2025cm-1 . However, when these 
samples were redissolved in AHF the 1 ?F NMR spectrum reveals 
a dramatic difference in the solution species. A previous 
investigation by Hewitt2 on the solid product from the 
reaction using X-ray powder diffraction studies gave 
similar, but not identical results to those on [Ru(CO)3F 234 • 
This had been prepared by the analogous reaction of 
Ru3(CO)12 with XeFa and also by the reaction of [RuFs]4 
with CO at high temperature and pressure 2 s. The X-ray 
crystal structure of this complex:& reveals a structure 
which closely resembles that of [RuFg] 4 , where the ruthenium 
atoms are in a tetrameric ring with bent fluorine bridges:?. 
From this data Hewitt concluded that the solid obtained from 
the osmium system was [Os(CO)3F 2]4 •

The 1 ?F NMR spectrum of this complex redissolved in AHF 
establishes that the previously described fluoro-complexes, 
(1), (2), (3) and (4) are still present. However there are a 
number of new resonances, the multiplicity of which 
indicates products of a polymeric nature. The polymerisation 
was time dependent such that samples held under dynamic 
vacuum for about two hours exhibited I'̂ F NMR spectra showing
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the growth of these polymeric species. These NMR data 
suggest that the te tramer does not exist in AHF solution; 
the predicted first order i’F NMR spectrum for [Os(CO)3F 234 , 
two triplet resonances of equal intensity exhibiting mutual 
coupling, is not observed.

If the tetramer is not stable to AHF dissolution 
fragmentation may result. The oxide fluoride, [WOF43 4, which 
has a similar tetrameric structure to that of [Ru(CO)3F 23 4 , 
is known to be unstable on dissolution in AHF or MeCN2 s, 
with fragmention to [W0Fs3", [W2O 2F 9 3- and [W3O 3F 1 s3". The
absence of NMR data assignable to [Os(CO) 3F 2 ] 4 in this 
present investigation is therefore not surprising. For 
[Os(CO)3F 23 4 in AHF possible fragmentation products include 
mer— or fac- [Os(CO)3F 33“> analogous and isoelectronic with 
Ir(CO)3F 3 ; and [Os2 (CO)sFs3“ (c.f. [W2O 2F 9 3") for which 
there are 6 possible isomers, without considering the 
possibility of ligand scrambling. The 1 »F NMR spectra of 
these molecules are likely to be complicated, especially if 
4J(FF) coupling is large enough to be resolved.

The complexity of the NMR data means that any 
assignment can only be regarded as tentative, so an attempt 
to find a solvent which is less likely to be destructive to 
a polymeric material was undertaken. Tungsten oxide 
tetrafluoride retains its tetrameric structure in t o l u e n e : ?, 

a less coordinating solvent than AHF, but, unfortunately, 
[Os(CO)3F 23 4 is insoluble in this and other non-coordinating 
solvents. It was, however, found to be soluble in MeCN, a

126



potential coordinating solvent, and the NMR spectrum of
this solution exhibits one M-F resonance at 6-305. The 
assignment of this resonance is complicated by the lack of 
available NMR data for F trans- coordinated MeCN. The I’p 
NMR resonance of such a fluoride environment is expected to 
occur in a similar region to that of F trans- to CO since CO 
and NCMe are both ir-acidic ligands. However, it seems 
reasonable to suggest that carbonyl substitution has 
occurred with the formation of a solvated complex e.g. 
Os(CO)2(NCMe)2F 2 . The fluoride ligands are found to be 
unreactive in substitution reactions (see Section 3.7). 
Removal of the solvent at this stage resulted in the 
precipitation of an intractable white solid which would not 
redissolve in MeCN. Presumably, the removal of the solvent 
results in the loss of the coordinated MeCN and 
polymerisation of the solid.

Unfortunately, although this NMR analysis proved to be 
ineffective in confirming the proposed solid state stucture 
of [Os(CO)3F 2]4 / the data does give evidence of 
polymerisation of the solution intermediates. Samples held 
under dynamic vacuum for about two hours exhibit 1?F NMR 
spectra showing the growth of polymeric materials. This 
phenomenon is not surprising and directly parallels previous 
observations for other transition metal carbonyl fluorides. 
Structurally characterised complexes of this type have, in 
all cases, revealed fluorine-bridges where the fluoride 
occupies bridging sites between 2 or 3 metal centres (see
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Section 1.8). For complexes where X-ray structures are 
unavailable, there is also a predominance of formulations 
with fluoride-bridges. This indicates a thermodynamic 
preference for polymerisation.

The polymerisation of the major species, Os(CO)4F 2 , on 
removal of the solvent, is anomalous when compared with 
related complexes containing the heavier halogens, Os(CO)4X 2 

X= Cl, Br, or I, which can all be isolated in the solid 
state1 ,17. For these complexes, polymerisation to the halide 
bridged dimers, [Os(CO)3X 2 ]2 , is only observed to occur at 
elevated temperatures in various solvents so. This suggests a 
greater carbonyl lability for fluoro-complexes when compared 
to their halo-analogues, a situation which is also 
paralleled in the rhenium system. Re(CO)sX X= F, Cl, Br, 
or I .

From an IR analysis, Re(CO)sF has been proposed as a 
solution intermediate from the reaction of Re(CO)sBr with 
AgF. However, this complex was found to polymerise to the
structurally characterised tetramer [Re(CO)3F] 4 in 
f1uorobenzene at room temperature s1 . On the other hand for 
the rhenium carbonyl complexes of the heavier halides the
isolation of the pentacarbony1 halides as solids is easily 
achieved32 . Very recently, this greater lability of the CO 
ligands in fluoro-complexes relative to their halo-analogues 
has been quantitatively demonstrated for the Re(CO)3(PPh3)2X 
system!5b. Using !3C NMR spectroscopy Hoffman et al. 

established an accelerated room temperature i2co/!3co
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exchange at the rhenium centre, roughly 2 orders of
magnitude greater at a carbonyl in the c i s -  position to the 
halide for the fluoro-complex relative to that in the 
chloro-complex. The phenomenon of increased c i s -

labilisation fits the series for the heavier halide ligands, 
previously shown to follow the order Cl> Br> 13 3. a  

corresponding trend was also observed for the incorporation 
of the labelled CO t r a n s -  to the chloride ligand in. 
Red(CO) 3 (PPha)2, albeit at a significantly slower rate.
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3 .6 Fluorination of Os3(CO)12 by Fluorine gas
Reactions of metal carbonyls with halogens giving rise 

to the formation of halogencarbonylmetal derivatives have 
been reported for many of the transition metals 3 4. For the 
iron triad the reaction between Fe3 (CO)12 and 12 in THF 
results in the isolation of Fe2 (CO)g 12 in small yields3 s, 
whereas the halogénation of Ru 3 (CO) 1 2 , at low temperature3& 
produces the monomeric cis- Ru(CO)4X 2 - For Os3 (CO)1 2, 
halogénation proceeds slowly producing sequential cleavages 
of the osmium-osmium bonds allowing the isolation of 
intermediates in high yieldss4a. This behaviour contrasts 
with that of ruthenium, reflecting the increased stability 
of the metal-metal bonds to oxidation on descending a 
transition metal group9. This enhanced stability makes 
Os 3 (CO)12 an ideal candidate for investigation of its 
reaction with fluorine gas. The reactivity of RU 3 (CO)12 with 
the heavier halogens has been demonstrated to decrease in 
the order Cl> Br> 1 3 4 e, suggesting that any reaction with F 2 

would be the most vigorous for any system. Traditionally, 
the fluorination of low-valent transition metals by F 2 gas 
has been avoided. This is, in part, because of practical 
limitations of manipulating the gas, but more importantly 
because of the powerful oxidising properties of the reagent. 
There is potential for uncontrollable reactions, such as 
that observed for Mo(CO)& which, although reported to 
produce an olive green compound below -75°C, can also result 
in detonation3?. In this investigation a similar reaction
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was observed between F 2 and solid Os3 (CO)1 2 , which resulted 
in combustion. Presumably, the formation of the 
thermodynamically favoured carbonyl fluoride, COF2 , is 
driving these reactions. However, probably the major reason 
for these vigorous reactions is the absence of suitable, 
inert solvent to mediate them. Investigation of the 
interaction of metal carbonyl clusters with AHF (see 
Sections 2.2 and 3.1) indicates that this solvent meets the 
necessary requirements envisaged for more controllable 
reactions. Hence, the reaction of Os3 (CO) 12 with F 2 in AHF 
was attempted.

Complete dissolution of Os3(CO) 12 in AHF was achieved 
by vigorous agitation of the solid with AHF at room 
temperature. The resulting ye11ow solution, containing 
mainly [Os3 (CO)1 zH] +, was then frozen to allow the addition 
of a stoichiometric amount of F 2 gas. Subsequent warming of 
this reaction mixture produced no apparent sign of reaction. 
However, on standing, the upper portion of the yellow 
solution decolourised. On agitation, a rapid colour change 
occurred eventually resulting in a pale yellow green 
solution after ten minutes. Although OS3 (CO) 12 in AHF 
appears ye1 low, the colour changes were obvious and at one 
point the reaction mixture appeared pink. To ensure complete 
reaction, the solution was agitated overnight. A :?F NMR 
analysis of a decanted sample of this solution revealed an 
analogous reaction scheme to that described from the 
fluorination by XeF2, in which the spectrum was dominated
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(excluding the peak due to HF) by the Os-F resonance of c i s -  

Os(CO)4F 2 at 6-342, other resonances assigned to (2), (3)
and (4) were also observed. The further addition of F 2 above 
a 1:3 OS 3 (CO)1 2 :F2 ratio did not alter the overall scheme of 
the reaction but resulted in a change in the proportion of 
(2) when compared to the earlier spectrum, an observation 
similar to that described for Os(CO)4 (CH3 )2 and AHF. The 
implication from these observations is that the complexes 
labelled (1) to (4) are unreactive to excess of F 2 as well 
as to XeF2 . The relative growth of the complex (2) with time 
has already been discussed for the Osa(CO)1 2/XeF2 system, 
and arises from the dimérisation of (1) to the more 
thermodynamically preferred complex, (2).

3.7 Osmium Phosphine Fluoro-Complexes

As mentioned above it was not possible to unambiguously 
confirm the nature of the solid state complex postulated by 
Hewitt2 to be "[Os(CO)3F 2]4"• However, its reaction with 
acetonitrile was of interest in displaying the lability of 
the carbonyl groups in this complex. As discussed previously 
(see Section 2.7), substitution of carbonyls by other donor 
ligands, especially phosphines, is a well established area 
of chemistry.

For ruthenium and osmium carbonyl halides, substituted 
derivatives have been extensively studied and a wide range 
of complexes have been isolated for the heavier halides (Cl,
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Br, or I) ' with various phosphine ligands ( L ) i . The 
general formulae for these complexes are M(CO)3LX 2 , 
M(C0 )2L 2Xz, M(C0)LsX2 and the dimeric M 2 (CO)4L 2X 4 and they 
can be synthesised via three general procedures

1) Reaction of neutral and anionic carbonyl halides with L .

2) Carbonylation of the respective hydrated metal halides, 
halometallates or metal phosphine halides, with L in 
alcoholic media.

3) Halogénation of metal carbonyl phosphine complexes.

The absence of fluoro analogues to date is presumably 
due to the unsuitability of these preparative techniques for 
the formation of such complexes, in particular

1) No reported fluoro-precursors.

2) The fluoride ligand is very labile in polar solvents as 
observed for IrF(CO)(PPhs)2 in MeOH. Hence, the isolation
of fluoro-complexes via this synthetic route is likely to 
be hampered by the formation of solvated complexes.

3) Fluorine is a very reactive gas requiring 
specialised equipment for its safe handling and is
likely to be destructive (sometimes explosively) to
oxidation-sensitive complexes.

The off-white solid "[Os(CO)3F 2]4" was found to be
Insoluble in CD2C12 at room temperature but, on addition of
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PMe3 , vigorous evolution of CO occurred with the development 
of a colourless solution and a small amount of a fine white 
solid. By a combination of i9p and 3ip nmr spectroscopy the 
soluble material from this reaction was identified as cis- 
Os(CO)2F 2 (PMes)2 , exhibiting triplets in both the 1 and 
the 3ip NMR spectra at 6-315.3 and 6-15.2 respectively, 
with mutual coupling of 38Hz. This stoichiometry is in line 
with the initial Os:F ratio of 1:2 required for the 
formation of the precursor. Thus, in the removal of the 
solvent and subsequent reaction with PMe3 there is no loss 
of fluoride as COF2 or F 2PMe3 respectively, suggesting that 
the Os-F bond in these complexes is stable in both the 
solution and solid phases.

There are three possible geometric isomers of this 
complex. A, B and C, which would give rise to triplets in 
both the 19F and 3ip NMR spectra. Structure C, as well as

OC.

PMC3

PMe;

(A)

'CO

McjP.

