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SUMMARY

The contents of this thesis fall naturally into four sections which 

form the subjects of Chapter 2 - 5 -  Chapter 1 comprises a general 

introduction and literature survey of the most relevant areas.

In Chapter 2 the preparation and characterisation of a series of 

carbonylmetallate anions fac-[MX(C0)^L^3 where M = Mo or W,

X = Cl, Br or I and 1^ = 1, 10-phenanthroline or 2, 2 '-bipyridine 

from the corresponding cis- [M(CO),̂ L̂ ] complexes is described.

Solution infrared studies indicated that these complexes do not 

isomerise to the mer-isomers as suggested previously, but are 

solvolysed in acetonitrile with the formation of fac-[M(CO)^L^(MeCN)]. 

Reaction of the anions with various allyl halides resulted in high 

yields of the q^-allyl complexes [(i?̂ -RC Ĥ2̂ )MX(C0)̂ L̂ ]. The 

significance of these observations for the mechanism of the allyl 

oxidative-addition reaction is discussed.

Reactions between Mn(CO)^X and Etĵ NX (X = Cl, Br) in boiling 

chloroform and between Re(CO)^X and Et^NX (X = Cl, Er, l) in 

boiling decalin are described in Chapter 3» The final products are 

the compounds Et2̂ NCM2(CO)̂ (/Lt-X)̂ 3. Vibrational spectroscopic 

results indicate that the anions possess confacial bi-octahedral 

geometry with three bridging halogen atoms. The anions did not 

react with allyl halides to give T]̂ -allyl derivatives.

Details of the preparation of C(^"*-C^H^)Re(CO)^] from CRe(CO)^] 

and its photo-decarbonylation to l%q^-C^H^)Re(CO)^] are presented 

in Chapter 4. Both allyl complexes have been characterised using
'j H NMR, mass spectrometry and particularly liquid-phase infrared 

and Raman spectroscopies. Although the vibrations of the Re(CO)^
'Iunit in the rj -allyl compound can be assigned in terms of Ĉ ^̂



(v)

symmetry, such a local symmetry approximation has been found to be 

invalid for the %^-allyl compound whose vibrational spectrum 

requires discussion in terms of the overall symmetry. The V - 

and Tĵ - allyl internal modes are discussed in terms of symmetry.

For comparative purposes the methyl derivatives [MeRe(CO)^]
12 13 12(Me = CH^, CH^, CD^) have also been synthesised and their

mass and vibrational spectra studied.

In Chapter 5 some carbonyl substitution reactions of 

[(n^-C^H^)M(C0)2^ ] (M = Mn, Re) are reported. The use of thermal 

or photolytic methods has allowed the synthesis of the complexes 

C(tî -C^H^)M(CO)^L], (M = Mn, L = PFh^, AsPh^, PCy , PBu^, PMePh^);

M = Re, L = PPh^) and [(h^-C^H^)M(C0)2L2] , (M = Mn, L = PMePh^,

P(OMe) , P(OEt)^, ^Ph^PCH^PPh^; M = Re, L = PPh^). These 

complexes are considered to possess pseudo-octahedral structures, 

the carbonyl ligands being facial in the tricarbonyls and cis in

the dicarbonyls. The H NMR spectra are characteristic of
3 1 31symmetrical tj -allyl species and show strong H- P coupling.

Mass spectra have been obtained and fragmentation pathways

suggested mainly on the basis of observed metastable peaks* A

single crystal X-ray structure determination has been carried out

on the complex L(’l^-C^H^)Mn(C0 )2 |P(0Me)^}2 «̂ crystals are

monoclinic with ̂  = l8.6l8(ll), ^  = 9-2l8(7), c_= 10.607(11) %,

^  = 102.1 (l)°, Z  =  h and space group P2^/a. 1742 independent

reflections above background have been collected and refined to

R = 0 .039. Considering the allyl group to occupy two coordination

sites, the metal has a distorted octahedral environment being bonded

to two mutually trans- phosphorus atoms 2.17^(5 ), 2.2 1 9(3 ) &, two cis-

carbonyl groups 1.75(2), 1.83(2) % and a rj ̂ -allyl ligand with Mn-C

2.2 23(17), 2.114(14), 2.2 2 9(13)
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Appendices 1 - 3  contain details of experimental methods, starting 

materials, group theory, secular equations and computer programmes 

used in this work. Appendix 6 lists the structure factors and 

thermal pairameters associated with the crystal structure 

determination.
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(b) [(7)^-C Ĥ^)Re(CO)2 ]̂, 99; (c) Rentacar bony Imethyl-

rhenium, 99. Mass Spectra, 101 ; (a) V -AllyIpentacarbony1-

rhenium, 101; (b) Tj^-Allyltetracarbonylrhenium, 103;
13(c) Methyl, C-methyl and d^-methyl pentacarbonyl 

rhenium, IO3 . Vibrational Spectra, 110; (a) V -AllyIpenta­

car bony Irhenium, 110; (b) iL^-AllyltetracarbonyIrhenium, 123;

(c) RentacarbonylmethyIrhenium, 133.

Chapter Five; ALLYL COMPLEXES OF MANGANESE AND RHENIUM 

WITH GROUP V DONOR LIGANDS 143

INTRODUCTION l44

EXPERIMENTAL l43

Preparations, l43? Structure Determination, l49:

Crystal data, I3O; Solution and refinement, I30.

RESULTS AND DISCUSSION 133

General Properties, 133. Infrared Spectra, 137.

"̂H NMR Spectra, l62« Mass Spectra, I7I. The Crystal and 

Molecular Structure of [(n^-C^H^)Mn(C0)^{p(0Me)^}2]i 179.



(x)

APPENDICES 189

1. PHYSICAL METHODS AND INSTRUMENTATION I90

'IH NMR Spectra, 1?0; Infrared Spectra, I9O; Raman Spectra,

I9O; Mass Spectra, 191» Conductivity, I9I; Melting 

Points, 191 ; Analysis, 191» General, 191.

2. SOLVENTS, REAGENTS AND STARTING MATERIALS 192

Solvents, 192: Chloroform, 192; Nitromethane, 192;

Tetrahydrofuran, 192. Reagents, 192: Tetraphenyl- 

phosphonium iodide, 193; 3-bromocyclohexene, 193;

Sodium-mercury amalgam, 193» Starting Materials, 193:

Group VI transition metal tetracarbonyls, 193; Group VII 

halogenopentacarbonyls, 194; Dihalogenotetracarbonyl- 

manganate(l) anions, 195» Tj^-Allyltetracarbonylmanganese,

196; [Re^CcOgCPPh 197; Fac- [Re (CO) (PPh^ ) ^ B r ], 197-

3. A GROUP THEORETICAL TREATMENT OF SELECTED MOLECULES I98

1. Tri carbonyl Complexes; [MX(C0)^Ij2]: C^ symmetry, I9 8;

2. The Anion; [M2(C0)^(p-X)^] : D^^ Symmetry, 198;
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INTRODUCTION



INTRODUCTION

The chemistry of allyl transition metal compounds has been the 

subject of much recent research arising in part from their 

importance as intermediates in both catalytic cycles and many 

organic reactions. Thus, they are extremely effective catalysts 

for stereospecific polymerisation and oligomerisation of alkenes

and dienes^ ^ and participate in the isomérisation^’*̂,
8 9—11 12 13oxidation , hydrogenation and carbonylation ’ reactions

of unsaturated organic compounds. There are several review

articles concerning the use of allyl-metal systems in organic 
1 2 5 l4 15chemistry ’ ’ ’ and, together with many subsequent

10,11,16—20 . ,, , . _ ,publications concerning the reactions of more recently

reported compounds, they illustrate the usefulness of such

systems to the synthetic chemist.

Interest in allyl-metal compounds has also been stimulated by

_1( 
26-32

some of their unusual intrinsic properties'^ and the challenge

presented by, for example, the theory of allyl-metal bonding 

and the interpretation of often complicated spectroscopic 

features^^'^^.

To date most of the considerable chemical effort has been applied

to allyl complexes of the later transition metals. In particular

those of the nickel triad have received much attention although
43recently there has been a shift of emphasis to the iron group 

In contrast the chemistry of allyl derivatives of the early 

transition metals has been comparatively neglected.

The work described in this thesis is concerned with the synthesis 

and characterisation of new groups VI and VII transition metal- 

allylcarbonyl compounds and their derivatives. The major synthetic



route adopted involves' the use of highly reactive carbonylmetallate 

anions as precursors and accordingly the chemistry of some of 

these compounds is discussed.

BONDING AND STRUCTURE OF ALLn>METAL COMPOUNDS 

Nomenclature

The naming of compounds in this work will follow the rules laid 

down by the 1970 iUPAC Commission on the Nomenclature of
44Inorganic Compounds , with due regard given to more recent 

trends generally adopted by authors. In particular, the 

nomenclature for metal complexes involving unsaturated organic 

ligands has changed several times over the past fifteen years 

and various notations for allyl-metal systems may be encountered 

in the literature. Probably the earliest was the <r- and tt- 

representation, the former denoting a single localised carbon- 

metal bond and the latter a multicentred delocalised system.

Due to its simplicity this method is still widely used today.

45In order to designate structure, Cotton introduced the 'hapto' 

(from the Greek haptien, to fasten) notation, which specified 

the number of atoms bound to the central metal atom by the 

prefix h^- (where n = number of atoms bound to the metal).

The IUPAC system is basically similar but with h replaced by 

the Greek letter eta, tj. In cases where some, but not all, 

ligand atoms are involved in bonding,locant designators may 

be inserted preceeding 17. A simple example will serve to 

clarify the situation.



Notation for the butenylcarbonylcobalt complexes

Co(CO)^

EjC.
•g^

Co (CO).