Me,?'
;os:
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OC'

CO
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being an unlikely configuration for a soluble product of 
this type, can be discounted since iH NMR spectra of the 
complex revealed a virtual triplet^ s for the methyl 
resonances consistent with mutually t r a n s -  phosphine ligands 
(a c i s -  configuration would give rise to a second order 
doublet). Differentiation between A and B is based on the 
observation of the i NMR resonance at 6-315.3, which is 
characteristic of F t r a n s -  CQi4 as in B. This assignment is 
in agreement with the preference for CO ligands to adopt 
c i s -  configurations where competition for the available 
electron density on the metal is minimised^?. The isolation 
of this complex v i a  the substitution of carbonyls in a 
trans it i on-meta1 carbonyl halide complex is not unexpected 
and directly parallels the chemistry for the heavier 
halogens Cl, Br and I, as outlined above. However, the only 
previously reported fluoro-complex of osmium containing 
carbonyl ligands is OsF(CO)2 (N=NPh)(PPhs)2 (see Section 
1.9) .

As outlined above, an alternative preparation of
substituted carbonyl halide complexes is by the halogénation 
(excluding F 2) of osmium (or ruthenium) carbonyl phosphine
compounds. Since fluorine gas is likely to be destructive to 
the phosphine ligand it was felt that XeF2 might be a more 
suitable fluorinating agent for some of these species.
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3.8 Osmium Carbonyl Phosphines
This area of chemistry has been highlighted in various 

review articles and the synthesis of both mono- and 
trinuclear derivatives have been reported^ o. The former 
class, Os(CO)s-nLn (n-1-3), have been obtained via direct 
substitution reactions eliminating various ligands such as 
CO, NO, alkane or H+ from the appropriate precursor. The 
latter class of complexes have also been synthesised by 
substitution and for monodentate phosphine ligands have been 
isolated for Oss(CO)iz-nLn (n=l-4). For n=l or 2 these 
complexes can be obtained by allowing L to react with 
Os 3 (CO)1 1(NCMe) and Os3 (CO)1 2 (NCMe) 2 respectively.
Alternatively, for n=l-3 these complexes can be prepared 
from the reaction of L with Os3 (CO)12 under thermal or 
photochemical conditions, and then separated
chromatographically.

The reaction of mononuclear Os(CO)3 (PPh3 )2 with XeF2 is 
discussed in Chapter Four along with the analogous reaction 
with Ru(CO)3 (PPh3 )2 . The trinuclear derivative.
Os3 (CO)g(PPh3)3, was chosen for the investigation of its

136



reaction with XeFz. The Os 3 (CO)9 (PPhs) 3 has been analysed 
crystallographically41 , showing that the three tertiary 
phosphine ligands occupy equatorial sites, one per osmium 
atom and so arranged to minimise steric crowding.

CO
CO

Os'"

CO CO
OC CO PPh

CO
CO CO

Hence, the expected cleavage of the osmium-osmium metal 
bonds due to reaction with XeFz should result in retention 
of a phosphine ligand on each osmium. For the mono- and di­
substituted complexes, although their reaction would be of 
interest, a similar cleavage would be expected to result in 
a mixture of products. The greater solubility of 
Os 3 (CO)9 (PPhs) 3 in organic solvents with respect to the 
parent carbonyl. Os 3 (CO)% 2 , permits its fluorination by XeFz 
to be investigated in dichloromethane.

The reaction occurred vigorously on warming from -100“C 
to room temperature. Subsequent NMR analysis revealed that 
the expected product, cis- OsFz(CO)3 (PPhs), was obtained in 
significantly higher yields if the reaction was controlled 
thermally. Hence, in a typical reaction the dichloromethane 
solution was gradually allowed to warm to room temperature
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overnight. The resulting solution exhibited a doublet and a 
triplet resonance in the I’F and 3ip NMR spectra 
at 5-328.0 and 61.9 respectively, with mutual coupling of 
26Hz. This is consistent with structure below.

PPh

O C
Os'

O C

C O

Although the related isomer with mutually trans­
fluorines would also give rise to resonances of the same 
multiplicity, the i N M R  resonance is within the region 
consistent with a F trans- to CO environment and not F 
trans- to Fi*, the complex is, therefore, assigned as shown.

The formation of this complex now completes the series 
for the tricarbonyl halides, OsXz(CO)3 (PPhs) 2 X= F, Cl, Br 
or I, which for the heavier halides are obtained by the 
oxidative cleavage of Os 3 (CO)9 (PPhs)3 with halogens»2 .

The complex represents the major product in solution 
(~85%). A second minor product exhibits an unresolved 1 »F 
NMR resonance at 6-328.8. Unfortunately, the absence of a 
comparable aip spectrum precluded assignment. The 1 ’F NMR 
resonance was in the region of the spectrum associated with 
F trans- CO or P, and is therefore unlikely to be due to the 
trans- isomer of Os(CO)3F 2 (PPhs).
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3.9 An Alternative Formation of F 1uoro-comp1exes

AIky1-transition metal carbonyl complexes have proved 
useful in the synthesis of novel transition metal compounds. 
Protons react readily with such complexes with the 
elimination of the appropriate alkane. This synthetic 
procedure has recently been demonstrated for the formation 
of the first low-valent transition-meta1 carbonyl teflate 

(-OTeFs) complex;

CH 3Mn(C0 )s + HOTeFs ----> CH4 + Mn(C0 )5 (0 TeFs)

CpFe(CO)2 (OTeFs) and He(CO)5 (OTeFs) were also prepared from 
the corresponding methyl d e r i v a t i v e s * 3.

Cleavage of a rhenium-methyl bond by protlc 
electrophlles has also been demonstrated by the formation of 
CpRe(NO)(PPHa)X (1= Cl, Br or 1)44 &nd [LHe(NO)(CO)X]+ (L= 
1,4,7,Triazacyclononane and X= F,Cl,Br,or NO3 )4 s. For the 
latter series of complexes it is noteworthy that aqueous HF 
resulted in the isolation of the fluoro-complex. In both of 
the above classes of compounds, retention of configuration 
was observed although different mechanisms are proposed. 
Very recently, Cotton et ai.46 reported the isolation of 
H0 2F 4 (PH3)4 from the reaction of the alkyl precursor 
Mo 2 (CHs)4 (PH3 )4 with Olah's reagent (pyridine/HF 30:70% 
solution). This reaction highlights the importance of this 
route where the desired product is unobtainable via a 
simple fluorine metathesis reaction with the chloro- 
analogue.
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The formation of LReF(NO)(CO) by methane elimination 
demonstrates the usefulness of this little-used synthetic 
procedure in the preparation of the fluoro-complexes. To 
date, the only other reported examples of this reaction 
scheme being employed is the reaction of He(CO)5CH3 with 
HPF6 or [CPhs]PF &, which results in the formation of
[Re(C0 )5 (M-F)Re(C0 )s]+47.

A number of alkyl derivatives of transition metals are 
available and it is anticipated that they will undergo 
similar reactions to those described above. In the present 
investigation the déméthylations of Re(CO)4 (PPhs)CHs and 
Os(CO)4 (CH3)2 were attempted.

The reaction of Re(C0 )4 (PPh3 )(CH3 ) with AHF was 
undertaken in CD2C12 . On addition of AHF and subsequent 
warming to room temperature methane gas was evolved 
(characterised by IR), and the solution developed a yellow 
colour. The resulting complex, formed in a quantitative 
yield, was characterised by I’F and 3ip NMR spectroscopy as 
c i s — ReF(CO)4 (PPha). The 1?F and sip spectra exhibit doublet 
resonances at 6-374.9 and 610.8 respectively, with mutual 
coupling of 34Hz. These NMR data are consistent with the 
c i s -  configuration and are directly analogous to 
ReF(CO)3 (PPhs)2 , (see Table 3.5) where assignment of F c i s -  

to mutually t r a n s -  phosphines is proposed.
Also tabulated for comparison are the IR active vCO 

bands for ReF(CO)4 (PPhs) and those of the corresponding 
halide analogues. The data is consistent with terminal
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carbonyls in a molecule of C, symmetry (cis- isomer) where 
all four modes of the CO stretching vibration are IR active.

PPh,

O C

o c C O

C O

(For the trans- geometry, C»,, 2 bands are predicted). The
absence of the corresponding vCO at ~2018cm-i (observed as a 
shoulder for the iodo-complex) is presumably the result of 
the broad absorption at 1995cm-i obscuring this band. A 
noteworthy observation from this reaction is the solid-state 
stability of the complex. Differences in the stability of 
ReF(CO) 5 and ReF(CO)3 (PPha)2 have already been mentioned 
(see Section 3.5). For the former complex, room temperature 
decarbonylation occured in solution with the formation of 
the tetramer, [Re(CO)3F]4 , whilst, for the phosphine 
substituted derivative, the monomeric species is stable as 
both a solid and in solution. Hence, from comparison of the 
observations for ReF(CO)4PPh3 (this work) and 
ReF(CO)3 (PPha)2 with Re(CO)5F , the greater basicity of the 
phosphine ligand compared to that of carbon monoxide would 
appear to account for the stability of these phosphines 
towards decarbony1ati on.
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Comparison of IR and N M R  Data for ReF(CO)4(PPh3)

Conçlex S31p vCO/cm*l
ReF(C0)3(PPh3)2^ 10.3 (35)» notreponed 2039(w)

1939(0.27)
1890(0.11)

ReF(CO)4 (PPh3 ) 10.8(34) -374.9 2107(s)

1995(s,br)
1933(br)

Rea(CO)4(PPh3)b 4.4 2105(0.24)
2018(0.71)
2002(1.00)
1945(0.56)

ReBi(CO)4(PPh3)b 2100(s)
2015(s)
1998(vs)
1940(s)

ReI(CO)4(PPh3)b 2103(m)
2018(sh)
2001(s)
1949(m)

a, Referaice 15b).
b, Refomce 50.

Not obsoved see text

Dimethylosmium tetracarbonyl was found to react with 
the protic solvent anhydrous hydrogen fluoride at 
approximately -40“C, with the vigorous evolution of methane 
gas (characterised by gas phase IR). At room temperature all 
of the solid starting material was consumed and gas 
evolution appeared to have ceased. A room temperature I’F 
NMR spectrum of the colourless solution revealed the 
presence of two M-F resonances at 6-342.8 and -358.4. With
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time (days) in a closed system, at room temperature, further 
reaction was observed so that the i '’F NMR resonance at 
6-342.8 dominated the spectrum. This resonance was 
attributed to cis-Os(CO)4F 2 (1) by comparison of the HMR 
data with that previously obtained from the OS3(CO)1 2/XeF2 
system. The resonance at 6-358.4 had disappeared at this 
stage whilst a new resonance at 6-361.2 representing 19% of 
the fluorine-containing species, was evident. The only other 
resonances in this spectrum are assignable to [F0 s(C0 )4 (^- 
F)Os(CO)4F]+ (4) and result from the dimérisation of
Os(CO)4F 2 (c.f. the Os 3 (CO)12/XeF2 system). A 1 3C NMR
spectrum of this sample confirmed the assignment of the 
major species as cis-Os(CO)4F 2 . However, two new resonances 
not attributable to [FOs(CO) 4 (ju-F)Os(CO) 4F] + were observed 
at 6161.5 and 154.5. These are presumably associated with 
the 1 ’F NMR resonance at 6-361.2, although assignment is not 
possible at this stage.

In another experiment Os(CO)4 (CH3 )2 was allowed to 
react with AHF at -40°C. After the initial gas evolution had 
ceased, the reaction mixture was briefly warmed to room 
temperature to ensure completion of this inital evolution of 
volatiles, and then a low temperature (-50°C) 1 ?F NMR
spectrum was recorded. The spectrum was dominated by a M-F 
resonance at 6-354.8 (the temperature shifted resonance, 
6-358.4), which was resolved as a quartet (2j(FH)=13Hz) 
exhibiting coupling to three equivalent protons (in the 
1 9R{iH} NMR spectrum, 6-354.8 was observed as a singlet).
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The iH NMR spectrum revealed the corresponding doublet 
resonance at 6 0 . 2  (2j (PH)= 13Hz). These data are assignable 
to c i s -  or t r a n s -  Os(CO)4 (CH3)F where cleavage of only one 
OS-CH3 bond has occurred. The iH NMR spectrum of this sample 
also revealed the presence of a second resonance at 5 0.1 
(-50°C) in an approximate ratio of 2:1 relative to that of 
the -CH3 resonance of Os(CO)4 (CH3)F. A possible assignment 
of this resonance is to dissolved CH4 , liberated from the 
reaction (CH4 was reported by F.L’Eplattenier at 60.18 in 
THF)43. However, a low temperature i3C{iH> NMR spectrum of 
the initial reaction products revealed 5 resonances, 3 
singlets assignable to terminal CO's at 6 170.5, 157.2 and
163.3, and 2 C-H resonances at 6-23.0 (singlet) and 6-19.3 
(doublet 9Hz). The doublet in this i3C{iH> spectrum is 
undoubtedly due to i?F coupling, in agreement with the 
assignment of Os(CO)4 (CH3)F. For the t r a n s -  isomer of this 
species one carbonyl resonance would be expected, whereas 
the c i s -  isomer has three carbonyl environments. Although 
three 1 3C carbonyl resonances were observed, for the c i s -  

isomer one should exhibit a large t r a n s -  F coupling ('"80Hz), 
whereas the other two 13co resonances should display 
relatively smaller CO c i s -  F (~2Hz) and therefore may be 
unresolved at this resolution. Hence, the data is not 
unambiguously assignable to either c i s -  or t r a n s -  

Os(CO)4 (CH3)F. It appears from the RMR that there is
only one fluorinated complex, but the iH and i3c NMR spectra 
indicate that two species exist in solution. One possible
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interpretation of these results is that the initial reaction 
has not reached completion, resulting in the presence of 
t r a n s -  Os(CO)4 (CH3 )F together with unreacted c i s -  

Os(CO)4 (CH3)2 . This would account for the unassigned methyl 
resonance in the iH and i3C NMR spectra. Comparison of i3c 
chemical shifts data for c i s -  Os(CO)4 (CH3 )2 with those from 
the literature is hampered by differing solvents. However, 
the 1 3C0 resonances at 6 167.2 and 163.3 and the methyl 
resonance at 6-23 appear to be consistent with this 
assignment. For c i s -  Os(CO)4 (CH3)2 in C&D6 two i3co 
resonances, 6 177.7 and 170.6, are observed at 30°C in the 
13C NMR spectrum.