Early:

Cotton:

IUPAC:

Acceptable
alternatives

tetracarbonyl- 
<j - cro tylcobalt

h -2-butenyl 
tetracarbonylcobalt

tricarbonyl- 
TT-crotylcobalt

h^-2-butenyl
tricarbonylcobalt

( 1 -TJ -2-butenyl ) ( 1 -3-%-2but enyl )
tetracarbonylcobalt(I) tricarbonylcobalt(I)

TJ -2-butenyl 
tetracarbonylcobalt

f-2-butenyl
tetracarbonylcobalt

TJ -2-butonyl 
tricarbonylcobalt

46Note: A recent comment in the literature has shown that the

nomenclature for complexes involving unsaturated organic ligands 

is the subject of continuing discussion.

Structural Types

The allyl group may adopt one of several modes of bonding in metal 

complexes including the following:

(i) TJallyl; a multicentred delocalised bond system is formed 

between the three carbon atoms of the allyl ligand and the metal.

(ii) TJ -allyl; a formal cr-bond between the metal and terminal 

carbon atom of the allyl group is formed, leaving a localised 

double bond on the adjacent carbon atoms.



(iii) bridging or )u-allyl; the allyl group is simultaneously 

bonded to two metal centres, thereby acting as a bridging ligand, 

e.g. [ Pt ) a c a c a n d

(iv) ionic allyl; e.g. C^H^Na^^. Compounds of this type are 

undoubtedly ionic. However they do not produce ions in solution 

but exist as strongly bound ion pairs.

(v) unsymmetrically bonded allyl; this category covers those 

systems not easily classified. Compounds falling into this 

class are sometimes erroneously designated<r-7r-allyIs. - This is 

to indicate that both types of interaction may be present, 

however they are best thought of as unsymmetrical 77̂ -systems, 

e.g. [ Pt Cl (17 ̂ -2-MeC^H^ )PPh^] (Figure ,'1.1 )

CH.
1.40

Me

Pt1 .4 7

PPh.

Figure 1.1: The structure of [PtCl(^^-2-MeC^H,^ )PPh^]

Very recently some 77 -allyl complexes of nickel sulphide clusters, 

e.g. and BgS have been

reported which may represent a new structural type but as yet no 

confirmation of structure is available.



The majority of simple allyl-metal compounds are either % - or % - 

bonded and accordingly these are treated in more detail subsequently. 

In addition there are a great many more complicated systems in 

which an 17̂ -bonded entity is present. Some examples of these are 

given at the end of this section.

Symmetrical v ^-allyl-metal bonding

In 77̂ -allyl-metal systems the allyl group is frequently symmetrically 

bonded to the metal atom (within experimental error). The 

terminal M-C(allyl) distances are approximately equal whilst 

the central M-C(allyl) distance is usually slightly shorter.

Some typical examples where X-ray crystal structure analyses 

have confirmed this feature are given in Table 1.1. The plane 

of the allyl carbon atoms is not, however, perpendicular to 

(dihedral angle x = 90°) the metal xz plane, as might be expected 

by analogy with simple olefin complexes but for most complexes 

X is greater than 90° (Table 1.1) This variation may be 

rationalised in terms of maximising the bonding orbital overlap 

which occurs at differing values of X.

Table 1.1 appears overleaf.
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A diagrammatic view of the [(^^-C^H^)PdCl]^ dimer using the 

angles and bond lengths of Reference 60 is given in Figure 1.2,

111.5

Figure 1.2: Schematic drawing of the - [ ( i ? ) P d C l ] ^  dimer

The allyl anion has three delocalised v-molecular orbitals, , 

'̂ 2 ’ ^3’ ' resulting from a linear combination of the carbon

p^-orbitals remaining after the o’- framework has been constructed 

^Figure1.3, overleaf). Convention dictates that the 77̂ -allyl
*

group contributes one unit to the oxidation number of the metal . 

Thus the allyl anion is formally a four electron donor. In this 

case and are both doubly filled molecular orbitals, each

capable of donating two electrons to vacant metal orbitals of 

suitable symmetry and energy. Theoretically the vacant xj/^ 

orbital is available for back bonding from the metal, providing 

the same requirements are fulfilled.

63

although this does not preclude the idea that the allyl ligand 
may be a three electron donor and contribute zero to the oxidation 
number.



Atomic Orbitals Molecular Orbitals

+  (f>^ -  /2<^)

Antibonding

Non-bonding

Bonding

Figure 1.3: The tt-molecular orbitals of the allyl anion

Consideration of the symmetry of both allyl-anion and metal 
orbitals reveals that there are two distinct mechanisms by which 
bonding can occur, (I and II in Figure 1.4). Moreover the 
resulting orientations of the allyl group with respect ta the 
metal xz plane differs by 90° as shown in Figure 1.4.

From experimental observations, particularly on the allylpalladium 
system"^^ 6l,64  ̂ ig evidently a poor approximation to regard



xz

II

Figure 1.4: Possible orientations for allyl-transition metal 

bonding interactions

(I: x= 90° II: X = 180 )
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either of these two extremes as solely responsible for allyl- 

metal bonding. Consequently a purely qualitative description 

suggests that to maximise bonding interactions the dihedral 

angle, X, must lie between the extreme values X = 180° and 

X = 90°. This accounts for the observed 'allyl tilt' which is 

common to most ally1-metal systems.

Semi-quantitative calculations of overlap integrals for several 

ally1-metal systems have been carried out^^’ and where 

these include maximisation of overlap as a function of X , fair 

agreement between experiment and theory is found. In some cases 

the agreement between observed and calculated values is very good 

indeed e.g. for C(7?^-C^H^)PdCl]2» ̂ (ot>s. ) = 108°, 111.5° and 

X(calc.) = 102°-1l4°2G.

The discussion so far has paid little attention to possible d -  \j/ ^

interactions and indeed most workers- consider these to be of

small significance. This is in accordance with the view previously

noted that the allyl ligand is an electron donor. However some 
27authors conclude that metal- 4' ^  electron transfer is of some 

importance in rationalising the observed 'allyl tilt', whilst 

others compare its importance with back bonding in ferrocene^^.

It is clear that the bonding in »?^-ally 1-metal compounds is the 

subject of continuing controversy and that no completely satis­

factory solution has yet been found (see for example the discussion 

in Reference 57)-

7̂̂ -Ally 1-metal bonding

Using valence-bond terminology, one terminal carbon atom of an

isolated allyl group is sp^ hybridised, whilst the remaining two 
2atoms are sp hybrids linked by a localised double bond. For
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'Ibondii]g considerations the v -allyl ligand may be treated as a 

simple alkyl substituent. Consequently bonding involves- overlap 

of a carbon sp^ orbital with suitable metal orbitals resulting in 

the creation of a formal f-bond which allows free rotation of the 

allyl group about the carbon-metal axis, tt-Interactions are 

also symmetry allowed and have been invoked to describe the bond­

ing in some fluoroalkyl compounds^^. &)wever such interactions
68 1are not important for simple alkyl ligands . Thus the rj -allyl 

ligand contributes one electron to the valence shell of the metal 

and zero to the oxidation number.

Since the metal-carbon <r-interaction does not fundamentally

perturb the ligand (c.f. i?allyl analogues) it should retain

the major features of an uncoordinated allyl group, such as the 
2 3sp and sp bond angles and the variation in carbon-carbon bond

lengths. Two examples where solid state structures containing
']

V -allyl ligands have been determined are: 

[(77^-C^E^)Pt(PPh^)^Cl]^^ ^Figure 1.5) and

C(»?^-G^^)(’7^-G^H^)Nb(GS2 )]*̂ .̂ These confirm that the carbon- 

carbon bond lengths are appreciably different and, even in the 

solid state, the allyl (GG=G) angle is close to the ideal value.

1.31

126 2.30
Pt

G1

Figure 1.3: The skeletal structure o f ) P t ( P P h ^ ) ^ G 1 ]
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1 39 -Ally1-metal derivatives are not as common as their % -

counterparts although the few studies undertaken indicate that

transition metal-carbon e-bonds are thermodynamically stable.

For example the Pt-CH^ bond dissociation energy in

C(7^-C^H^)Pt(CH^)^] is 164 KJmol"^ and for Ti-CH^ in

[(V^^C^E^jTiCCE^)^] ça. 2^0 KJmol The inherent instability
1of most t] -ally 1-metal systems is attributed to the many pathways 

available for kinetic decomposition, such as homolytic metal- 

carbon fission and /3-hydrogen. transfer.

Other allyl-metal systems

In order to simplify the rationale the discussion of bonding in 

previous sections has been mainly confined to the basic allyl 

moiety, C^E^. Clearly the C^E^ unit can be multiply' substituted, 

part of a cyclic system or even contain hetero-atoms and so 

the bonding in such systems may be considerably modified.

Eowever an extension of the arguments put forward above may 

reasonably be employed as the basis for describing some of the 

more complicated systems. There are numerous examples to be found 

in the literature, of which a selected few are given below:

3Multiply substituted 7 -allyl systems:

(i) Complexes of the type [(7^-C^E^)Mo(C0 )̂ (7^-CE^C(C0^E* )CER)] ,

(R = Me, Ph),(R' = E, Me, Et) were the products of a novel

reaction between the a*-bonded acetylene compounds

C(7^-C^E^)Mo (C0)^(7"'-CE^CsCR)] and alcohols, R*OE or water
73at ambient temperatures .

(ii)
SE
- Mn(CO)Ph

m

This unusual sulphur-substituted 7 ̂ -allylmanganese complex
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was formed by the alkylation, reduction and ring opening of

diphenylcylcopropenethione on treatment with [ Mn(CO)^]” and CH^I
22in aqueous methanol

(iii)

Eh 
Pt(acac)

The platinum complex above has a complicated,temperature dependant,

M E  spectrum indicating fluxional behaviour which results in the
74equivalence of carbon atoms 1 - 4 on the M R  time scale • The

corresponding palladium complexes show three independent types of

fluxional behaviour over the temperature range -40°C to +60°C.