Obviously, the characterisation of species in this 
initial stage of the reaction is tentative and requires 
further investigation. However, it can be ascertained that 
the reaction of AHF with Os(CO)4 (CH3)2 initially yields 
Os(CO)4 (CH3 )F and then, more slowly, c i s -  Os(CO)4F 2 . The 
latter is observed to partially dimerise to [FOs(CO) 4 (M" 
F)Os(CO)4F]+. The stability of the OS-CH3 bond to 
electrophi1ic attack has also been demonstrated by
F.L'Eplattanier a t aJ.4 9 , where the reaction of the Br2 with 
cis-Os(CO)4 (CH3 )2 similarly resulted in the cleavage of one 
OS-CH3 bond to form cis-Os(CO)4 (CH3)Br. The second Os-CHs 
bond was unreactive towards Br2 . However, for the ethyl 
derivative, complete dealkylation was observed with the 
formation of cis-Os(CO)4Br2 . Characterisation of the 
intermediates discussed above would be greatly aided by low
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temperature i3c{i9F} NMR experiments after 'the initial 
reaction. Also of interest would he the the reaction of AHF 
with the methyl and ethyl species in a solvent such as 
CH 2 C 12 where a stoichiometric amount of AHF can be 
added.

3.10 Summary
Presented in this chapter is evidence for a number of 

fluoro-complexes of osmium, derived from a variety of 
synthetic routes. The Os 3 (CO)1 2/XeF2 system highlights the 
problems associated with elucidating the nature of the 
resulting complexes, which can be conveniently overcome by 
recording 1 1 sc and 13C{19F} NMR spectra. From the 1?F 
NMR study an extension of the chemical shift regions for 
fluorine bound to metal centre could be made. The solid 

product from this reaction "[Os(CO)3F 23" was shown to 
exhibit useful properties as a precursor for the formation 
of other fluoro-complexes. This was illustrated by the 
reaction of "[Os(CO)3F 2]" with PMea which resulted in 
OSF2(CO) 2 (PMe3)2 • The PPh3 analogue of this complex, 
OSF2 (CO)aPPh3 , was obtained from the reaction of 

OS3 (CO)9 (PPh3 ) 3 with XeF2 .
Other fluorinating agents were also investigated. 

Anhydrous HF and fluorine gas were shown to be suitable 
reagents for reactions with low-valent organometallie 
complexes. The reaction of F 2 with Os 3 (CO)% 2 resulted in the 
formation of the same complexes observed in the 
Os3(CO)1 2/XeF2 system, and it is noteworthy that, although
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F 2 is considered as an aggressive finerinating agent, the 
reaction occurred smoothly at room temperature, not 
requiring stringent control of the conditions. For AHF, 
facile dealkylation of transition-meta1 methyl complexes 
generated the appropiate fluoro-species, illustrating the 
usefulness of this synthetic procedure. It is obvious from 
these results that metal-fluorine bond formation can 
conveniently be obtained v i a  a number of synthetic 
procedures, and that this bond displays a degree of 
stablity. It can be anticipated that numerous fluoro- 
complexes may be prepared using these reaction methods.

147



REFERENCES

CHAPTER THREE

148



1) S.C.Tripathi, S.C.Srivastava, R.P.Mani and A.K.Shrimal,
Inorg.Chim.Âcta., 1975,15,249

2) A.J.Hewitt, PhD thesis, Leicester University, 1976.
3) J.ICnight and M.J.Maya, J.Chem.Soc.(R), 1970,711.
4) M.R.Chuchill, P.H.Bird, H.D.Kaesz, R.Bau and B.Fontal, J.Âm.Cham.Soc., 

1968,90,7135.
5) A.Deeming, B.F.G.Johnson and J.Lewis, J.Chem.Soc.(R), 1970,2967.
6) A.A.Koridze, O.A.ICizas, N.M.Astakhova, P.V.Petrovskii and Y.K.Grishinn, 

J.Cham.SoCo,Chem.Comm., 1981,853.
7) P.Yarrow and P.C.Ford, J.Org-anomeLChem., 1981,214,115.
8) F.A.Cotton and G.Wilkinson, "Advanced Inorganic Chemistry" 4th Edition. 

Wlley-Interscience, New York 1980 p238.
9) C.O.Quicksall and T.S.Spiro, Inog.Chem., 1968,7,2365; and B.F.G.Johnson, 

J.Lewis and P.A.Kilty, J.Chem.Soc., 1968,2859.
10) B.A.Forstar, B.F.G.Johnson, J.Lewis, T.W.Matheson, B.H.Robinson and 

W.G.Jackson, J.Chem.Soc.,Chem.Comm., 1974,1042.
11) J.C.Hindman and A.Svirmiokas, "NoMe~Gas Compounds" University of 

Chicago Press, 1963,p251.
12) C.H.Dungan, J.R.Van Wazer, "Compilation of Reported NMR Chemical 

Shifts." Wiley Interscience.
13) R.W.Coekman, E.A.V.Ebsworth and J.H.Holloway, J.Am.Chem.Soc., 

1987,109,2194.
14) R.W.Coekman, E.A.V.Ebsworth, J.H.Holloway, M.Murdoch, N.Robertson and 

P.G.Watson "Fluorine and Fluorine-Containing Substituent Groups in 
Inorganic Chemistry/' J.Thrasher and S.Strauss, ACS Symposium Series, 
ACS Books 1993.

149



15) a)S.A.Brewer, J.H.Holloway, E.G.Hop© and P.G.Watson,
J. Chem. Soc.fChem, Comm., 1992,1577.
b)N.W.Hoffman, N.Prokopuk, M.J.Robbins, C.M.Jones and N.M.Doherty, 
Inorg.Chem., 1991,30,4177.

16) L.Vancea and W.A.G.Graham, J.Organomei.Chem., 1977,134,219.
17) G.Wllkinson,F.G.A.Stone,E.W.Abel, "Comprehensive Organometallic 

Chemistry. " Pergamon Press Vol 4, p973 and references therein.
18) J.P.CoUman, D.W.Murphy, E.B.Fleisher and D.Swift, Inorg.Chem.,

1974,13,1.
19) M.Pànkowskî and M.Bigorgne, J.Organomet.Chem., 1969,19,393.
20) P.Hushman, G.N.Van Buuren, M.Shiralian and R.K.Pomeroy, OrganomeiaJlics, 

1983,2,693.
21) R.Psaro and C.Dossi, Inorg.Chim.Acta, 1983,77,L255.
22) a)D.M.Bruce and J.H.Holloway, Transition Met. Chem., 1978,3,217.

b)E.Hom and M.H.Snow, Aust.J.Chem., 1981,34,737.
c)D.M.Dawson, H.A.Henderson, A.Hilis and D.L.Hughes, J.Chem.Soc.,
Dalton Trans., 1992,973.

23) C.J.Jameson and J.Mason, "Multinuclear NMR" Plenum Press New York 
1987, Chapter 3 p66.

24) K.O.Christ©, B.C.Curtis, D.A.Dixon, H.P.Mercier, J.C.P.Sanders and
G.J.Schrobilgen, J.Am.Chem.Soc., 1991,113,3351

25) A.J.Hewitt, J.H.Holloway, R.D.Peacock, J.B.Raynor and I.L.Wilson, 
J.Chem.Soc., Dalton Trans., 1976,579.

26) C.J.Marshall, R.D.Peacock, D.R.Russell and I.L.Wilson, J.Chem.Soc., 
Chem.Comm., 1970,1643.

27) J.H.Holloway, R.D,Peacock and R.W.H.Small, J.Chem.Soc., 1964,644.
28) V.A.Bochkarev, Y.A.Buslaev and Y.V.ICokunov, Zh.Struct.Khim., 1972,13,611.

150



29) Y.A.Buslaev, V.D.Butskii, B.V.Golovanov, M.E.Ingatov and E.G.Il'ln, 
DokLÂkad.Na uk. SSSR, 1984,275,379.

30) Ref 20) and 17) p976.
31) Ref 22b)
32) R.Colton and J.E.Garrard, Aust.J,Chem., 1973,26,1781 and references 

therein.
33) J.D.Atwood and T.L.Brown, J.Am.Chem.Soc., 1976,98,3160 and 

references therein.
34) a)R.Colton and LB.Tomkins, Aust.J.Chem., 1966,^,1143 and 1966,19,1519.

b)R.Colton and C.J.Rix, AusLJ.Chem., 1969,22,305.
c)M.I.Bruce, M.Cooke, M.Green and D.J.Westlake, J.Chem.Soc.(A), 1969,987.
d)B.F.G.Johnson, J.Lewis and P.AJCilty, J.Chem.Soc., 1968,2859.
e)B.F.G.Johnson, R.D.Johnston and J.Lewis, J.Chem.Soc.(A), 1969,792.

35) F.A.Cotton and B.F.G.Johnson, Inorg.Chem., 1967,6,2113.
36) 34e) and B.F.G.Johnson, R.D.Johnston, P.L.Josty, J.Lewis and 

I.G.Williams, Ægfure, 1967,213,901.
37) R.D.Peacock. Proc.Chem.Soc., 1957,59; and J.H.Holloway, Leicester 

University, unpublished observations.
38) D.A.Redfield, J.H.Nelson and L.W.Cary, Inorg Nucl Chem Lett., 1974,10,727
39) M.J.Cleare and W.P.Grlffith, 1969,372.
40) Ref 1) and 17) pages 977 and 1027.
41) M.I.Bruce, C.A.Hughes, M.J.Liddell, O.B.Shawkataly, B.W.Skelton and 

A.H.White, J.Organomet.Chem., 1988,347,207.
42) C.W.Bradford and R.S.Nyholm, J.Chem.Soc.,Chem.Comm., 1967,384.
43) K.D.Abney, IC.M.Long, O.P.Anderson and S.H.Strauss, Inorg.Chem., 

1984,23,1984; and K.D.Abney, IC.M.Long, O.P.Anderson and S.H.Strauss, 
Inorg.Chem., 1987,26,2638.

151



44) J.H.Merrifieid, J.M.Femandez, W.E.Buhro and J.A.Qladysz, Inorg .C hem ., 

1984,23,4022.
45) C.Pomp and K.Wieghardt, In org .C hem ., 1988,27,3796.
46) F .A. Cotton and K.J.Wiesinger, In org .C hem ., 1992,31,920.
47) W.Beck and K.Raab, C hem .B er., 1985,118,3830.
48) F.L'Eplattenier, In o rg .C h em ., 1969,8,965.
49) F.L'Eplattenier and M.C.Pèlichet, H elv.C him .Acta , 1970,53,1091.

152



CHAPTER FOUR

Reactions Of Five Coordinate Carbonyl Phosphine 
Complexes With Xenon Difluoride
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4 . 1

Introduction
The reaction of XeF, with [Ir(CO)3(PEta)2]+ has been 

reported. Oxidative addition to this complex, results in 
addition to the metal and also across a formal metal- 
carbon double-bond, producing the fluoroacyl ligand in the 
room-temperature stable complex, [IrF(CO)2(COF)(PEt3)2]+^.

OC

OC

This was the first example of a complex containing a 
fluoroacyl ligand (-COF) coordinated directly to a metal 
centre. Characterisation of this species by single crystal 
X-ray crystallography unambiguously confirmed the octahedral 
geometry around the iridium, with trans- phosphines and the 
acyl fluoride cis- to the iridium-bonded fluorine. The solid 
state geometry was also shown to be retained in solution by 
1 9F, 3ip{iH} and 1 3C{iH} NMR spectroscopy.

Very recently published work on the analogous 
chemistry of related five coordinate carbonyl phosphine
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iridium complexes has elucidated the controlling factors in 
the formation of this acyl ligand2 . For [Ir(CO)3 (PR3 )2 ]+, 
varying the phosphine ligands revealed a dependency on both 
electronic and steric affects. The most important factor has 
proven to be the basicity of the phosphine, i.e. the more 
basic phosphines increase the electron density on the 
iridium, stabilising the higher oxidation state and thus 
enhancing the possibility of oxidative addition. Hence, 
reactions yielding a fluoroacyl ligand were observed where 
PR 3= PEta, PMea, PMeaPh, PEt2Ph and PEtPh 2 , but not where 
PRa= PMePh2 , PPha and P(C&Hi1 )3 . It was also evident that, 
for the very bulky phosphines ligands, steric hindrance 
becomes important. This accounts for the lack of reaction 
for [Ir(CO)3 (PCya)2 ]+, which contains the most basic 
phosphine of those investigated.

These fluoroacyl complexes display potential as 
synthetic intermediates. For example, abstraction of the 
fluoride bound to the carbon by reagents such as MeaSiX has 
resulted in the formation of novel acyl complexes e.g2 .

-SiHsF
PrF(CO)2(COF)(PEt3)2]-" + SÎH3X  ► [IrF(CO)2(COX)(PEt3)2]+

X=CN,NCSandNCX)

Since XeF2 readily fluorinates Ir4 (CO)1 2 , OS3 (CO) 12 and 
Os 3 (CO)9 (PPha)3 in a controlled manner, and also affords the 
novel acyl fluoride complexes outlined above, it was
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considered worthwhile to investigate its reaction with other 
five coordinate metal complexes, namely M(CO)3(PPha)2 (H= Ru 
or Os). Single-crystal X-ray crystallography3 and IR 
spectroscopy4 of these species has revealed their structural 
similarity to those of the iridium precursors described 
above.

The previous work on [IrF(CO)2 (COF)(PEta)2 ]+
highlighted the usefulness of multinuclear NMR spectroscopy 
in determining reaction products. One of the most noticeable 
features of the NMR spectra is the diagnostic chemical
shift of the COF ligand. As previously stated, low-valent M-
F (M= transition metal) 1?F chemical shifts are observed at 
very low frequencies^, typically below 6-260. For the 
coordinated COF ligand, 1 ?F NMR resonances have been 
observed around 6150. Hence, the 1 ̂ F NMR data is
particularly useful for distinguishing between these two 
fluorine environments, and for unambiguously confirming acyl 
fluoride formation. Low-temperature NMR spectroscopy, as 

previously demonstrated for IrF(C0 )X(PEt3 )2 (SF3 ) (see 
Section 1.13), can also provide a valuable tool for 
investigating thermally unstable or transient species.
Hence, the reactions of M(CO)3(PPh3 )2 with XeF2 were studied 
within the NMR probe, the spectra being accumulated at 
various temperatures in order to identify any intermediates 
in the reactions.
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4.2 The Reaction of Os(CO)a(PPha)2 with XeF?

The reaction between Os (CO) 3 (PPha ) 2 and. XeFa was 
followed by i‘’F NMR spectroscopy. At 220ÏC, four fluorine 
resonances were observed at 6146, -321, -370 and -421, Fi,
F 2, F 3 and F 4 respectively. As previously discussed, the 
high-frequency resonance, Fi, is diagnostic of a COF ligand. 
Consequently the 1 ?F NMR data indicated the formation of a 
new fluoro-acyl complex at this temperature.

On warming, the Fi and F 3 resonances broadened, 
becoming indistinguishable from the baseline of the spectrum 
at room temperature. These resonances sharpened upon 
recooling, implying that they are undergoing a reversible 
fluxional process. The resonances Fi and F 3 dominated the 
I’F NMR spectrum at this stage of the reaction (Fig.4.1), 
(F2 and F 4 represent only minor components at this point 
which will be discussed later). F 2, F 3 and F 4 all occur in 
the region of the spectrum associated with fluorine bound 
directly to a low-valent metal centres. However, the 
independent changes in the intensity of these resonances 
with temperature indicates the formation of three separate 
complexes in the reaction. Those resonances associated with 
Fi and F 3 were observed to be in a ratio of 1:1 and their 
mutual dependency on the temperature allowed their 
assignment to the same complex (la).
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PPhg

II
PPhg ^

la) M=Os, lb) M=Ru

A high resolution, low-temperature i’F NMR spectrum 
revealed the expected triplet coupling of F 3 to the mutually 
trans- phosphine ligands (2j(F3P)=30Hz). The longer-range
3J ( F 3 F 1 ) doublet coupling was not observed on either Fi or
F 3 , even approaching the low-temperature limit of the 
solvent. The NMR spectrum which, at 240K revealed a
doublet resonance at 60.1, (2j(P3P)=30Hz) corresponding to
the coupling between the equivalent phosphines and F 3 ,  

confirmed the structural assignment of (la) i.e. the 
formation of a single Os-F bond. Coupling between the
phosphine ligands and Fi was not observed, although by
analogy with [IrF(CO)2 (COF)(PEt3 )2 ]+ the magnitude of this 
coupling is only likely to be of the order of a few Hertz2 .

159



The complex has been assigned with fluoride t r a n s -  to 
carbonyl, rather than to the fluoro-acyl group, on the basis 
of the position of F 3 in the 1 ?F NMR spectrum, which is 
characteristic of such a fluoride environment in neutral 
complexes (see Section 3.3). As observed from the 1?? and 
3ip spectra, which both show broadening of the respective 
resonances at higher temperatures, (la) is undergoing some 
fluxional process which is at coalesence at room 
temperature. However, a differentiation between an intra- 
or inter-molecular process is not possible from the evidence 
available, the fast exchange limit being unobtainable due to 
further reaction of this species at higher temperatures, as 
discussed later.

Removal of the solvent at this stage of the reaction 
yields a yellow solid. The IR spectrum of this material 
revealed terminal VCO bands at 2053 and 1972 cm-1, which is 
consistent with (la) (for Os(CO)3 (PPhs)2 only one IR band is 
observed4 (VC0= 1900cm-:). The increase in the formal
oxidation state of osmium (Os(O) to Os(II)) is evident by 
the shift of the vco bands to higher frequency&. Also 
apparent from the IR spectrum is the expected vco for 
Os-COF, observed at 1651cm-1 , which is within the region 
characteristic of ketonic carbonyls consistent with the 
formation of an acyl ligand"?. It is noteworthy that for the 
iridium system, discussed above, the PPhs derivative does 
not produce the desired acyl-fluoride complex. This is 
ascribed to the basicity of the phosphine ligand. However
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for M(CO)3 (PPhs) facile reaction does occur implying that 
the phosphine ligands are not the only governing factors for 
the reaction hut, that the metal centre also plays a 
significant role.

Complex (la) appears to be fairly stable in solution at 
room temperature, resonances for this species still being 
evident in the i T  spectra after two days. However, a new 
1 NMR resonance at 6-305 eventually appeared in the 
spectrum slowly growing in intensity over this period. In an 
attempt to increase the rate of this subsequent reaction, 
(la) was refluxed for 5hrs in C D 2C 12 . The resonance at 6-305 
was the major signal in the 1 NMR spectra of the resulting 
solution, recorded both at 220K and room temperature. The 
resonance resolved as a triplet, displaying mutual coupling 
to a triplet resonance at 61.4 (2J(PF)=29Hz) in the 3iP{iH} 
NMR spectrum. This allowed the characterisation of species 

(2a), cis- Os(CO)2F 2 (PPha)2 . Assignment of the cis- geometry 
is based on similar arguments to those discussed for 
Os(CO)2F 2 (PMe3 )2 (Chapter 3), the fluoride resonance being 
in the region characteristic of F t r a n s -  to CO. The 
formation of this complex from the acyl fluoride undoubtably 
results from CO elimination, but the mechanism for the 
reaction is, as yet, unclear.
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PPh

O C

O C

F

PPbg

2a) M=Os, 2b) M=Ru

Following the characterisation of the fluoroacyl 
complex (la), and the final product (2 a), it was of interest 
to reinvestigate the initial low-temperature reaction in 
which the two as yet unassigned resonances, F 2 and F*, were 
observed. The absence of these signals in the higher 
temperature spectra implies that they may have resulted from 
intermediates in the formation of (la), hence their 
assignment may possibly suggest a mechanism for the overall 
reaction.

In the initial 1ow-temperature spectra, F 2 and F 4 were 
in relatively greater intensity in the I’F NMR spectrum 
recorded at 215K, compared with the spectra recorded at 
higher temperatures (Fig.4.2). This implies the preferential 
formation of these species at lower temperature, prior to 
their further reaction producing (la). The I’F NMR 
resonances F 2 and F 4 were observed as a doublet of triplets 
and a triplet respectively. Proton decoupling the I’F NMR
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spectrum resulted in a change in F 2 only, which resolved to 
a triplet. The triplet splittings on both resonances are 
undoubtedly due to coupling to trans- phosphine ligands, 
subsequently confirmed by a low temperature a N M R  
spectrum. The aiP{iH} resonances for the complexes 
containing F 2 and F 4 were observed at 60.4 and -10.2 
respectively, both signals exhibiting doublet splitting. 
This means that the initial species are mono-fluorinated 
complexes.

From this evidence, F 4 was attributed to the cationic 
complex (3a).

PPhs

OC._

OC' C O

PPh,

3a) M=Os, 3b) M=Ru

The i'?F chemical shift observed for this species 
(6-421) correlates strongly with that obtained for the 
analogous [Os(CO)sF]+ complex at 6-433 (Chapter 3). Both of 
these resonances are strongly shielded relative to the 
expected chemical shift region for F trans- to CO found in 
neutral complexes (see NMR discussion. Section 3.3).
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A low-temperature iH NMR spectrum of the solution at 
this stage revealed that F 2 is coupled to a doublet 
resonance at 610.1 in the iH NMR spectrum (2J(HF)=46.4Hz), 
confirming that this complex is mono-fluorinated. The 
triplet splitting of the resonance by the phosphine ligands 
was not observed. This region of the iR NîHl spectrum is 
characteristic of a formyl ligand (-COH) coordinated to a 
transition metals, thus the NMR data for this complex may be 
assigned to complex (4a).

OC

oc

pph.

M

PPhq
'C

IIo
.H

4a) M=Os, 4b) M=Ru

The formation of this species in the initial reaction 
is difficult to rationalise, in particular the source of the 
hydrogen. Since reactions were carried out in the deuterated 
solvent, CD2CI2, reaction with the solvent could not give 
rise to (4a). Various other sources of hydrogen were 
considered. The iR NMR spectrum of the solvent showed no 
signs of impurities. Another possibility was that RF had 
been produced as the decomposition product of a transient 
fluoride species, and this is the source of the hydrogen.
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Previous work has shown that AHF reacts with M(CO)3 (PPha)2 
resulting in the formation of [MH(CO)3(PPh3)2]+ (M=Ru and 
Os) via protonation of the metal centre’. The ruthenium 
hydride complex could be fluorinated with XeF2, in a 
molar ratio of 1 :1 , but, no evidence of the formyl complex 
was observed at low temperature (240K), in this reaction, as 
a result of hydride migration to the carbonyl ligand. 
Instead, (3b) was observed by 1 ’F NMR spectroscopy to be the 
major species formed. It is worth noting that the formation 
of the fluoroacyl ligand bound to a metal-hydride complex 
was not observed. This suggests that the terminal fluorides 
in (3a) and (3b) play an important role in the reactivity of 
the carbonyl ligands.

The source of the hydrogen in (4a) and (4b) would 
appear, therefore, to be derived from the phenyl groups of 
the PPh3 . This is supported by the observation of weak peaks 
assignable to fluorinated aromatic molecules in the low- 
temperature 1 9F NMR spectra. The mechanism for this is 
unclear, but it does appear (see below) that this is merely 
a side reaction and not important in the overall reaction 
scheme.

By comparison with the analogous ruthenium system, 
discussed later, the intensity of the I’F NMR resonance 
assigned to (4b) appears to be unaffected by an increase in 
the temperature, whilst that due to the cationic species is 
obviously influenced at the temperature where acyl fluoride 
formation occurs. The implication from this NMR data is that
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the reaction of XeF? with M(CO)3 (PPhs)2 results in the
stepwise formation of (3), and then (1). The formyl species 
appears to occur from a side reaction, and is unimportant in 
the formation of (1), as depicted in Scheme 1 and 2.

The formation of a cationic intermediate prior to acyl 
fluoride formation has also been postulated as the mechanism 
of the reaction between [Ir(CO)3 (PR3 )2]* and XeF??.

Two possible processes were envisaged for this 
mechanism

1) Prior loss of one of the ligands from the metal 
coordination sphere.