(iv) Complex M R  spectra are a common feature of multiply substituted

allyl systems as in the example below where a crystal structure
7 3determination, was needed to confirm the spectral results^ •

H H \ X  CF, 
Fe(CO)^ ^

Cyclic allyl systems :

Examples of complexes, in which part of a cyclic ligand is bound 

to a transition metal in the trihapto- manner may be found for a 

variety of ring sizes. These range from the special case of the 

three membered cyclopropenyl ring to much larger eight or nine 

membered cyclic systems. In some of the large ring systems the 

trihapto- form of the ligand prevails over other possible 

alternatives which would involve bonding through more atoms. This 

is usually a direct consequence of the preference the metal has
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for attaining the eighteen electron configuration and often results 

in fluxional behaviour of the complex. The many examples of this 

type illustrate that the 'eighteen electron rule' is normally 

obeyed and is therefore of use in the discussion of the allyl 

transition metal complexes in general. The following examples 

are given in order of increasing ring size;

(i) Three membered ring systems such as

t-Bu

t-Bu t-Bu Eh

Eh

\ a
Mo (CO).

are readily synthesised from trisubstituted cyclopropenyl 

halides'^^"’̂ .̂

(ii) Two examples of four membered rings containing an 
79,80.bonded moiety are

Me Co(CO) Eh Ed(acac)

The latter example exists in equilibrium with another isomeric

form involving a ring opened butadienyl structure.
8̂  02(iii) Five membered rings ’ e.g.

Fe(CO)

w(co).

A crystal structure analysis of the tungsten complex confirms that 

it contains a trihapto-cyclopentadienyl ligand with an
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uncoordinated C=C bond, thus avoiding a twenty electron valence 

configuration of the metal atom.

(iv) Examples of six membered ring systems such as,

+
which is formed by protonation of the)>-Fe(CO).

corresponding cyclohexadiene complex in strongly acid medium and

Eh(EF^)^ which is prepared by the insertion of

gr
113-cyclohexadiene into the metal hydrogen bond in EBhCFF^)^^ , 

are very common.

(v) Seven, eight and nine membered ring systems are less common and 

are usually very reactive. For example the 9^-bonded complex (a) 

is formed by nucleophilic attack by CN on the cycloheptadienyl- 

rutheniumtricarbonyl cation, a reaction which is easily reversed 

on treatment with Fĥ C*̂  The iridium complex (b)^^ is a

further example which demonstrates well the preference of the metal 

for an eighteen electron configuration and the very reactive 

niobium complex (c) was assigned an 9^-allyl type sti-ucture on
87the basis of infrared and variable temperature NMR results .

CN

Ru(CO) /
Nb(9

(a) (b) (c)
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Hetero-allyl systems:

(i) Novel diaza-J7̂ -allyl complexes such as,

Mn(CO)^ (Ar = Ph, p-tolyl)

were obtained in a photodecarbonylation reaction of the cyclic 

carbamoyl complexes [(CO)^MnCO.N(Ar)C(Ph)N(Ar)] ̂ ^.

(ii)

CECI

The above complex is an example of an 0x0-9^-allyl complex which 

was prepared in 93^ yield from the reaction between diazoacetone

and [(PhCN)2PdCl2] 89

(iii) Silicon analogues of allyl complexes represent the first 

examples of stable *doubly bonded silicon? compoundse.g.

SiMe^

SiMe^

"Fe(C O)^(S iM e )

(iv) The complex C(B^H^)Pt(PPh^)2l contains the ” ion which

is iso electronic with and the authors claim that it is a

TT-borallyl analogue of C(C^H^)Pt(PPh^)CîlIon the basis that they
91undergo similar reactions .
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SPECTROSCOPIC CHARACTERISATION OF ALLYL-METAL COMPOUNDS 

Proton NMR Spectroscopy

'I
i? -Ally 1-metal complexes:

'IAn rj -allyl group bonded to a metal atom contains four types of 

magnetically inequivalent hydrogen atoms (assuming free rotation 

about the carbon-metal and carbon-carbon (r-bonds). These are 

designated a, b, c and x in Figure 1.6.

H(b) H(c)

iC =  C< M 

H(a)

H'(x )  'H ( x )

Figure 1.6: The ? -allyl group

Chemical shift ranges for the different protons are typically

H(a), E(b), Ô = 3«5-3*Oj E(c), ô = 5 .5-6.5 and E(x), 8 = 1.5-3*0 ppm,

Providing simple first order splitting rules apply and the molecule

is not fluxional, an ABC3^ pattern, similar to that found for the 
92allyl halides , is expected for such compounds. This type of 

spectrum for example is observed for [(? -C^E^)Mn(CO)^] :

E(a) = 4 .9 2 (d, 17 Hz), E(b) = 4.68 (d, 10 Ez), E(c) = 6.15 (m), 

2H(x) = 1 .85 (d, 9 Hz) and K v ^ - C  E  ) N h ( .C S ^ ) i^  :

H(a), H(b) « k . 5  (m), H(c) = 5-90 (m), 2H(x) = 2.73 (d, 8 Hz),

(ppm relative to TMS).

1 1 There are however examples of ^ -allyl compounds where the E NMR

spectrum is considerably simplified and corresponds to an AX^ spin

system. For example the room temperature spectrum of

C(7^-CÆ)Ti(Et2N)j]^5, H(a) = H(b) = 2H(x) = 6.4$ (d, 11 Hz),
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H(c ) = 3.1 (quintet, 11 Hz). It is likely that the equivalence
1 3  1of the terminal protons is the result of a rapid 9 9

exchange process. Indeed this seems certain for the

[ (?'̂-Ĉ Ĥ)Pd(PEhMê)l̂], systemŝ d̂̂  = ÔCĈ ĤN; Ŝ CMê ),
where NMR measurements over a range of temperature clearly show

1 3the presence of both 9 - and 9 - species.

7^-Allyl-metal complexes:

Whereas the 7 -allyl group has four inequivalent hydrogen atoms, a 

static, symmetrical 9^-bonded allyl group has only three magnetically 

distinct hydrogens. These are shown as H(a), H(m) and H(x) in 

Figure 1.7.

H(a)

H(m) ^H ( m ' )
' C

H(x) H(xO

Figure 1.7: The symmetrical V̂ -alil.yl group

Again the first order rules are applicable and an AMM’XX^ pattern 

is expected. However the coupling constants J(MX) and J(MXO, 

being small, are only detected in high resolution studies and so 

the majority of symmetrical 7 -allyl spectra can be assigned to an 

AM^X^ spin system. Indeed it was the observation of such a 

spectrum that first demonstrated the symmetrical nature of the 

7^-allyl-metal bond in C(7 ^-C^H^)Co(C0 )̂ ]̂ *̂  and C(7^-C^H^)Mn(CO)2̂ ]̂ .̂

Comparison of 7 allyl spectra with those of known organic alkene 

systems (Figure 1.8) enables the assignment of the cis- and trans- 

or syn- and anti- protons to be made.

Coupling constants for 7 allyl complexes are typically in the
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ranges 9-14 Hz (anti), 5-10 Hz (syn), 0-2 Hz (gem) and although 

lower than those of alkenes, the sequence of relative values 

J (trans)> J (cis)^ J (gem) is maintained.

H(b)

a W \
H(c) J(ac) trans = 11-20 Hz

J(bc) cis = 6-l4 Hz

J(ab) gem = 0-3 . 5 Hz

Figure 1.8: Typical ^H-coupling constants in alkenes^^

Added confidence to the assignments is gained if the experimentally

measured syn-, anti-, geminal and long distance coupling constants
100 101are compared with values obtained from theoretical calculations ’

The observed and calculated results are usually in close agreement.

A diagram of an AM^X^ spectrum with typical chemical shift values 

is given in Figure 1.9.

Assignment H(a)

Intensity ratio 1

Typical 8 values (6.5-4)
(ppm vs. TMS)

H(m) H(x)

2 : 2 
(5-2) (4-1)

Figure 1.9: Diagram of an AM̂ X.̂  7 -allyl NMR spectrum
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1 • ”1 3As with 7 -allyl complexes the HNME spectra of some 7 -allyl

complexes (e.g. [Zr(7^-C^H^)^] and [Th(7^-C^H^)2̂ ]̂  ) are sometimes

misleadingly simple and an AX̂  ̂spin system may be observed. This

is often due to a rapid interchange of syn- and anti- protons

causing their equivalence on the time scale of the NMR experiment.

Such dynamic processes are detected by variable temperature studies

in which the AX̂  ̂spectrum may be "frozen out* to give the expected

AI^X^ pattern. For example the coalescence temperature for

CZr(7^-C^H^)2̂ ] is about and for [Th(7 -̂C^H^)£^ ] about 50°

The hafnium complex [ Ef displays an AX̂  ̂spectrum even at

-72°C indicating that the activation energy for the dynamic
• , . -, 105,106process in this compound is very low

As a result of substitution e.g. r(7̂ -1-MeC Ĥj )̂Co(C0)̂ ]"' *̂^, 

stereoisomerism e.g. [(7 ) ( 9 ^ - )Mo(C O ^ , or fluxional 

processes involving intramolecular rearrangements e.g.

[(PPh^)^Cl^Rh(7^-2-MeC^S2̂) and intermolecular rearrangements
3 110 3e.g. [ ( 7 -C2̂ E,̂ )PdCl]̂  , the NMR spectra of 7 -allyl compounds

may be considerably more complex than expected. Fluxional

behaviour amongst 7 ^-allyl complexes is extremely commonplace and

may be due to one of three types of rearrangement, namely (i) syn-

anti exchange, (ii) syn-syn, anti-anti exchange, (iii) conformational

changes. These movements can be a result of rearrangement of the

7^-allyl group relative to the rest of the molecule or to the

fluxional nature of the molecule as a whole. In most cases it is

not easy to distinguish the precise mechanism and various authors

have differing opinions. However for syn- anti- exchange the most
3 1 3widely accepted mechanism is the 7 - 7 - 7  movement, which is 

depicted in Figure 1.10 for the [(7 ̂-R-MeC^H^^ )Rhd^ (PPh^ )̂ ] system^.
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,CM,
'H(Z)

V̂ciz)CHj*
M|4)

’MO) [ciial

L(l) LB)

Figure 1.10; Syn-anti conversion via a 7"̂-allyl form

From the preceding discussion it is clear that H NMR spectroscopy 

is a very powerful technique for the study of allyl-metal complexes 

of all types. The information gained, particularly by variable 

temperature measurements on fluxional systems, is extremely 

useful in structure elucidation, a fact which is reflected in the 

great volume of NMR data accumulated in the literature. Thus
'IH NMR probably provides the most important physicochemical method 

for the investigation of allyl-metal systems. However the 

solution to most problems is usually provided by considering the 

combined results of several different methods.