2) Initial addition of a formally positive fragment to the 
substrate, followed by ligand substitution to 
incorporate the negative fragment.

The first of these mechanisms was discounted as no ligands 
were lost in the formation of the acyl fluoride complexes. 
However, it was also apparent that the alternative mechanism 
was not completely correct as substitution had not occurred. 
Hence, the mechanism was considered to involve 2 steps.

1) [Ir(C0 )3 (PEta)2 ]+ + XeF+ ---> [IrF(C0 )3 (PEt3 )2 ]2 +
2 ) [IrF(C0 )3 (PEt3 )2 ]+ + F- ---> [IrF(C0 )2 (C0 F)(PEt3 )2 ]+

The initial stage was substantiated by the formation of 
[IrF(CO)3 (PPh3)2]-" from the reaction of XeF2 and BF3 (i.e. 
XeF+BF4") with [Ir(CO)3 (PPhs)2]+ and the feasibility of the
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second step was demonstrated by the following reaction.

PEt,

OC

O C

PEt,

BF3

NMC3

-NMC3BF3

PEt,

-► OC
+ BFy

O C CO

PEt,

From the evidence available, it is not possible to 
differentiate for this second stage whether either direct F- 
attack at a coordinated CO, or migration of the metal bound 
fluoride to CO (resulting in a unsaturated intermediate) 
followed by F~ coordination to the iridium centre, is 
occurring.

Prior to this investigation and those involving 
[Ir(CO)3L 2 ]+1 '2 , there was only one example of a complex 
containing a halogen-acyl ligand. Noackio noted that the 
oxidative addition of halogens to the iron pentacarbonyl, 
Fe(CO)s, resulted in the initial formation of the halo-acyl 
ligands (-COX, X=C1, Br, I). These reactions ultimately 
yielded the previously characterised dihalo-
tetracarbonyls, Fe(C0 )4Xz, however, with the aid of low- 
temperature IR spectroscopy, two intermediates were 
observed during this reaction. At -80“C Fe(CO); reacts 
with Br2 , in a solvent mixture of CH 2CI 2 and CHCI3 , 
resulting in the formation of [Fe(CO)sBr]Br and
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FeBr(COBr)(CO)4 . These complexes were characterised from the 
independent change of their vco IR bands, at various 
temperatures.

Warming of the reaction mixture revealed that the acyl 
complex was stable at -30°C whereas the cationic species was
absent at this temperature. Above -30°C, however, CO
elimination occurred, and the only VCO bands observed were
those attributable to cis- Fe(CO)^Brz. Similar reactions 
were reported for Cl 2 and 1 2, however for iodine the 
intermediates displayed a far greater degree of instability.

From the IR data, two possible mechanisms for the 
reactions were considered. The results suggest either Br~ 
attack on a carbonyl group, or a migration of the metal
bound Br to the carbonyl followed by Br- attack at the 
resulting vacant coordination site on the metal centre. 
However, as with the reaction between XeF2 and [Ir(CO) 3L2 ] ,  
the inability to isolate the various steps of the reaction 
precluded definitive assignment to either mechanism.

From the NMR data presented in this thesis it is 
apparent that the various stages of the reaction between 
H(CO)3 (PPh3)2, (M=Ru and Os), and XeF2 are being observed at 
different temperatures. However, since it is not possible to 
distinguish between the two mechanisms discussed above, it 
was of interest to perform the reaction of (la) with B F 3 .  

The acyl complex (la) possesses two fluoride ligands, 
therefore, the preferential, or selective removal of either 
of these ligands by the fluoride abstracter BF3 I1 should aid

170



i n  t h e  i n t e r p r e t a t i o n  o f  t h e  m e c h a n i s m .  T h i s  r e a c t i o n  w a s  

c o n v e n i e n t l y  a c c o m p l i s h e d  u s i n g  a  g l a s s  N M R  t u b e  c o n n e c t e d  

t o  a  Y o u n g s  t a p ,  w h i c h  m e a n t  t h a t  t h e  i n i t i a l  r e a c t i o n  

p r o d u c i n g  (la) a n d  t h e  s u b s e q u e n t  a d d i t i o n  o f  B F 3  c o u l d  b e  

p e r f o r m e d  i n  t w o  s t a g e s  a n d  m o n i t o r e d  b y  N M R  s p e c t r o s c o p y .  

O n  w a r m i n g  t h e  f r o z e n  s o l u t i o n  o f  ( l a )  a n d  B F 3 ,  r e a c t i o n  

o c c u r r e d  b e l o w  215K ,  r e s u l t i n g  i n  t h e  f o r m a t i o n  o f  B F 4 -  a n d  

(3a ) . H e n c e ,  f l u o r i d e  a b s t r a c t i o n  by B F 3  a p p e a r s  t o  

p r e f e r e n t i a l l y  o c c u r  a t  t h e  a c y l  f l u o r i d e .  T h i s  i s  a n a l o g o u s  

t o  t h e  r e a c t i o n  o f  [IrF(CO)2 (COF)(PEt3 ) 2]* w i t h  B F 3 ,  w h i c h  

p r o d u c e d  the n o v e l  d i - c a t i o n ,  [IrF(CO)3 (PEt3 )2 ]  ̂ .
Although these reactions are regarded as occurring at 

the acyl fluoride, the alternative mechanism of abstraction 
of the terminal fluoride ligand, followed by the migration 
of the fluoride bound to carbon, cannot be ruled out from 
the available evidence. However, the Os-F bond in (3a) was 
observed, by 1’F NMR spectroscopy, to be unreactive towards 
residual BF3 at this temperature (215K) and upon subsequent 
warming to room temperature. This implication that the 
terminal fluoride ligands are inert towards this Lewis acid 
substantiates removal of F" from the COF ligand. Hence, the 
reaction with BF3 supports the proposed mechanism, in which 
(la) results from fluorination (nucleophilic attack by F-)
at a coordinated carbonyl in (3a). The alternative mechanism 
of ligand migration can also be discounted from the
observation of the thermal stability of (3a) (formed in the
BF3 reaction) even at room temperature, which implies that
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(3a) is stereochemically rigid on the NMR timescale. It is 
also reasonable to suggest that nucleophilic attack is the 
mechanism involved in the reaction of Fe(CO)s with Br2 and 
[Ir(CO) 3L 2] ■*• with XeF? where, previously, a differentiation 
between nucleophilic attack or ligand migration was not 
possible.

The susceptiblity of a carbonyl to nucleophilic attack 
can be discussed by considering the molecular orbitals of 
carbon monoxideiz. The coordination of CO to a transition 
metal involves the removal of electron density from the HOMO 
(So"), and the addition of electron density to its LUMO 
(2 -̂ *), which may enhance its reactivity depending on the 
metal centre. A metal in a formally high oxidation state 
and/or with strong it- acid coligands acts strongly as a a -  

acceptor, but a weak ir-donor ( c . f .  Ir (CO) 3F 3 see Section 
2.6). Thus, the carbonyl ligands in these complexes are more 
susceptible to nucleophilic attack than those on a metal in 
a low oxidation state possessing strongly electron-donating 
ligands i.e. the most electrophillc carbonyl ligands are 
found in cationic, high oxidation state metal complexes, as 
observed for the reactions of the cationic intermediates 

[MF(C0 )3 (PPh3 )2 ]+ (M=Ru, Os) and [IrF(C0 )3 (PR3 )2 ]2 + wlthP-.
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4.3 The Reaction Between Ru(CQ)3 (PPhs)2 and XeF?

The reaction of Ru(CO) 3 (PPhs)2 with XeF2 was studied in 
an identical manner. I’F and 3iP NMR spectroscopy revealed 
directly analogous chemistry to the osmium system with the 
formation of the ruthenium derivatives (lb), (2b), (3b) and
(4b). The overall reaction is depicted in Scheme 2. The 
only difference between the two systems was the temperature 
of the specific stages. At 220K (3b) and (4b) were observed 
by I’F NMR spectroscopy, but, at this point the acyl- 
fluoride complex (lb) was absent. On warming to 230ÎC then 
235K, where formation of the acyl-fluoride complex (lb) 
occurred the intensity of the resonance due to the cation 
(3b) was significantly affected (see Fig 4.2). This 
observation is consistent with the mechanism discussed 
above. After warming the reaction mixture to 250K and then 
cooling to 200IC, the complex (lb) was observed to be the 
major species in solution. Above 260K this complex 
decomposed to the e l s -  difluoride (2b), which exhibits 
triplet resonances in both I’F and 3ip kmr spectra at 5-378 
and 5-22.2 respectively (2J(PF)=19Hz).

The reaction between the ruthenium fluoroacyl complex 
(lb) and BF3 resulted in the formation of the mono-fluoride 
cation (3b) and BF4- at room temperature. For this system, 
however, low temperature (215K) I’F and 3ip NMR spectra
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revealed the formation of a thermally unstable BF3 adduct, 
shown below. The Ru-F resonance for this species is observed 
as a quartet of triplets at 6-302.4. The triplet splitting 
is due to the coupling to trans- phosphines ( 2 j(PF)=10). The 
3ip NMR spectrum displays a doublet resonance at 621.2. The 
quartet coupling of the Ru-F resonance is related to the 1 

doublet resonance due to coordinated BF 3 (2J(FF)=8 8 ).

PPh,

oc |< ^ c o

O C ^  I
I BF3
PPh)

Similar observations have been reported for complexes 
containing B F 4 -  as a counterion. For species of the type 
[CpM(CO)2L]BF4 (M=Mo, W, and L=CO, PPhs and P(0 Ph)3 ) the 
coordinated and terminal fluorine atoms of the B F 4 -  ligand 
can be distinguished by their low temperature I’F NMR 
signals! 3. As for [RuF(CO) 3 (PPha) 2 . B F 3 ]   ̂ the I’F M-F NMR
resonances are observed as quartets below 6-300, whereas
those due to BF3 occur as doublet resonances at ~6155.

Obviously, this low temperature species results from an
initial fluoride abstraction of the fluorine bound to the
carbonyl in (lb), followed by the interaction of excess BF3 

with the mono-fluorinated cation. NMR data for all of the 
described fluoro-complexes are presented in Table 4.1.
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Table 4.1

NMR Data for Complexes 1 to 4 at 25®C

Con^lex 531? 5l9p Asagn-
ment

2j(PF)/Hz Temper-
a tu r^

la) 0.1 (d) -370 (t) 
146 (s)

P3
Fl

30 220

lb) 19.6 (d) -380 (t) 
156 (s)

F3
Fl

18 220

2a) 1.4 (t) -305 (t) * 29 298
2b) 22.2 ( t) -318 (t) - 19 298
3a)& 0.4 (d) -321 (dt) F2 46b,25 220
3b)a 24.7 (d) -316 (dt) F2 54b,l6 220
4a) -10.2 (d) -421 (t) F4 29 220
4b) - -436 (t) F4 19 220

a,^H NMR resonance also observed at 510.7 for la) and 510.1 for lb)
b,2j(FH)

1.4 Discussion of the Crystal Structure 
of RllF2 (C0 )2 (PPh3 ) 2

Crystals of cis- R11F 2 (CO) 2 (PPha ) 2 were obtained from a 
CD 2CI 2 solution, by slow vapour diffusion with diethyl 
ether. A single-crystal X-ray structure determination 
revealed the solid-state geometry to be as predicted from 
the NMR analysis. The molecule was effectively octahedral 
with mutually cis- fluoride ligands and mutually trans- 
phosphines. A full set of bond lengths and angles are listed 
in the Appendix. Although the Ru-C and Ru-P bond lengths 
slightly shorter than other d<> Ru(II) carbonyl phosphine 
complexes they are comparable with these species (see Table 
4.2) .
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Selective Bond Length data for d  ̂Ruthenium 
Carbonyl Phosphine Complexes

Complex Ru-P/A Ru-C/Â C-0/Â Ref

cw-RuF2(CO)2(PPh3)2 2.407(1) 1.832(7) 1.149(8) -

cw-Rul2(CO)2(PPh3)2 2.445(1)
2.453(1)

1.881(7)
1.890(7)

1.131(9)
1.096(9)

14

CM-Rua2(CO)2(P(Bzl)3)2 2.410(2) 1.869(7)
1.858(7)

1.131(9)
1.129(10)

15

cw-Rua2(CO)(CSe)(PPh3)2 2.425(7)
2.430(7)

1.854(34) 1.196(40) 16

Rua2(CO)(C2H4XPMe2Hi)2 2.414(1) 1.831(10) 1.136(10) 17

The most interesting features of this structure are the 
terminal fluoride ligands. Few structures have been reported 
for low-valent organometallie fluoro-complexes, however the 
Ru-F bond lengths of 2.008(4) are consistent with the ones 
previously reported (see Table 2.2). This structural 
determination is also important in confirming the geometry 
of the complex. Previously, the differentiation between cis- 
and trans- isomers of RuFz(CO)2 (PPhs)2 was based on the 1 

NMR chemical shift for this complex, which occurred within a 
region which had been shown to be characteristic of F trans- 
CO. Although this observation is based on the extensive NMR 
investigations of fluoro-complexes described in this thesis
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and related recent studies (see 1.12 and 1.13), this 
represents only the second structural determination of such 
a carbonyl phosphine complex of a late transition 
metal for which the 19F NMR spectrum has been reported. The 
X-Ray structural and I’F NMR analysis of both 

[IrF(C0 F)(C0 )2 (PR3 )2 ]+ and RuF2 (C0 )2 (PPh3 ) 2 support the 
interpretation of the I’F NMR chemical shift ranges, 
substantiating many of the structural assignments proposed 
in this thesis.
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EXPERIMENTAL
All preparative manipulations were carried out either 

on a metal vacuum line (Fig.5.1.) with facilities to connect 
glass or FEP reaction vessels, v i a  Teflon couplings, 
(Fig.5.2), or a glass line using standard Schlenk 
techniques. Preparations requiring AHF were performed using 
plastic reaction vessels. Care must be exercised when 
handling this corrosive material.