13-Carbon NMR Spectroscopy

13During the past ten years the use of C NMR spectroscopy for the 

study of organometallic compounds has greatly increased, with the
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103advent of more sensitive and widely available spectrometers .
36 104 110However, with the exception of perhaps palladium complexes ’ ’

relatively little data has been obtained for 7 allyl-trans ition
13 3metal systems. Nevertheless C chemical shifts of 7 -allyl

ligands^^ ,36,39,104,111-113 quite characteristic. The

terminal carbons C(l) and 0(3) have shifts in the range 35-80 ppm

(relative to TMS) and the central carbon 0(2) resonance falls in the

range 90-l40 ppm (Table 1.2), reflecting the electron distribution

vifchin the allyl group. Thus 0(1 ) and 0(3) possess more electron

density than 0 (2 ), which is deshielded and found at lower field.

This is consistent with the donation of T-electron density into the
39 112allyl- 1^2 orbital which has a nodal plane containing 0 (2 ) ’

Table 1.2: Selected ^^0 NMR Data

13Oompound Ref 0 Chemical Shift
(ppm; TMS = O)
0(1) 0(2) 0(3)

[ (?^-2-MeC a^)Pd(PEt^ai)g] [BF^] 36 7 1 .0 136 .3 7 1 .0

io4 6 3 .2 111 .9 6 3 .2

[ (>7^-CjH^)PdBrJ2 104 6 3 .2 111 .3 6 5 .2

[(v5-Cj^)Pdl]^ 104 68.0 110 .2 68.0

[ (9 )Pd (PEhj )C1] io4 6 2 .0 11 8 .7 7 9 .4

[ (7^-1- M e C Æ  )NiBr]2 112 7 1 .2 105 .6 4 9 .6

[ )Mn(CO)g{(Oi-Pr Lp} 11 4 3 .0 9 3 .3 4 3 .0

39 3 7 .0 9 2 .7 7 1 .0

[(9^-CÆ)Mo(C0)g{p(0Me)^}gCL] 113 7 6 .0 114.4 7 6 .0

[ (î?̂ -2-MeC,Hĵ )Mo (CO)g{p(OMe ) Ici] 113 7 3 .4 130.0 7 3 .4

130 Chemical shifts appear to be sensitive to substitution in the
'] o4 112trans-position at the metal ’ since the chemical shift of the
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terminal carbons move to a higher field in the order,

I <Br<^ŒL<Cacac <Cĉ Ê . The few coupling constants

measured fall in the range 133-163 which is typical of
2sp hybridised carbon atoms.

Vibrational Spectroscopy

Partial data for allyl vibrations, particularly between 163O-

1300 cm has been reported for many allyl'transition metal 
114complexes . It is in this region that vibrational spectroscopy

is of greatest value in determining whether the allyl group is 7-
3 1or 7 - bonded. Some typical results giving (/ (C=C) for 7 -allyl

complexes and the highest band in the 1310-1370 cm region for

7^-complexes appear in Table 1.3.

    - . .   _ ... - V| - ?

Table 1.3: Characteristic Frequencies (cm ) for 7 and 7 -allyl 

Groups in Some Transition Metal Complexes

1 3•Compound.......................  ̂ rj. -allyl - 7 -allyl Ref

1602 95

JZr^Cl] 1599,1588 1533 115

C(i7̂ -c^^) v] ' 1520

[(? )g (? )Nb (egg ) ] 1605 94

[(?^-C Sg )Nb] 1480 116

[(,^-C IL)(9^-C^Bg)W(C0 )^] 1609 117

[(? ̂ - ) (? ^ - )W ( CO )g ] 1476 117

[(>? -̂C L)Mn(CO) ] 1617 118

[(i7 -̂CjĤ )Eu(C0).̂ C1] 1462 119

115
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The 7 -bonded complexes have a characteristically strong infrared 

and Raman active band attributed to y(C=C) (aI), whereas the 

spectra of 7 ^- derivatives contain no such band. Their vibrational 

spectra do however show three moderate intensity bands between 

13IO-I37O cm which may be assigned, although not unambiguously, 

to the y(CCC) (A”), 6^(CE^) (A") and (A') modes.

The vibrational spectra of several 7^-allyl complexes have been 

studied in detail^^’ '126̂ and with only minor differences in 

specific assignments, overall agreement is good. For an 7^- 

allyl group of symmetry group theory predicts eighteen normal 

modes of vibration (IOA* ^  8A") (Table 1.4).

Table 1.4: Numbers and Symmetries of Normal Modes for an 7 ^-Allyl 

Group

Vibrational mode^ C^ Symmetry species

"(CH) A*

"(CSg) 2A* + 2A"

S (CH^) A* + A"

ir(CH) A*

3 (CH) A" '

» (CCC) A' + A”

A' + A"

A* + A"

A* + A"

a(CCC) A*

symbols used are conventional

In addition to these there are four modes associated with allyl- 

metal skeletal vibrations (Figure 1.11 ), which may be regarded as
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one stretching (A’), two tilting (A* ^ A") and one torsional mode

(A”). Such modes are often difficult to assign, however

assignments have been made for [(7 )PdClbased upon
104 110frequency shifts observed in Pd and Pd isotopically labelled

species124

M

A* symmetry stretch A” symmetry tilt

t
c ci i

M

O'W
%

M

A* symmetry tilt A" symmetry torsion

Figure 1.11: 7 -Allyl-metal skeletal vibrations

Of the 7j -allyl transition metal complexes reasonably complete
1 128vibrational data have been reported only for [(7 -C^H^)Mn(CO)^]

(Table I.3 ). The assignments are similar to those of 7 -allyl
129derivatives of main group elements . For comparison the 

vibrational spectra, together with proposed assignments arising 

from allyl modes, for [(7^-C^H^)Mn(CO)^]"'^^ and C(7^-C^H^)Mn(C0 )^]^ 

are presented in Table 1.3  overleaf.
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Table 1.5: Vibrational Frequencies (cm ) and Assignments Proposed

for Allyl Modes in [(7  ̂ -C^H^)Mn(CO)^J and [(7^-C^H^)Mn(CO)f̂3

Frequency' Assignment

4o

Frequency' Assignment

3085

3000

2973

2934

2865

1617

1465

1448

1405
1382

1297

1204

1080

1032

1017

989

920

732

882

A» *'(CH) 

A* i/(CB̂ ) 

A' y(CH^) 

A" Kc:^) 

A* KCH^) 

A' y(0=0)

4a * GQ 0 0

ft g)
A" S S

0rÛ

A » 0 CQ 
Sh 0  cd TdH  0

+ A  S 

%
4a" •H+3 TJ

3  §
CÛ

A» v i c e )  

A» ô(CCC)^ 

A» KMC)^

3078 A" K cb^)

3025 A' K c h)

2973 A» K ch^)

2964 A" K ch^)

2948 A* /(CB^)

1503 A" 5^05^)

1462 A* 5^(CE^)

1397 A" ŷ '(CCC)

1214 A* t(CH)

1143 ■ A” 5(CH)

1017 A* I' (CCC)s
1007 A* P.CCH^)

980 A" P^CCH^)

920 A*

883 A"

788 A" PpCCB^)

774 A» P^CCH^)
520 A* 5(CCC)

412 A” '
allyl-1

387 A»
modes

327 A' >

S. brecorded in CCl^ solutions; specific assignments not given

the assignment of these bands in related complexes is often 
reversed
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Mass Spectrometry

Despite the fact that mass spectral data for allyl-transition metal 

systems is at present very limited, mass spectrometry can be used 

to provide useful information concerning the molecular ion, a common 

feature amongst allyl-metal complexes which is often present in

high abundance, and prefered decomposition pathways. The mass 

spectra
106,130

spectra of several isoleptic 7^-allyl complexes have been reported

and these compounds seem to follow straightforward 

fragmentation patterns. However when the 7 allyl unit is present 

in a mixed ligand system^^^ it does not appear possible to 

assign a general fragmentation scheme. Instead there are probably 

several concurrent fragmentation paths involving loss of and

other ligands (e.g. CO, halogen^Decomposition of the C^E^ 

unit by loss of CH^ or H^ whilst still attached to the metal atom 

is also found. The latter process results in the formation of 

cyclopropenium ions and has been observed for several 7 ̂ -allyl- 

metal complexes ^ , For example the most abundant ion

in the mass spectrum of [(7^-C^H^)(7^-C^H^)Ru(C0)] was 

[(C^Hj)Eu(CjHj)r

PBEPARATIOU' OF AU.H-TRAHSITION METAL CQMPOBMDS 

7^-Allyl Complexes

The main routes to 7 -allyl-transition metal compounds are similar 

to those used for the synthesis of many other carbon-metal o"-bonded 

compounds although careful control of reaction conditions is often 

required because 7 -derivatives may be subject to easy decomposition 

to 7 ^-allyl compounds.
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(i) Grignard reactions:

This method represents one of the most used routes for a-alkyl 

complexes which has been adapted for the synthesis of rj -allyIs e.g.

[(RgN)^TiBr] + allylMgCl —  [(^’’-allyDTidi^N) ] + MgBrCl^^

(ii) Synthesis using anionic metal species:

Treatment of suitable anionic transition metal complexes with allyl 

halides under controlled conditions often leads to the formation of 

an 7 -allyl complex e.g.

[Mn(CO) ]■ + allylX— ►[(>)''-allyl)Mn(CO) ] + X" 53.

[Eu(CO)gCp]" + allylX — [(I ”'-allyl)Eu(C0)2Cp] + X"

2[Co(CN) + allylX— »[(?^-allyl)Co(CN) +[Co(CN)^]^

The above reactions are general methods which have been adapted from 

normal alkyl-transition metal synthesis but the following illustrate 

reactions which are specific to the allyl group.

(iii) Addition of 1,3-dienes to metal hydrides:

Certain metal hydrides are reactive towards conjugated dienes, the 

products being substituted 7 -allyl complexes e.g.

[(?^-Cg^)Fe(CO)gE] + C^CHCHC^— »[(?̂ -C SL)(?''-Ĉ Ê )Fe(CO)g]''̂ °
"Z 'I

(iv) 7 - to 7 - conversions:

Such conversions are usually accompanied by the coordination of 

a simple molecule such as SO^ or CS^ to the metal e.g.

C(?^-C H )(v^-CÆ)Nb] + CSg — . - [ ( ? ) (,,^-C^Sg)Nb(CS^)]^^

[(,^-C^S )ai(PEh^)gClg] + S O ^ - ^ [ ( v ' ' - C ^ B ^ ) m i ( F P h ^ ) ^ ( S O ^ ) C l ^ i ' ' ^ ^

? -Allyl Complexes

The number of ? -allyl-transition metal complexes is very large and
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consequently their methods of preparation are many and diverse. 

However several generally applicable syntheses can be distinguished,

some of which involve v - complexes already described as inter­

mediates which may or may not be isolable. In addition there are 

specific reactions which lead, sometimes unexpectedly, to the 

isolation of 7^-allyl complexes, some examples of which are given 

at the end of this section.

(i) Use of anionic metal species:

The use of anionic transition metal complexes for the synthesis of

novel organometallic species is widely exploited and several 
12̂ 0-143reviews demonstrate the versatility of such compounds. Allyl

compounds are no exception and the route has been successfully

employed to produce many such derivatives under mild conditions'^, 
118,132,144-149  ̂^

CCr(CO)^(bipy)Cl]“ + allylCl— ►

[(9^-allyl)Cr(C0)g(bipy)Cl] +Cl" + Co”'^

[W(CO)j^(acac)r + allylX —  [(>)^-allyl)W(CO) (acac)X]"+ 2 C o ''

[Co(CO)^]" + CjF I —  C(7^-C^j)Co(C0)j] + l" + Co’’̂

[V(CO)j^(diars)]“ + allylCl —  [(i)^-allyl)V(CO) (diars)] + Cl“ +

(ii) Oxidative addition reactions:

Oxidative addition reactions occur when the addition of allylX to 

a transition metal complex increases the metal oxidation state by 

two units. Various mechanisms have been proposed for this type of 

reaction including nucleophilic attack of the metal at the carbon
150 151atom bearing halogen , a concerted insertion reaction , a
152radical chain process and initial coordination of the C=C to the

153metal as the rate determining step . The above anionic reactions 

are particular examples of oxidative additions but this type of 

reaction is frequently employed to produce neutral 7 allyl
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complexes e.g.

[Mo(CO)^(phen)] + allylX— " [(7 allyl)Mo(CO(phen)X] +

[W(CO) (MeCW)^] + allylX— [(l^-allyl)W(CO)g(MeCN)gX] + MeCN + CO? 

[Ir(CO)(PFhMeg)gCl] + allylX— » [(l^-allyl)lr(CO)(PEbMe.)_C1 ] + X"

(iii) Grignard reactions;

Allyl magnesium halides often react with transition metal halides 

to give 7^-allyl complexes directly. Indeed this has been the 

major route to the so called ’pure allyl’ or isoleptic compounds 

(i.e. those containing no other ligands) e.g.

NiBr + SallylMgCl—  [(9^-allyl)gNi] + SMgBrCl’'̂ ^

?[(? -CgHg)Mo(i|^-allyl)Cl] + allylMgCl— -

[(, ̂ -CgEg )Mo (,^-allyl)^] +

CrCl^ + JallylMgBr —  [(?^-allyl)^Cr] + MgClBr + MgBr^ + MgCl^

These reactions may be regarded as a transfer of the allyl moiety 

from a main group metal to a transition metal with halide expulsion, 

A similar type of reaction has been reported using allyl-tin
. 138,159reagents e.g.

Re(CO)^Br + allylSnMe^— ► [(7^-allyl)Re(C0)^] + BrSnMe^ + CO.

A mechanism involving the coordination of the C=C bond has been 

proposed and is illustrated in Figure 1.T2 overleaf.

(iv) Reactions of conjugated dienes;

7^-Allyl species may be generated either by hydride addition to 

diene-metal complexes or by addition of dienes to transition metal 

hydrides or alkyls e.g.

[(7 -C g H g )(,^ -C ^E g )();^ -C ^ )M o r + E~ — ►

[(? -CgEg)( ,^ -1  -MeCjEji  ̂) (7 C Æ  )Mo ]
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[('î’'-CgL)Mn(CO) ] + C^Sg —  [(il^-1-CgH^C0-3-MeC^Hj)Mn(C0)^^]''®°’''̂''

[SNi{p(OMe) + Cj^Hg—  [(7^-1-MeC^Hi|^)Ni{P(0Me)j + P(OMe)^''^^

In the second example studies using 1,1,4,4-tetradeuterobutadiene 

reveal that a 1-4 hydrogen shift occurs to give rise to the 

observed product [(71 -C^S^CO-3-CD^. CDCECE)Mn(CO)2̂]

CH.
CH.

"CH- S n M e + Re(CO)_Br^ 3 3 -CO

0C>

00
Re

CO
CO

-Me^SnEr

Me^Sn

\ \Br • CH

OC,

oc
Re

CO
CO

Figure 1.12: Proposed mechanism for the reaction between 

Re(CO)^Br and allylSnMe^

(v) Loss of HX from simple alkene complexes:

[(7^-C,Hg)PdClg]2— ' [(7^-C^^)PdCl]g + 2HCl'’̂ ^

(vi) Ligand exchange:

There are many examples where ligand exchange in previously 

prepared 7^-allyl complexes affords new compounds^^^'^^^'^^^'^^^e.g,

[(7^-CÆ)Mo(C0)g(bipy)Cl] + TlSCgF^

[ (7 C^Eg )Mo (CO (bipy ) (SCgF ) ] + H O I 154

[(7^-CÆ)gMOg(C0)^Gu_Cl)^]" + 2 C j ^

2[(7 -C S_)Mo(CO)g(C^EgE)gCl] + Cl-  165
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Direct reaction with metals:

Allyl halides react directly with highly reactive transition metals 

prepared either by alkali-metal reduction of metal salts in hydro­

carbon s o l v e n t s ^ o r  by vaporisation and cocondensation^e.g.

Pd(powder) + 2allylBr — [(?^-allyl)PdBr3̂

Ni(atoms) + allylBr— #" [(?^-allyl)NiBr]^^^^

(viii) rj to% conversions :

There are many examples reported in the literature in which, by
1 3various methods, an ? -allyl group may be converted to an 7 -allyl

group, with expulsion of another ligand e.g.

[ ( ,^ -C  B_)g(,''-C^Sg)gW] + HEFg —  C(,5_c n ) ^ ( ,3_C w )W]EFg +

[(i7^-Cj^)(l’'-C^B^)Eu(CO)2]^[(7I^-C^H^)(i)^-C^^)Eu(CO)] +

(ix) Specific reactions:

1[— Fe(CO) + HCa ►[('»^-2-MeCjH^^)Fe(C0) d]'''^

I^CO-Mn(CO) + PEh, —  [(7^-C^B,)Mn(C0) (PEhj)] + 300^?^ 

[(7^-CÆ)2Ni] + Feg(CO)g + 21^ —  2 C(»^-CÆ )Fe (CO)^I] + Nil^ + 3Co'''̂ ^

2 [(,'^-C^)Mo (CO)gBr] —

[('?'^-CyEL)(?^-C^)MOg(C0)^(M-0CK)^] + 200 ^ " ^  

C/fHg/EtOH ^
Nidg + C^Hg + 2PEh^ + Zn -2-2---- ► [(,^-C^E^ )Ni(PPly )g] [2nd ] '

[(7^-C^B^)Mo(CO)^(7^-CB^C^CH)j + CH^OH --

C (7 )Mo ( CO

CH
^ NaOEt

Et OH

CCLEt

CHPh
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[EPt (PRi^ (CO) ][C102̂ ] + CH^=CSCE^NB^

[ (7^-C^H^ )Pt (PPh^ )̂ ][ 010̂ ]̂+ CO +

CHEh(PF^)^] + CH:^=C=CB^— [(v^-C^H^)Eh(PF^)^] + EF^177

0 A
r.t. 178

ALLYL COMPLEXES OF GROUP VI TRANSITION METALS

From the preceding discussion it is evident that numerous allyl 

complexes of the Group VI transition metals have been prepared and 

characterised. These range from the *pure allyl’ or so called 

isoleptic complexes e.g. CCr(C^H^)^] to those containing a wide 

variety of mixed ligands. The majority of such complexes obey the 

eighteen electron rule and often form stable crystalline solids.

In cases where this is not so, the compounds formed are exceedingly 

reactive, for example, a solution of trisallylchromium (formally 

15e) absorbs carbon: monoxide at one atmosphere pressure even at 

-60°C,'leading eventually to the complete expulsion of allyl 

ligands, thus ;

[(C IL^rJ + 6C0— >Cr(CO)g +

Allyl complexes of the Group VT metals frequently exhibit 

interesting structural and spectral features in addition to novel 

and synthetically useful reactions. The following selected examples

most of which merely involve an unsubstituted C^H^ unit, provide an
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indication of the range of such compounds. There are of course 

numerous examples of substituted and cyclic allyl derivatives of 

these metals, many of which are described alongside the 

unsubstituted allyIs in the references cited below.