5.1 Metal Vacuum Line

This consisted of stainless steel or Monel Autoclave 
Engineers valves (AE-30 series) [Autoclave Engineers Inc., 
Erie, Pennsylvania, U.S.A.] connected v i a  Autoclave Engineer 
connectors. Argon arc welded 'U' traps were incorporated to 
permit separation and condensation of gases in the metal 
manifold. Inlets for argon [BOG Special Gases] and fluorine 
[ Air Products] (from a Idms nickel can) were positioned as 
shown in Fig.5.1. Rough pump outlets were connected to a 
soda-lime chemical scrubber unit of volume Idm^ which 
neutralised fluorine gas and HF, thereby protecting the 
rotary pump [Model PSR/2, NGN Ltd., Accrington, Lancashire] 
which provided a vacuum of lO-zmmHg. High vacuum was 
achieved v i a  outlets to a mercury diffusion pump (the more 
efficient oil diffusion pumps were avoided because of the 
reactive nature of fluorine or volatile fluorides to 
hydrocarbons) coupled to a NGN rotary pump. The pumping 
system, which provided a vacuum in the region of 1 0"  ̂ rnmHg,
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was protected by a glass trap immersed in liquid nitrogen. 
Pressures of 0-1500 mmHg were measured by Bourdon tube 
gauges [Type IF/56Z, Budenberg Gauge Co., Broadheath, 
Greater Manchester.] and high vacuum was measured by a 
Penning gauge situated between the manifold outlet and the 
liquid nitrogen trap.

5.2 Dry Box

Involatile materials were manipulated in a auto­
recirculating positive pressure dry box [Vacuum Atmosphere 
Co., VAC HE 42-2 Dri Lab.], which provided a nitrogen 
atmosphere with a water and oxygen content of less than 
5ppm. The quality of the atmosphere was maintained via 
circulation through columns of manganese oxide and molecular 
sieves which removed oxygen and water respectively. The dry 
box was equipped with a Sartorius balance [Model 1501 MP8 ]. 
Static charge build-up was found to affect weighings and 
therefore, a Zerostat 3 anti-static gun was deployed prior 
to weighing. Depending on the sensitivity of the various 
complexes synthesised in this investigation, reaction 
vessels and connectors were pre-seasoned. This was 
conveniently achieved by introducing 500mmHg pressure of 
fluorine gas into the evacuated system. The system was then 
evacuated to high vacuum (lO-smmHg), having initially 
neutralised the F 2 gas through a soda lime trap.
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5.3 Reaction Vessels

Various glass and FEP reactors were used during the
experimental work. Glass reaction vessels were made to suit
the specific reactions, and were fitted with Young's 
greaseless taps. For the reactions carried out in FEP, in 
general a straightened 4 mm O.D. x 250mm FEP tube 
[Production Techniques Ltd., Fleet, Hampshire, UK] was first 
prepared by sealing at one end by heat moulding into a 5 mm 
O.D. NMR tube. These were then connected to Chemcon coarse 
control needle valves [Type STD/VC-4, Production Techniques] 
by a PTFE 'O' compression union (see Fig.5.2). Reactions 
were carried out in these FEP tubes, but, before the
introduction of the reagents, the system was evacuated to 
approximately lO-^mmHg to ensure that a vacuum tight system 
had been obtained. Volatile reagents were transferred into 
these tubes under static vacuum, whereas non-volatile 
products were loaded into the evacuated FEP tubes in the dry 
box and then placed back on to the vacuum line where
solvents could be introduced (see Fig.5.2). After reaction, 
the solvent was either removed to permit the analysis of the 
resulting solid, or the tubes were sealed under vacuum at 
the top by heating with a small ring oven under vacuum, 
whilst keeping the frozen solution at -196°C. The resulting 
sealed FEP tubes (Fig.5.3) could then be examined by NMR 
spectroscopy. A H  reactions performed with AHF require the 
use of plastic vessels and couplings, and CARE must be 
exercised when handling this corrosive material. For larger-
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Fig 5.2 Apparatus for Transfering Volatile Reagents and v 
Solvents
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scale reactions 6mm O.D. FEP tubes were prepared and 
connected to the vacuum line in a similar manner to that 
described above; or y  O.D. x 150mm FEP tubes (wall 
thickness 0.062") and Teflon coarse control needle valves 
O.D. (ÎND/VC.8F. Production Techniquies Ltd.) were utilised.

5.4 NMR Specroseopy

iH, 13C and i'̂ F and 3iP NMR spectroscopies were carried 
out on a Bruker AM300 spectrometer at 300, 75 and 282 121
MHz respectively and i3C and I’F on a Varian VXR600S at the 
University of Edinburgh SERC Ultra-High NMR service at, 150 
and 564 MHz respectively. Spectra were recorded on samples 
in 4mm O.D. FEP NMR tubes held coaxially in 5mm precision 
glass NMR tubes containing a small quantity of de-acetone as 
lock substance. and NMR spectra were referenced to
external TMS, HMR spectra to external CFCI3 and sip to
85% H3 PO4 , using the low-fleld positive convention.

5.5 Infra-Red Spectroscopy

IR spectra were recorded either as dry powders or Nujol 
mulls compressed between KBr discs on a Digilab FTS40 FTIR 
spectrometer using an internal detector. For air-sensitive 
materials sample preparation was performed in the dry box. 
Gas-phase spectra were recorded in a copper cell of path 
length 10cm fitted with AgCl windows. A seal was achieved 
between the windows and the cell of the body by means of two 
sets of PTFE gaskets.
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5.6 EIAFS

EXAFS data were collected at the Daresbury Synchrotron 
Radiation Source operating at 2 GeV (ca. 3.2xlO-io J) with 
an average current of 190 mA in transmission mode on station 
7.1. An order-sorting Si(111) monochromator was used, offset 
to 50% of the rocking curve for harmonic rejection. Several 
data sets were collected in k  space (ic = photoelectron 
wave vector/Â-i), and using IXi averaged to improve the 
signal-to-noise ratio. The pre-edge background was removed 
by fitting the spectrum to a polynomial and subtracting this 
from the whole spectrum. The atomic contribution to the 
oscillatory part of the absorption spectrum was approximated 
using polynomials, and the optimum function judged by 
minimizing the intensity of chemically insignificant shells 
at low r (r = radial distance from primary absorbing atom)
in the Fourier transform. The data was multiplied by k^ to 
compensate for decreased intensity at higher k Analysis was 
performed using EXCURV90 2, utilising curved-wave theory 
with phase shifts and back-scattering factors calculated 
using the normal aJb i n i t i o  methods.

Preparation of IXAFS Samples

The sample cells for these experiments were modified
4mm O.D. FEP NHR tubes, hence allowing the combination of
both NMR and solution EXAFS on the same sample. The FEP NMR 
tubes were prepared as described above. However before the 
reagents were loaded, part of the FEP tube was flattened
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between two metal plates in a vice. The reactions were then 
performed as previously described and the FEP tubes sealed 
at the top by heating with a small ring oven under vacuum, 
whilst keeping the frozen solution at -196"C. For Ir(C0)3Fa 
the 1:6 ratio of 0.05g of Ir4 (CO)i2 (4.52x10-s moles) and 
0.046g of XeF2 (2.7x10-4 moles) provided a suitable sample 
for an EXAFS experiment. For OsFt molar and 0.1 molar 
dilutions were obtained by distilling a known volume of OsFs 
into the appropriate volume of AHF solution.

5.7 Crystal Structure Determination of RuFz(CO)2 (PPha)2

Crystals suitable for a single crystal X-ray 
crystallographic study were obtained by slow vapour 
diffusion of diethyl ether into a CD2CI 2 solution of 
RUF2 (CO)2 (PPhs)2 . A crystal of dimensions 0.53 x 0.48 x.20
mm was isolated in a nitrogen filled glove bag and loaded 
into a thin walled glass capillary. Unit cell parameters 
were determined by least squares refinement of setting 
angles from 31 centred reflections with 15 < 28 < 25°.
Intensities of 3423 reflections in the range 41 281 54° and 
01hl21, OlkllS, -2511125 were measured on a Siemens P4 
Diffractrometer using a 8\28 scan technique and graphite 
monochroraated Mo-ICa. No crystal decay was detected from 
periodically measured check reflections. The data were 
corrected for Lorentz and polarisation effects. The 
reflections merged to a unique data set of 2503 reflections
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(Rint=l-8%) with 2070 having 12 2a(I) regarded as observed. 
An absorption correction based on was applied to the data 
set, maximum and minimum transmission factors were 0.931 
and 0.781 respectively. Crystal data for

RuF2(C0)2(PPh3)2.CH2Cl2, M r = 8 8 9 . 4 9 ,  monocllnic,C2/c,
a=17.081(4), b=10.724(2), 0 = 1 9 . 9 7 4 ( 3 )  Â,  a = 9 0 °  p = 1 0 2 . 9 1 ( 1 0 )

and r=90°, V=3566 A3, Z = 4 ,  D= 1.656 g e m " 3  ̂ wavelength of
(MO“Ka)=0.71073 A, ju= 48.55 cm" i, F ( 0 0 0 ) =  1 6 3 2 ,  T= 293%.
Structure solution by Patterson methods and least squares 
refinement were carried out using the SHELXLT-PC program 
packages. The hydrogen atoms of the phenyl groups were 
included in calculated positions (C-H= 0.95Â). All non­
hydrogen atoms were • refined with anisotropic 
displacement parameters. Final R= 0.052, R w = 0 . 0 5 5 ,  w=[az( F ) +  

0.0006 F 2]-i, for the 183 parameters refined, with largest 
shift /o= 0.186. Maximum and minimum peak heights in 
the difference Fourier map were 0.69 and -0.65eA"3.

5.8 Solvents

The solvents used for these investigations were mainly 
CD3CN (Aldrich 9 9 . 5 % D  2 3 , 6 8 6 - 1 ) ,  CD2C I 2 (Aldrich 9 9 . 6 +  atom 
%D 1 7 , 7 8 6 - 5 )  and AHF (ICI). The deuterated solvents were 
stored in glass ampoules (connected to a Youngs tap) over 
molecular sieves and degassed prior to use. The AHF was 
doubly vacuumed distilled before being transfered to a 
prefluorinated Kel-F container and stored over BIF5.
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5.9 Source of Chemicals

Dodecacarbonyl triruthenium, Rus(CO)i2 .
Aldrich Chemical Company Ltd.; used as supplied.

Dodecacarbonyl triosmium. Os3 (CO) 12 -
Aldrich Chemical Company Ltd.; used as supplied.

Dodecacarbonyl tetrairidium, Ir4 (CO)1 2 .
Aldrich Chemical Company Ltd.; used as supplied. 

Dodecacarbonyl triiron, Fe3 (CO)1 2 .
Aldrich Chemical Company Ltd.; used as supplied. 

Dodecacarbonyl tetrarhodium, Rh4 (CO)1 2 .
Aldrich Chemical Company Ltd.; used as supplied. 

Octaearbonyl dicolbalt, Co4 (CO)1 2 .
Aldrich Chemical Company Ltd.; used as supplied. 

Trimethylphosphine, PMes.
Aldrich Chemical Company Ltd.; stored in a glass 

ampoule connected to a Youngs greaseless tap to allow easy 
manipulation on a vacuum line. The reagent was degassed 
prior to use.
TriphenyIphosphlne, PPhs.

Aldrich Chemical Company Ltd.; used as supplied. 
Disodium hexach1oroosmate, Na20sCl&.

Johnson Matthey; used as supplied.
DBU 1,8-Diazabicyo1o [5,4,0]undec-7-ene.

Aldrich Chemical Company Ltd.; used as supplied.
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Ruthenium trichloride hydrate, RuCl3 .nHzO.
Aldrich Chemical Company Ltd.; used as supplied.

Osmium hexafluoride, OsF&.
Kindly supplied by Mr C.D.Puxley; prepared by the 
thermal reaction of the hydrogenated metal with F 2 gas 
in a static system according to the method described 
by Kaiser at ai.*.