Isoleptic Allyl Compounds

As well as [Cr(C^H^)^]complexes of the type (M = Mo,W)"'

and [(7^-CjIL)(m-CÆ)M ]2 (M =Cr,Mo,W)’' 

category. Crystal structure determinations on the latter 

indicate that the allyl groups, including the two bridging ligands, 

are all symmetrical and that the complexes contain extremely short 

M-M quadruple bonds (Figure I.I3,).

fall into this
48,198

•v"

Mo Mo

Figure 1. 15 ; A diagrammatic representation of the structure of 

Allyl Carbonyl Complexes

Many of the known allyl complexes of Group ‘̂71 transition metals a^so

contain carbonmonoxide ligands. Of these, by far the most common

type is that containing an allyldicarbonyl unit in which the

terminal carbon atoms of a symmetrically bonded allyl group usually

lie above two mutually cis-carbonyl groups (Figure 1.14). Cationic, 
neutral and anionic complexes of this type have been isolated and
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53 1^5-147 154may contain a variety of bidentate nitrogen donors '
.34,35,42,113,164,163,170,181-187 

188-192

, phosphorus or arsenic donors' 
25,146,147,173,192,193', and oxygen donors""''’ in conjunction

with halides, pseudo halides, monodentate Lewis bases, carboxylates 

etc.

C

0

Co

Figure 1.l4: The allyldicarbonyl unit in a pseudo octahedral 

environment

Typical examples are [ ( ? ) W(SC^F^)(CO(phen) ,

[(7^-CjH )Mo(AsHij) (CO)^(bipy)][EF^] and

[(7^-CjîL)Mo(ïïCS)(C0)2(bipy)]^ . In the latter example a single

crystal X-ray structure determination has confirmed the above 

stereochemistry for the C^S^M(CO)^ unit. This fac-arrangement of 

the allyl group and two carbonyl ligands has been found for at 

least ten other complexes, for example [ ( ? )Mo(CO)^(salal)py]^^^ 

and [(y^-C^E^yMoClCCOO^Cdppe)]^^^ and has been proposed for many 

others, such as [(?^-C^S^)MoX(CO)^(dpae)(X = 01, Br, l),on the 

basis of spectroscopic data. Many complexes of this type are 

prepared from [ C^H^)MoX(CO(MeON)^] by a simple ligand 

displacement reaction. Ebwever the complex

[(>7̂ -C^H^)MoCl(CO)2{P(OMe)^ }23 » which was readily prepared by this
[

route, adopts an unusual pentagonal bipyramidal structure'

(Figure I.I3 , overleaf).

52
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Mo

Figure 1.15: The structure of C(^^-C^E^)MoCl(CO)^{p(OMe)^[^]

Some of the first examples of anionic complexes containing the

Lde
1- 147

C^H^MoCCO)^ unit were prepared by the reaction of allyl halides with

the parent /3-diketonate tetracarbonyl anions [M(CO)^(diket)]

(M = Mo, W) to give complexes of the type

AsPĥ  ̂[(?7̂ -C^H^)WCl(C0)^(hfacac )] and Et^N [(?^-C2̂ E^)MoCl(C0 )̂  (acac )] , 

Recent X-ray studies have again confirmed the presence of the usual 

allyldicarbonyl stereochemistry (Figure 1.14) in the related
3 25compounds [(>7 -C^H^)Mo(py)(C0 )2 (acac)] and

)W(02CCFj ) (C0>2 (C^OCI^CH^OCHj

Although less common, there are several examples of allylcarbonyl 

complexes containing other than two carbonyl groups. An interesting 

example is provided by the compound

[()? ) ( ? ? )Mo (CO) (NO )][PF^ for which variable

temperature IMR studies show that, in solution, an equilibrium
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exists between the endo- and exo- isomers, thus;

Mo_\\A
OG

ON

•Mo.
GO

ON

Three carbonyl groups and a monodentate carboxylate ligand are 

present in [(? Cl (CO )̂  ( 0 ^  ̂̂ and related complexes

whilst tricarbonyl complexes containing a ’monohapto' allyl group 

are also known e.g. C(»7^-C^H^)(’7^-C^H^)M(C0)^], (M = Mo,W)^^’̂ ^^. 

Irradiation of cyclohexane solutions of hexacarbonyltungsten and 

allyl halides with ultra violet light yields unstable complexes of 

the formulae [()7^-C^S^)W^(C0)^Cl^] and[(7^-C^H^)WX(C0)^] (X = 

Infrared spectral results suggest that the latter must contain a 

cis-M(CO);̂  moiety although variable temperature NMR spectra 

indicate the presence of isomers resulting from conformational 

changes about the allyl group. Several compounds containing the 

ions r(7^-C^H^)2Mo2(C0)^X^] (X = Cl,Br) have been isolated^

197 and the presence of triply bridging halogens postulated. This 

feature has been confirmed for

[(?^-CÆ)Mo(CO)g(MeCM) ][(9^-C^)gMo2(C0)^(A'-Cl)_] by an X-ray
21crystal structure determination .

Allyl Complexes with Carbocyclic Ligands

Examples of Group VT transition metal-allyl complexes which also 

contain a carbocyclic ligand (such as cyclopentadiene) are numerous 

and many of these have been mentioned previously. Four particularly 

interesting examples are outlined in the reaction scheme below,
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1 2which represents a system in which the allyl moiety may be -q -,r] -,
3 199or 7j -  bonded

[SgCmSg]'

(I)

■CNMe
Mo

00
ON

(II)

(III)

[S^CTMe^]'

Q
CB^=i==CE

ON 

(IV)

CNMe^

The complex (l) reacts with [O^CNMe^] giving (ll), which contains 

a substituted q -allyl group, probably derived from (I) by direct 

nucleophilic attack of the dithiocarbamate at a terminal allylie 

carbon atom. If, however, the reactant is the iodide ion,CO is 

expelled and the %^-bonded group is retained in the resulting 

complex (III). This complex may subsequently be treated with 

CS^CNMe^]” to afford (IV) in which the allyl group is forced to 

adopt the monohapto configuration by the polyhapto dithiocarbamate

group. Structures (ll) and (IV) have been confirmed by X-ray
T . 199 analysis

Other typical examples which contain the allyl ligand in conjunction 

with carbocyclic ligands are [(?^-C^E^)(?^-C^E^)^Mo] and derivatives 

thereof^56'157 and [(?7^-C^E^)^M(,7^-C^H^)^], (M = Mo,W)^^^. The 

latter may easily be protonated by dilute aqueous EFF^ to give the 

corresponding 77̂ -allyl complexes [(77̂ -C^E^)gM(]7̂ -C^E^)][PFg] with 

liberation of propane.
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ALLYL COMPLEXES OF THE GROUP VII TRANSITION METALS

In contrast to those from Group VI, allyl derivatives of the 

Group VII transition metals are very few in number and the majority
'Iof these are manganese compounds. The first q -allyl manganese 

complexes were prepared in 1 by the reaction of the 

pentacarbonylmanganate(I) anion with allyl halides. Their 

subsequent decarbonylation, achieved either by heating at 80°C or 

by u.v. irradiation, afforded the corresponding 77̂ -allyl complexes 

according to the equation:

Ma[m(CO)g ] + CjH Cl------- k[(>)^-CÆ)Mn(CO) ] + NaCl

80° C
or hv

[(?^-C^Eg)Mn(CO)^] + CO

aace that time reports29'40'102,128,212,215 similar carbonyl- 

manganese compounds such as [ ( 77-RC^HT^)Mn(CO)^], (R = 1-Me, 2-Me,

1,1-Me^, 1-Ph, 1-Cl)^^^ and C(77̂ -RC^H^)Mn(CO)^3 , (R = Et, i-Pr)^^,
212(R = l-FCgHî , R-FCgĤ ^) have appeared sporadically, including

, . _ . , , 201a—dsome mentioned in patents

Until very recently the only reported ligand substituted 77 ̂ -allyl- 

manganese complex was C(>7̂ -C^H^)Mn(CO)^(PPh^)3"''̂"* which was 

produced by a concomitant decarbonylation and ring opening process 

in the reaction between PPh^ and the cyclopropyl derivative, as 

follows:

[^^CO-Mn(CO) + PHij— » [(,^-C^Hg)Mn(CO)^(PRy)] + 300

22 3A rather similar ring opening reaction yielded the first q -allyl

manganese complex containing a sulphur donor ligand thus:



ko

Hi

aq. Me OH
+ C M n C C O y - ^ ^

Hi

,SH

! to 
(CO)

Whilst this work was in progress a report appeared in which the

preparation of the derivatives [(n^-C^E^)Mn(C0 )2̂ ^(Piy)^], (R = OMe,

n = 2,3; R = Et, Oi-Pr, n = 2), by partial substitution of CO,
11was described • All of the complexes catalysed the hydrogenation

of alkenes with rates that increased as the steric bulk of the

phosphorus ligand increased. The trisubstituted derivative was

very active but suffered from competing loss of allyl ligand to

give propene and concomitant catalyst death. A novel Mn(l) - Mn(lll)

couple, involving the intervention of an 77 -allylmanganese(III)

complex and ligand dissociation, was proposed to account for the
3 1catalytic activity but rapid?? - ^  v  -  inter conversion could not 

be observed spectroscopically.

Allylrhenium compounds are restricted to the isoleptic derivative
P"Z

[(?? -  ̂ ^ few allyIrheniumcarbony 1 complexes*. The

former complex was first synthesised in 1977 by the reaction of 

rhenium pentachloride with excess allylmagnesiumchloride. Its 

structure was subsequently determined by a single crystal X-ray

217♦with the exception of an early, unsubstantiated report of the 
complex:

Re
%  / V

CH^O COCH^
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studŷ "*  ̂ (Figure 1«l6 )»

Figure 1.16: The structure of tetra-?7̂ -allyldirheniuin
48In contrast to the Cr and W compounds of the same stoichiometry ’

[ ( ) ? has a highly symmetrical structure (D^) and 

no bridging allyl groups. There are ten essentially metal-based 

electrons, two beyond the eight required to form a quadruple Re-Re 

bond. A molecular orbital calculation reveals that the highest 

filled orbital is of Re-Re Ô*-antibonding character which effectively 

cancels out the corresponding Re-Re 6-bonding component. Thus, 

with two strong ir- and one o’- bonding orbitals, the Re-Re inter­

action can be considered to be essentially a triple bond.

Two reports mention the isolation of the rj -allylpentacarbonyl- 

rhenium complexes [(?? -C^S^)Re(CO)^] and

[(?7̂ -1, l-Me^C^E^)Re(CO)^]^^^ from the reactions of Na[Re(CO)^] with 

the appropriate allyl halide. However these compounds were at best 

only impure and poorly characterised.

Compounds such as [(??̂ -2-MeC^H2̂ )Re(C O ] and [(9^^1-PhC^H^)Re(C0 )̂ ]
3as well as the unsubstituted ? -allyltetracarbonyl and corresponding 

manganese complexes,were also obtained^^^'^^^ from the reactions of 

Re(CO)^X (X = Cl, Br) with the appropriate rj - allyl trimethy It in
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reagents, )8n(C H ^ ], (Figure 1.12). However, full infrared

and NMR spectral data were not given. In addition [(nC^H^e (CO)2̂] 

was produced, although less effectively, from Re2 (C0 )^Q and 

[(??^-C^H^)8n(CH^)^] in refluxing diglyme (a reaction time of 100 h 

was required).

Addendum

In June 1979 whilst this script was in preparation a preliminary 
219communication appeared which reported the preparation of

r p - a llyltetracarbonylmanganese from the reaction of dimanganese 

decacarbonyl with allylchloride by phase transfer catalysis. The 

same technique was also employed to obtain the triphenylphosphine 

substituted derivative [(??^-C^H^)Mn(CO)^(PRh^) which the 

authors erroneously claimed to be a new compound.
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CHAPTER TWO

ANIONIC TRICARBONYL DERIVATIVES OF MOLYBDENUM AND TUNGSTEN 

AND THEIR REACTIONS WITH ALLYL HALIDES
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INTRODUCTION

Highly nucleophilic carbonylmetallate anions are known to react "with

allyl halides under very mild conditions. As a result many new

7?̂ -allyl halides^^^'^^^'^^^"^^^, including some previously
145unobtainable chromium compounds , have been prepared by this _ 

method.

The anionic tricarbonyl derivatives [MXfCO)^!^] (M = Mo, W;

X = halide; = bipy; phen), first prepared from [M(CO)^cht]^^^

(eq 2.1), are the precursors for the facile synthesis of a series 
of 77^-allyl complexes, [ ( ? ) )MX(CO)2f̂2^

[M(CO)^cht]+ + X" —  ̂[MXCCO)^!^]" + cht 2.1

146A more convenient route to these anions was subsequently found 

(eq 2 .2 ), but full experimental details were not given.

[M(CO)^bipy> X"—  [MX(CO)^bipy]“ + CO 2.2

In this chapter the preparation and characterisation of a series of 

molybdenum and tungsten anions are described and their use in the 

synthesis of several tj allyl derivatives is illustrated.

EXPERIMENTAL

Details of physical techniques, solvents and starting materials 

appear in appendices 1 and 2 .

Preparation of [MX(C0 )^L2] salts

These complexes were prepared by the direct reaction of cis- 

[M(C0 )^L2 ] (M = Mo, W; L^ = bipy, phen) with Phî PX or Et̂ N̂X 

(X = Cl, Br or l) in CH^CN/toluene or CH^CN/xylene mixtures.
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Typical procedures for one molybdenum and one tungsten complex are 

given below and individual details of reaction conditions, yields 

and elemental analyses for each complex prepared by this route are 

presented in Table 2.1.

Ph^P[MoCl(C0)^phen3: [Mo(C0)^phen](0.388 g/1 mmol) was reacted with 

Pĥ P̂Cl (0 .3 6 2 g/1.5 mmol) in refluxing 4:1 toluene/acetonitrile 

(40 cm^) for 1 h. On cooling, the product was filtered off, washed 

rapidly with a little cold methanol and dried vacuo. Yield 97^.

Et^N[Wl(CO)^bipy] : [W(C0 )2̂ bipy] (0.4^2 g/1 mmol) was heated with 

finely divided Et,̂ NI (1.29 s/3 mmol) in refluxing 8:1 xylene/ 
acetonitrile (40 cm^) for 8 h. The product was filtered off, washed 

rapidly with ice-cold water (as were all iodo products), then 

methanol and dried in vacuo. Yield

Preparation of [(?? -RC^H. )MX(CO)^L^] complexes :

The complex R^^ZDCC(C O m m o l )  was added to a stirred solution 

of allyl halide (10 mmol) in methanol (10 cm^) at ambient 

temperatures. When the reaction was complete (0.2 h for Mo and 

1.0 h for W compounds) the solid product was filtered off, washed 

with methanol and dried vacuo. The complex

C(?î̂ -2-MeC^H^)WCl(C0 )2bipyJ crystallised only slowly and the reaction 

mixture was allowed to stand at 0°C for 72 h prior to filtration. 

Yields, analytical and selected infrared data appear in Table 2.4.

Preparation of [(?? ̂ -cyclohexenyl )MoBr (CO)2bipy] :

Ph^^P[MoBr(CO)̂ bipy] (O.3 8 g/0.3 mmol) was added to a deoxygenated 

solution of 3-bromocyclohexene (O.81 g/5 mmol) in chloroform (3 cm^) 

at -13°C. The product was filtered off, washed with dichloromethane 

and dried in vacuo. Yield 42^. The corresponding 1,10-phenanthroline
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anion reacted in a similar manner, but the ?^-cyclohexenyl 

derivative so formed was easily oxidised and could not be prepared 

in an analytically pure state.

RESULTS AND DISCUSSION 

[MX.(C0 )^L2] tricarbonyl anions

The anionic complexes listed in Table 2.1 were all obtained in 

high yields as deep purple/black crystalline solids, which slowly 

decomposed on standing in air to reform cis-[M(C0)^L2 ] as one of 

the decomposition products. With the exception of all but the very 

unstable iodo-molybdenum complexes, the compounds could be stored 

indefinitely in sealed, nitrogen filled ampoules. For example, a 

two-year-old sample of Pĥ P̂[WBr(CO)̂ bipy] reacted smoothly with 

allyl bromide to give C(?î^-C^H^)WBr(C0)2bipyJ in 90% yield. The 

complexes were at most sparingly soluble in non-coordinating 

solvents, such as CHCl^ and CH^Cl^» and were immediately solvelysed 

by coordinating solvents, as demonstrated by infrared measurements 

and by the NMR spectrum of Et2̂ N[MoCl(CO)^bipy] in CH^CN. After 

only three minutes the NMR pattern of this complex in the aromatic 

region clearly indicated the presence of at least two species and 

as time progressed the entire spectrum lost intensity, whilst 

becoming even more complex^ Consequently most of the spectroscopic 

data were confined to solid state measurements (Table 2.2).

Complexes of stoichiometry [MX(C0)^L2 ] , where L^ is a bidentate 

ligand, may exist in either of two isomeric forms (Figure 2.1).

The facial arrangement allows ^-bonding to occur between each of 

the three carbonyl groups and three separate metal d -orbitals.
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whereas for the mer-isomer, two of the carbonyl ligands are in 

direct competition for the same d^-orbital. Thus by neglecting 

other factors and considering only simple ir-bonding effects, the 

fac-isomer is favoured and is indeed by far the most common stereo­

chemistry found for metal tricarbonyl complexes. However the 

meridional arrangement is possible and sometimes occurs in

complexes which also contain other good ̂ -acceptors, (e.g. phosphines 
225and phosphites ), where other factors such as steric hindrance 

become important.

fac-isomer mer-isomer

Figure 2.1 ; Facial and meridional tricarbonyl isomers

Complexes of this type belong to the point group C^ and group theory

(Appendix 3) predicts that both isomers should give rise to three

infrared active y(CO) vibrations (2A* + A"). In general the fac-

isomer may be distinguished from the mer-isomer by band intensity

measurements. In the former case three strong absorptions are

predicted whereas one weak and two strong bands are expected for the

latter^^^. For example the compound CMn~Rr(CG)^|p(0Me)2Fh is a

rare example where both the fac- and mer- isomers have been

isolated. The fac-isomer has three strong y(CO) bands at 2043,

'1975, 1927 cm whereas the mer-isomer has a weak band at 2032 and

strong bands at 1972, 1929 cm \  These structural assignments were
230originally based upon infrared data but subsequently confirmed
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231by single crystal X-ray diffraction studies •

All the anions reported in this chapter show three strong carbonyl 

absorptions in the solid state and in solution in non-coordinating 

solvents (Table 2.2), and are consequently assigned a fac- 

configuration. In coordinating solvents at room temperature the 

anions are rapidly solvolysed (eq 2.3) and the infrared spectra of 

acetonitrile solutions of any of the complexes showed features 

characteristic of CM(CH^CN)(CO)^I^ , (M = Mo, W and = bipy, phen), 

Thus when complexes I, II, III, XII,and XXV, for example, were 

dissolved in acetonitrile the infrared spectra were identical, 

within experimental error, to that reported for [Mo(CE^CN)(CO)^phen] 

which has bands at 1910 and 178? cm in the v(CO) region

PPh^CMoCl(CO)^phen] + CE^CN — ^ [Mo(CE^CN)(CO)^phen] + Ph^PCl 2.3

If the spectra were recorded within seconds of dissolution, or in

acetonitrile saturated with halide ions which retarded the solve lytic

reaction, the carbonyl stretching frequencies of both the solvolysed

and the anionic species were discernable. On the basis of very

similar spectroscopic results, it had previously been reported

that for the closely related complexes Me^N[Mol(CO)^bipy] and
224[Ni(phen)^][Mo(8S)(CO)^bipy] fac- to mer- isomérisation occurred

on dissolution in acetonitrile. Since there was no evidence of 

fac- to mer- isomérisation in any of the complexes reported here 

and in view of the above results such a process seems unlikely. 

Indeed the infrared band positions quoted for the proposed mer- 

isomers coincide extremely well with those of the expected solvated 

species.