Decacarbonyl dirhenium, Re 2 (CO)1 0 .
Aldrich Chemical Company Ltd.; used as supplied.

13C0 99% labelled carbon monoxide.
MSD Isotopes (Cambrian Gases).

Phosphorus pentafluoride, PFs.
Fluorochem Ltd.; used as supplied.

Arsenic pentafluoride, AsFg.
Fluorochem Ltd.; used as supplied.

Boron trifluoride, BF 3 .

Aldrich Chemical Company Ltd.; used as supplied. 
Dimethyl osmiumtetracarbonyl, Os(CO)4 (CH3 )2 •

Prepared according to the literature method, by the 
reaction of sodium metal with Os3 (CO)i2 in NH 3 , followed by 
the addition of CH 3 I 5 .
Tricarbonyl bis(tripheny1phosphine)ruthenium,
R u ( C 0 ) 3 ( P P h 3 ) 2 .

Prepared according to the literature method, by the 
reaction of RuCl3 hydrate, PPha, methanal and KOH in hot 2- 
methoxyethanol&.
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Tricarbonyl bis(triphenyIphosphlne)osmium, Os(CO)3 (PPha)2 •
Prepared according to the literature method, from the 

reaction of OsHCl(CO)(PPha)2 with DBU under SOpsi of CO?. 
CarbonyIchlorohydrido tris(triphenylphosphine)osmium, 
0SHCl(C0)(PPh3)3.

Prepared according to the literature method by the 
reaction of Na2 0sCl& hydrate, PPha and methanal in boiling 
2 -methoxyethano1 *.

Nonaoarbony1 tris(triphenyIphosphlne) triosmium,
08 3 (CO)9 (PPha)3 .

Prepared according to the literature method, from the
thermal reaction of Os3 (CO) 12 and PPha in xylene. The lower
substituted derivatives were separated chromographicallys.

Octacarbony1 bis(tripheny1phosph1ne)dirhenium,
Re 2 (CO)8(PPha)2 •

Prepared according to the literature method, from the
thermal reaction of Re 2 (CO) 10 with PPha in xylene?. 
Bromo-tetracarbony1 (tripheny1pho sphi ne)rhenium, 
ReBr(C0)4(PPh3)2.

Prepared according to the literature methodic. 
Tetracarbony1methy1 (triphenyIphosphlne)rhenium, 
Re(C0 )4 (CH3 )(PPh3 ).

Prepared according to the literature method1 1 .

All materials were checked by IR or NMR for authenticity and
purity



Preparation of xenon difluoride XeFz.
This was prepared as described by H o l l o w a y i z .  

Approximately SOOmmHg of xenon gas was mixed with 550mmHg of 
F 2 (i.e 10% excess of fluorine) into a pre-seasoned one 
litre glass bulb. The reaction was then propagated by means 
of an ultra-violet light source. (Formation of XeF; is
easily identified by the production of white crystals). 
After about 48hr the excess of fluorine and unreacted xenon 
were removed at -196°C and -78°C respectively. The product 
was further purified by sublimation under dynamic vacuum 
into a glass trap at -78°C and then stored in the dry box at 
room temperature. The purity was checked by recording NMR 
and IR spectra.

5.10 13C0 enrichment of Ru3(C0)i2, Os3 (CO)i2 and Ir4 (0 0 )1 2 .

13C0 enrichment of these carbonyl complexes was 
afforded by stirring degassed toluene solutions/suspensions 
of the carbonyl in a sealed glass reactor vessel under
approximately 1 atmosphere of 99.5% i3co for about one week 
at 60°C (similar to the method described by Gleeson e t  

ai.)i3.

5.11
Reaction of Ir4(C0)i2, Rus(CO)i2 and Os3(CO)i2 with AHF.

0.05 to O.lg of the appropriate carbonyl complex was
loaded into, either a 4mm O.D. or 6mm O.D. FEP tube
(connected to a Chemcon tap). The system was then connected
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to the metal vacuum line and evacuated to an approximate 
pressure of 10-4 torr. AHF was distilled into the reaction 
vessel at -196°C, from a Kel-F container. The system was 
then sealed using the Chemcon tap and allowed to warm to 
room temperature. Generally, the system was left overnight 
to afford complete dissolution. However, agitation 
significantly aided this process.

For osmium and ruthenium carbonyls the reactions with 
AHF were also undertaken on a larger scale (0.4g) using a y  
O.D. FEP tube connected to the metal line in a similar way 
to that described above. Dissolution (~4hr) of these larger 
samples was convieniently achieved using a mechanical shaker 
off the line.

5.12
The Reaction of AHF with Fez(CO) 9 C0 2 (CO)a Hh4 (CO)i2 .

These reactions were undertaken in an identical manner 
to that described above. However, due the the evolution of 
volatiles, constant venting was necessary. The complete 
reaction times for these materials varied. For iron and 
cobalt carbonyls conversion to FeFz and C0F 2 , respectively, 
was complete within a couple of days, as evidenced by the 
colour changes and X-ray powder diffraction. Rh4 (CO) 12 was 
only observed to decompose with HF resulting in the 
formation of a metallic mirror.
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5.13
The Reaction of Ir4(CO)i2 with XeFz.

Various ratios of Ir4 (CO)i2 : XeFz were investigated.
Typically, the NMR samples were prepared with 0.05g of 
Ir4(CO)i2 and the appropriate amount of XeF?. For the 1:5 
ratio 0.05g of Ir4 (CO)i2 (4.52x10-s moles) and 0.046g of 
XeFz (2.7x10-4 moles) are loaded v i a  a dry box into a 4mm 
O.D. FEP tube pre-seasoned with F 2 gas. The FEP tube was re­
connected to the metal vacuum line (c.f. Fig 5.2). Before 
the reactor was evacuated the connectors were seasoned with 
F 2 gas. The reactor was evacuated to an approximate pressure 
of 10-4 torr, whilst being held at -78°C (to prevent the
volatile XeFz from being removed). The AHF solvent was
distilled into the reaction vessel under static vacuum at 
-196°C. The reaction mixture was allowed to warm slowly to 
room temperature. Reaction occurred at approximately -50°C 
with the vigorous evolution of xenon gas, necessitating 
continual temperature quenching and venting of the system. 
After the vigorous reaction had ceased (5 minutes) the
resulting yellow solution was left at room temperature 
overnight.

For scaled-up preparations (0.075 to 0.15g) of
Ir4 (C0 )i2, reactions were performed in an identical manner 
as described above except that a 6mm O.D. FEP tube was used 
for the reaction vessel. The isolation of Ir(C0)3Fa is 
conveniently achievedby removing the solvent AHF under 
vacuum through the soda lime trap. The resulting yellow
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solid was then held under dynamic vacuum until an
approximate pressure reading of 0.3x10-^mmHg was obtained.

5.14
The Reaction of Ir(C0 )aF3 with PHes.

Due to the sensitivity of Ir(CO)3F 3 , this material was 
prepared i n  s i t u  as described above. After complete 
reaction, the AHF solvent was removed as described above.

The yellow Ir(C0 )3F 3 was isolated from the line so that 
the ampoules of CD2CI2 and PMes could be attached. Before 
the addition of these chemicals to the Ir(CO)3F 3 , the
ampoules were degassed and the connecting tubing seasoned 
with F 2 gas. After re-evacuation of the whole system, CD2CI2
was distilled on to the Ir(CO)3F 3 , followed by PMes. The
system was allowed to warm slowly to room temperature with 
occasional cooling and venting of the volatiles. The PMes 
was added in excess such that, after the evolution of CO had 
ceased, further addition of PMes resulted in no further 
reaction. The resulting yellow solution was studied by NMR 
spectroscopy either in the presence of an excess of PMes, or 
the volatiles were removed and the resulting solid 
redissolved in CD 2CI 2 .

5.15
Reaction of Os3(CO) 12 with XeFs in AHF.

Reactions were carried out in a similar way to those 
described above for Ir4 (C0 )i2 . Ratios of Oss(CO)1 2 iXeFs were

198



invetigated between 2:1 to 1:5 generally using 0.05 to 
O.lOOg of Os3 (CO)i2 . However, for this reaction a scaled-up 
preparation was also performed utilising a threaded O.D.
FEP tube connected to the appropriate Chemcon tap. These 
samples were also left overnight to ensure complete 
reaction. Where appropriate, the samples were either sealed 
for NMR analysis, or the AHF solvent was removed under 
vacuum through the soda lime trap. The resulting yellow 
solid was held under dynamic vacuum until an approximate 
pressure reading of 0.3x10- m̂rnHg was obtained (~2hr) 
yielding a white solid.

5.16
The Reaction of Oss(CO)i2 with F 2 in AHF.

These reactions were carried out in O.D. threaded
FEP tubes. The Os3 (CO)i2 was initially reacted with AHF as 
described above. The reaction vessel was re-connected to the 
metal vacuum line and stoichiometric amounts of F 2 gas were 
added to the frozen solution (-196°C). The system was then 
allowed to warm slowly to room temperature and then agitated 
overnight on a mechanical shaker. The AHF was removed as 
described above, or aliquots of the solution were decanted 
into pre-prepared 4mm O.D. FEP tubes, for NMR analysis.

199



5 .17

Reaction of "[Os(CO)3F 2]4" with PMea.

"[Os(CO)3F 2]4" was prepared by the XeFa method 
described above. The resulting white solid was isolated from 
the line so that the ampoules of CD2CI2 and PMea could be 
attached. Before the addition of these chemicals the 
ampoules were degassed. The CD2CI2 was distilled on to the 
[Os(CO)3F 2]4, followed by PMes. The system was allowed to 
warm slowly to room temperature with occasional cooling and 
venting of the volatiles. The PMea was added in excess such 
that, after the evolution of CO had ceased, further addition 
of PMea resulted in no further reaction. The resulting clear 
solution contained a small amount of precpitate which was 
removed by filtration through dried celite under an argon 
atmosphere.

5.18
The Reaction of Os(CO)4 (CH3 )2 with AHF.

The Os(CO)4 (CH3)2 was sublimed into a pre-prepared 4mm 
O.D. FEP tube (~40mg) under static vacuum. AHF was condensed 
onto this white crystalline osmium complex at -196°C. On 
gradual warming to room temperature, vigorous evolution of 
methane gas occurred, therefore requiring cooling and 
venting of the reaction mixture. The resulting clear 
soluiton was either left at room temperature or kept below - 
20°C. See text 3.9. for further discussion.
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5.19
The Reaction of Re(CO)4 (CH3)(PPha) with AHF.

This reaction was performed in a similar manner to that 
described for Os(CO)4(CH3 )2 except that the 
Re(CO)4 (CH3)(PPh) 3 was loaded as a solid and the reaction 
was carried out using CD2CI2 as a solvent. Aliquots of AHF 
were introduced into the reaction vessel until further 
addition resulted in no further evolution of methane gas, 
resulting in a yellow solution. The solvent and excess of 
AHF were removed and the solid redissolved in CD2CI2 for 
analysis by NMR spectroscopy.

5.20
The Reaction of Os 3 (CO)9 (PPha)3 with XeF2 .

0.05g of Oss(CO)9 (PPha)3 and 0.016g of XeFg (1:3 mole 
ratio) were loaded into a 4mm O.D FEP tube (connected to a 
Chemcon tap). Care was taken to keep the two solids 
separated. The system was then connected to the metal vacuum 
line and evacuated to an approximate pressure of 10-4 torr. 
CD2CI2 was distilled into the reaction vessel at -196°C, 
from a glass ampoule. The system was allowed to warm slowly 
to room temperature as described in the text. The NMR tube 
was sealed as previously described and the red brown 
solution analysed by NMR spectroscopy.
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5.21
The Reactions of M(CO)3 (PPh3)2 H= Ru or Os, with XeF?.

These reactions were performed within the NMR 
instrument according to the manner described in Chapter 
Four. Typically, M(CO)3 (PPhs)2 , (0.05g) was allowed to react 
with a 10% excess of XeF; (0.013g, 7.8x10-5 moles for M=Ru
and 0.012g, 6.9x10-5 moles for Os). The solids were either
loaded in the dry box or in a bucket filled with argon. The 
solvent CD2CI2 was vacuum distilled on to the frozen solids 
(-196°C) on the vacuum line. At this stage, the frozen 
sample was sealed as previously described so that the 
reactions could be monitored by NMR spectroscopy. For these 
reaction there was no requirement to season the apparatus 
with F 2 gas.
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Table 1. Fractional atomic co-ordinates and thermal parameters 
for RuF,(CO),(PPh-), CH.Cl ,Atom I ^ i I I z Ueq

Ueq 1/3 trace of the orthogonalised U
Ru 0.00000(0) 0.27475(6) 0.25000(0) 0 . 0 4 5 3 ( 2 )
P 0.10222(8) 0.27813(15) 0.35472(7) 0.0481(5)
F -0.05013(20) 0.4142(3) 0.29291(19) 0.0721(14)
0(1) -0.08092(29) 0.0814(6) 0.31786(29) 0.0917(22)
C(l) -0.0506(3) 0.1558(7) 0.2908(3) 0.0607(22)
C(ll) 0.17654(19) 0.1565(3) 0.35869(21) 0.0526(20)
C(12) 0.25834(19) 0.1832(3) 0.36987(21) 0.0716(25)
C(13) 0.31329(19) 0.0875(3) 0.36853(21) 0.088(3)
C(14) 0.28637(19) -0.0349(3) 0.35603(21) 0 . 0 8 5 ( 3 )
C(15) 0.20454(19) -0.0616(3) 0.34483(21) 0 . 0 8 5 ( 3 )
C(16) 0.14965(19) 0.0341(3) 0.34618(21) 0 . 0 7 2 6 ( 2 5 )
C(21) 0.16061(20) 0.4177(3) 0.37409(20) 0.0539(20)
C(22) 0.18524(20) 0.4796(3) 0.32088(20) 0.0754(26)
C(23) 0.23688(20) 0.5817(3) 0.33538(20) 0.084(3)
C(24) 0.26381(20) 0.6219(3) 0.40303(20) 0.083(3)C(25) 0.23919(20) 0.5600(3) 0.45621(20) 0.0778(28)
C(26) 0.18757(20) 0.4579(3) 0.44174(20) 0.0626(22)
C(31) 0.06118(22) 0.2533(4) 0.42914(19) 0.0548(20)
C(32) -0.00102(22) 0.3316(4) 0.43789(19) 0.0722(24)
C(33) -0.03671(22) 0.3142(4) 0.49356(19) 0.097(4)
C(34) -0.01021(22) 0.2185(4) 0.54048(19) 0.106(4)
C(35) 0.05201(22) 0.1403(4) 0.53174(19) 0 . 1 0 1 ( 4 )
C(36) 0.08770(22) 0.1577(4) 0.47607(19) 0.0729(26)
C(2) 0.50000(0) 0.1668(14) 0.25000(0) 0.213(15)
Cl 0.4323(3) 0.2659(3) 0.27890(20) 0.1784(21)
H(12) 0.27668(19) 0.2666(3) 0.37838(21) 0.0800(0) *
S(13) 0.36901(19) 0.1056(3) 0 . 3 7 6 1 4 ( 2 1 ) 0.0800(0) *
H(14) 0.32378(19) -0.1002(3) 0.35511(21) 0.0800(0) *
H(15) 0.18618(19) -0.1450(3) 0.33632(21) 0 . 0 8 0 0 ( 0 ) *
H(16) 0.09387(19) 0.0159(3) 0.33856(21) 0.0800(0) *
H(22) 0.16689(20) 0.4522(3) 0.27483(20) 0.0800(0) *
H<23) 0.25365(20) 0.6238(3) 0.29917(20) 0.0800(0) *
3(24) 0.29899(20) 0.6914(3) 0.41288(20) 0.0800(0) *
3(25) 0 . 2 5 7 5 2 ( 2 0 ) 0.5874(3) 0.50228(20) 0.0800(0) *
3(26) 0.17077(20) 0.4158(3) 0.47795(20) 0.0800(0) *
3 ( 3 2 ) -0.01908(22) 0.3967(4) 0.40592(19) 0.0800(0) *
H(33) - 0 . 0 7 9 0 6 ( 2 2 ) 0.3674(4) 0.49948(19) 0.0800(0) *
3(34) -0.03449(22) 0.2067(4) 0.57840(19) 0.0800(0) *
3 ( 3 5 ) 0 . 0 7 0 0 7 ( 2 2 ) 0.0752(4) 0.56371(19) 0.0800(0) *
3(36) 0 . 1 3 0 0 4 ( 2 2 ) 0.1044(4) 0.47013(19) 0 . 0 8 0 0 ( 0 ) *
* Isotropic thermal parameter
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Table 2. Bond Lengths (Â) for RUF2 (CO)2 (FPh3 ) 2

C(ll)-PC(21)-P
C(31)-P
C(l)-0(1)

1.809(3)1.792(3)1.799(4)
1.149(8)

C(2)-C1 
P-Ru F—Ru 
C(l)-Ru

CH2CI2
1.760(10)2.407(1)
2.008(4)
1.832(7)

Table 3. Bond Angles (®) for RUF2 (CO)2 (PPh^ ) 2

C(21)-P-C(ll)
C(31)-P-C(ll)C(31)-P-C(21)
C(12)-C(ll)-P
C(16)-C(ll)-P
C(22)-C(21)-P
C(26)-C(21)-P
C(32)-C(31)-P
C(36)-C(31)-P
C1-C(2)-C1

104.0(2)
1 0 4 . 9 ( 2 )104.2(2)
121.8(1)118.1(1)
118.7(1)
121.0(1)
117.6(1)
122.4(1)
105.7(8)

F-Ru-P
C(l)-Ru-P
C(l)-Ru-F
C(ll)-P-Ru
C(21)-P-Ru
C(31)-P-Ru
F—Ru—F
0(1)-C(l)-Ru
CCl)-Ru-C(l)

CE2CI2
85.0(1)
86.9(2)
92.3(2)113.1(1)117.4(1)
112.0(1)
83.7(2)
178.3(5)
91.7(4)

Table 4.  Ani so t ro pi c  thermal parameters (xlO**4)  RuF2(CO)2(PPh3>2 CRgClg
Atom Ull Ü22 U33 023 013 0 1 2

Ru 312(3) 624(4) 388(3) 0(0) 3 (2 ) 0 ( 0 )
P 354(7) 646(8) 403(8) - 2 (7 ) - 1 (6 ) 30 ( 7 )
Cl 2173(40) 1759(31) 1365(29) 60(23) 281 (30 ) 483 (30 )
F 655(20) 860(25) 569(21) -92(19) -35(19) 257 ( 20 )0(1) 726(30) 1196(42) 798(37) 193(32) 101(29) -295(33)
C(1) 430(30) 910(46) 437(33) -35(34) 3 (29 ) - 5 1 ( 3 3 )
C(2) 1614(154) 736(88) 4463 (385 ) 0(0) 1596(218) 0 ( 0 )
C(11) 388(27) 701(38) 43 3 (32 ) -78(28) - 2 4 ( 2 5 ) 85(28)
C(12) 507(34) 885(44) 716 (44 ) - 2 ( 3 7 ) 54(34) 107 (34 )
C(13) 500(36) 1182(63) 986(62) 168(53) 212(40) 234 (4 3 )
0(14) 698(42) 1146(62) 709(49) 122 (45) 140(39) 414(47)
C(15) 911(50) 788(47) 764(52) - 3 7 ( 3 9 ) -16(45) 262(43)
C(16) 535(33) 753(42) 765(49) 7 ( 37 ) -117(35) 168 (34 )
C(21) 382(26) 660(34) 531(36) 12(29) 9 (27 ) 5 3 ( 27 )0(22) 519(33) 1085(54) 598(41) 27(40) -4 (34) - 2 5 0 ( 3 8 )
0 ( 2 3 ) 685(40) 1010(53) 753(52) 172(43) 4 (39 ) - 2 6 2 ( 4 3 )
0 ( 2 4 ) 605(38) 723(43) 1008(61) 40(42) - 1 4 6 ( 4 2 ) - 1 5 5 ( 3 5 )
0(25) 775(44) 664(41) 772(51) -123(37) - 8 7 ( 4 1 ) - 2 6 ( 3 6 )
0 ( 2 6 ) 616(34) 664(37) 547(37) - 1 5 ( 3 0 ) 22 (32 ) - 8 ( 3 1 )
0 ( 3 1 ) 431(28) 676(41) 502 (31 ) -3 7 ( 2 7 ) 30(26) - 7 4 ( 2 6 )
0 ( 3 2 ) 529(34) 1093(50) 519(36) - 5 ( 3 8 ) 67 (31 ) 156(38)
0 ( 3 3 ) 603(41) 1631(81) 700(47) - 1 2 9 ( 5 5 ) 225(39) 21 (5 0 )
0 ( 3 4 ) 813(53) 1691(88) 705(50) 22(62) 245 (46 ) - 3 9 1 ( 6 1 )
C(35) 1349(78) 1044(62) 652(49) 18 1 (45 ) 226 (57 ) -1 5 8 ( 5 9 )
0 ( 3 6 ) 805(44) 758(43) 619(41) 107(36) 146(38 ) - 4 1 ( 3 9 )

The a n i s o t r o p i c  di splacement  parameter has the form:
e xp [ -2 p i - 2 ( U l lh - 2 a* * 2 + +2ni2hka*b*)]
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Table 5. Non-bonded Oontacts (Â) RuF

0(1).. .Ru 2.980
0(11). . . Ru 3.534
0(21). . . Ru 3.603
0(31). . . Ru 3.504
F. . . P 
0( 1 ) .  . .P

2.998
2.946

0(12). . .P 2.807
0(16). . .P 2.756
H (1 2) . . .P 2.914
H(16). . .P 2.830
0(22) .. .P 2.7500(26). . .P 2.780
H (2 2) . . .P 2.835
H(26).. .P 2.884
0(32). . .P 2.740
0(36). . .P 2.806
H(32). . .P 2.811
H(36). . .P 2.919F. . .P 3.232 2
0(1). ..P 3.131 2
0(1).. .F 2.771
0(32). . .F 2.965
H( 32 ) . . .F 2.208
F. . .F 2.680 2
0(22) .. .F 2.939 2
H(22). . F 2.184 2
0(1).. . 0 ( 1 ) 2.630 2
0(13). ..0(11) 2.4160(14). ..0(11) 2.790
0(15). ..0(11) 2.416H(12). . . 0 ( 1 1 ) 2.043H(16). ..0(11) 2.043
0(21). ..0(11) 2.837
C (3 1 ) . ..0(11) 2.860
0(36). ..0(11) 3.064
H(36). ..0(11) 2.586
0(14). ..0(12) 2.416
0(15). ..0(12) 2.790
0(16). ..0(12) 2.416
B(13). ..0(12) 2.043
0(21). ..0(12) 3.030
0(15). ..0(13) 2.416
0(16). ..0(13) 2.790
H(12). ..0(13) 2.043
H(14). ..0(13) 2.043
0(16). ..0(14) 2.416
H( 13 ) . ..0(14) 2.043
H(15). ..0(14) 2.044
H(14). ..0(15) 2.043
1(16). ..0(15) 2.043
1(15). ..0(16) 2.043
1 ( 3 6 ) . ..0(16) 2.680
0(21). . . 1 ( 1 2 ) 2.547
01...1(13) 2.972
0 1 . . . 1 ( 1 5 ) 2.868 2
0 ( 2 3 ) . ..0(21) 2.416
0 ( 2 4 ) . ..0(21) 2.790
0 ( 2 5 ) . . .0(21) 2.416

'3̂ 2 CEgClg

0 . 0000,0 . 0000,

0 . 0000,0.0000,0 . 0000,0 . 0000,

0.0000,0.0000, 0.00000.0000

0.0000, 0.00000.0000, 0.00000.0000, 0.00000.0000, 0.0000

2, 0.5000, 0.5000, 0.0000
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H(22) . . .C 21) 2.043
H(26) . .  .c 21) 2.043
C(31) . .  .c 21) 2.834
C(24) . . . c 22) 2 . 416
C(25) . ..c 22) 2.790
C(26) . . . c 22) 2. 417
H(23) . .  .c 22) 2.043
C(25) . .  .c 23) 2 . 416
C(26) . .  .c 23) 2.790
H(22) . .  .c 23) 2.043
H(24) . .  .c 23) 2.043
C(26) . .  .c 24) 2.416
H(23) . .  .c 24) 2.043
H(25) . .  .c 24) 2.043H(24) . .  .c 25) 2 . 043
H(26) . .  .c 25) 2.043
H(25) . .  .c 26) 2.043
C(31) . . . c 26) 3.049
C(31) . .  .1 26) 2.583
C(33) . . .c 31) 2.416
C(34) . . .c 31) 2.790
C(35) . . .c 31) 2.416
H(32) . . .c 31) 2.043H(36) . . .c 31) 2 . 043
C<34) . . .c 32) 2 . 416
C(35) .. .c 32) 2 . 7 9 0
C(36) . . .c 32) 2 . 416
H(33) .. .c 32) 2.042
C(35) . . .c 33) 2 . 416
C(36) . . .c 33) 2.790
H<32) . . .c 33) 2.043
1(34) . . .c 33) 2.043
C(36) .. .c 34) 2.416
H(33) . . .c 34) 2 . 043
H(35) . . .c 34) 2 . 0431(34) . . .c 35) 2.043
1(36) .. .c 35) 2.043
1(35) . . .c 36) 2 . 043
Cl. . .1 ( 34 3.005
C l . .  . Cl 2.805
C(2). . .Cl 1.760

-1, 0.5000,2, 1.0000, 2, 1.0000,
0.5000, 1.00000.0000, 0.0000 0.0000, 0.0000
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