Force constant data for the carbonyl anions (Table 2.2) were 

calculated by the Cotton-Kraihanzel method as modified by Dalton et

al.22°.
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Table 2.2: Selected Infrared and Force Constant Data for the

Carbonyl Anions CMXCCO)^!^]'

Complex y(MXj 
(cm" )

y(CO)

A * i

^ (cm“

A*2

b

A "

Carbonyl force constants 
(mdyne/Angstrom)
^  ^1 ^

I 227 i860 1765 1742 0 .5 9 0 .6 0 12 .9 1 3 .4

II 146 1886 1751br 0 .5 0 0 .7 0 12.9 1 3 .4

III 1884 1764 1742 0 .6 0 0 .6 3 1 2 .9 1 3 .3

IV 227 1887 1769 1748 0 .5 9 0 .6 2 1 2 .9 1 3 .3

V 153 1886 1772 1751 0 .3 7 0 .6 0 1 3 .0 1 3 .3

VI 1884 1763 1740 0 .61 0 .6 3 12.8 1 3 .3

VII 234 1874 1764 1743^ 0 .3 5 0 .3 7 12.8 1 3 .4
1880 1760 1743 0 .3 6 0 .6 2 12.8 1 3 .4

VIII 147 1874 1743br 0.48 0 .6 8 12.8 1 3 .2
1880 1766 1743 0 .3 7 0 .3 9 1 2 .9 1 3 .4

IX 1875 1746br 0 .4 7 0 .6 7 12.8 1 3 .3

X 230 1877 1763 1743 0 .3 6 0 .3 9 12.8 1 3 .4

XI 158 1867 1753 1736 0 .3 4 0 .6 0 1 2 .7 1 3 .3
1879 1758 1742 0 .3 6 0 .6 3 12.8 1 3 .4

XII 229 1879 1763 1719 0 .7 4 0 .6 0 1 2 .7 1 3 .4

XIII 222 1884 1766 1737 0 .4 3 0.64 1 3 .2 1 3 .7

XIV 129 1900 1778br 0 .6 0 0.64 12.6 1 3 .2
1892 1771 1751 0 .3 9 0 .6 3 1 3 .0 1 3 .6

XV 129 1899 1756br 0 .31 0 .7 2 1 2 .7 1 3 .2

XVI 127 1870 1747 1726 0.64 0 .6 2 12.8 1 3 .3
1881 1762 1752° 0 .31 0 .6 2 12.9 1 3 .4

XVII 125 1877 I737br 0 .3 3 0 .7 3 1 3 .0 1 3 .3

Recorded on Nujol mulls unless otherwise stated 

Calculated by the procedure given in reference 220

Solution data in CH^Cl^
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Details of group theory, secular equations and computer programs

used in these calculations appear in appendices 3, 4 and 5

respectively. In previous studies of cis-CL^YM(CO)^l derivatives,

where = bipy or phen and T = monodentate Lewis base and

M = Mo or ^220,2 2 3  ̂ the assignment has been used in

such calculations, resulting in axial y(CO) force constants

greater than equatorial y(CO) force constants , as expected from

simple ?r-bonding considerations. However for some manganese

complexes cis-CMnX(CO)^L^] containing an electronegative halide

ligand X, becomes larger than and the A" mode has been
220 23^ 236assigned to the band at intermediate frequency ’ . Since

the anionic Group VI complexes under consideration are isoelectronic 

with neutral Group VII derivatives of the same stoichiometry, both 

assignments were thought worthy of consideration and consequently 

force constants were also calculated based on the alternative band 

order A*̂  >A">A^ (Table 2.3).

Table 2.3: Force Constant Data for Alternative Assignments for

Et,,N[MoCl(CO)_phen] (XH) and E t N[MoI(CO) phen] (XIV)

Complex Assignments'■' - Force Constant's Delta

A '1 - A" Kc %2

XII 1879 1763 1719 0 .7 4 0 .6 0 1 2 .7 1 3 .4 1 .2 2

1879 1719 1763 0 .2 7 0 .8 2 1 2 .8 13.1 0 .3 3

XIV 1892 1771 1751 0 .3 9 0 .6 3 1 3 .0 13 .6 0 .9 3

1892 1751 1771 0 .3 8 0 .7 3 13 .0 1 3 .4 0 .31

These calculations yielded y(CO) force constants of a similar

magnitude to those given in Table 2.2 with >K^, but with

widely divergent interaction constants (delta = K^/K^,, as low as 0.33),
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and hence this second possible assignment seems less likely than 

that used in Table 2.2. Neither or varies significantly 

throughout the molybdenum or tungsten series. This contrasts with 

some manganese pentacarbonyl halide complexes where the nature of 

the halogen has a marked effect on the cis-CO stretching constant 

This was attributed to * direct ligand-ligand donation* via a 

mechanism illustrated in Figure 2.2.

23k

Figure 2.2: Orbitals involved in halide to carbonyl electron transfer 

Thus as the halide orbitals become more diffuse, the interaction 

becomes greater and K(cis) smaller* This effect does not extend to 

the anionic complexes under discussion probably as a direct result 

of the increased covalent radii of these Group VT elements.

The effect of back-donation of the increased charge on the central 

atom of the anions into carbon-2x-orbitals results in a significant 

decrease of the y(CO) force constants compared with many neutral
.2 2 0,225>238 . For example the values of K,fac-CMY(CO)^Lj. species 

and for the anions are in the ranges 12.6 - 1 3 .0 and 1 3 .2 - 13*7 

respectively, whereas for [Mo j(PhO^}(CO)^bipy] = 13.9, = l4.6

and for [W(Ph^P)(CO)^phen] = 13.4, = l4.2

Two solid state infrared spectra (Nujol), typical of the anionic 

complexes in this series are illustrated in Figure 2.3. Apart from
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4oo8001600 12002000

Nujol

bipy

Nujol

phen

4-008001600 12002000

Figure 2.3: Solid state infrared, spectra (Nujol) 2000-200 

A. Ph,|P[MoCl(CO)^bipy] B. Et,^NCWl(CO)^phen]

(p = bands due to Ph,̂ P̂ ; n = bands due to Et,̂ N~̂ . ) 

the three very strong y(CO) absorptions, the only other medium- 

strong features may be assigned to vibrations arising from the 

bidentate ligands bipy or phen and the respective cations Pĥ P̂"** and 

Ft^N^. No bands due to y(MC) or &(MCO) could be assigned with 

confidence.

In the far-infrared region only a single strong halogen-sensitive 

band was found for each of the anions (Table 2.2). These could be
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A.

B.

C.

0-8

0 >2 _

Wwci) 234 cm“^
3 0 0 - 0 4 0 0 - 0

0-6

0-4 y(WBr) l4y cm ^

o-oi
100*0 3 0 0 - 0 400 o

0-6

y(wi) 12? cm"^
o-ol__

0-0 200-0100-0 3 0 0 - 0 400*0
FREQUENCY en

Figure 2.4: Far-infrared spectra of the complexes:

A. Ph;^P[WCl(C0)^phen3 B. Ph, P̂[WBr (CO)^phen] 

C. Et,^N[Wl(C0)^phen3 

Ratios: (WCl ) A  (WBr ) = 0.63; y(WCl)A (Wl) = 0.34
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confidently assigned to y(MX) because the y(MBr)/y(MCI) and 

y (Ml)/f/(MCl) frequency ratios found were extremely close to the 

expected values of O.6 7 and 0.35 respectively. (Using the simple 

harmonic oscillator approximation, the MX frequencies are inversely 

proportional to the square root of the reduced mass of MX. Thus 

when only X changes the y(MX) ratio is, theoretically, equal to the 

square root of the inverse ratio of atomic masses of X). This mass 

effect is clearly illustrated in Figure 2.4. The »'(MX) bands of 

the substituted anions occurred at even lower wavenumbers than 

those of the corresponding halopentacarbonyl anions [MX(CO)^]"" 239^ 

For example in [MoX(CO)^] y (MoCl) = 248 cm  ̂and i'(MoBr) = 163 cm”  ̂

whereas for the anions [MbX(CO)^phen] prepared in this work 

i'(MoCl) = 229 cm’*"' and y(MoBr) = 146 cm~\ This probably reflects 

the increased back-donation of negative charge onto fewer carbonyl^ 

ligands causing an increased trans-effect of CO on halogen.

Allyl derivatives C(t? ̂ -allyl)MX(C0)^L^3

With the exception of 3-bromocyclohexene, allyl halides reacted 

readily with the carbonyl anions under discussion in methanol at 

room temperature or below to give high yields of r; ally 1-metal (II) 

derivatives (Table 2.4). This route is particularly useful for the 

tungsten analogues which are difficult to prepare by the direct 

reaction of the hexacarbonyl with allyl halides in the presence of 

a bidentate ligand, the procedure normally adopted for the 

molybdenum complexes , due to the slow kinetics and competing

reactions of the tungsten intermediates. Under the same conditions 

%^-cyclohexenyl derivatives, and particularly those of 1,10- 

phenanthroline, were always contaminated with other products. Using
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the availab le  in frared  evidence these im purities were te n ta tiv e ly

id e n tif ie d  as an axo-species, probably [MoOBr^phen] which has 

—1 24-0y(MoO) at 968 cm , and a d iha lo tricarbonyl product, probably

[MoBr^CCCO^bipy], having "(CO) bands a t 2060, 1985, 1930 cmT̂  24-1  ̂

The occurence of such products was probably due to small amounts 

of free  bromine produced in  the s ta rtin g  m ateria l by the f is s io n  

of the very la b ile  carbon-bromine bond during the reactio n .

In  order to prepare an a n a ly tic a lly  pure sample of 

[ )MoBr ( CO)^bipy]  a change of solvent and a lower reaction  

temperature were necessary. The colours of the complexes ranged 

from brick -red  [(? )MoBr( CO)^bipy] through maroon

[(n^-2-MeC^S2^)MoCl(C0)^phen]to black [ ( ? )Wl(CO)^bipy].

Only complexes X V II I  and XIX were s u ff ic ie n t ly  soluble fo r  NMR 

measurements and good spectra were obtained only in  liq u id  sulphur 

dioxide a t -57° 0* The resu lts  are summarised in  Table 2 . 5» The 

spectra are in  accord w ith  the presence of a symmetrically bound 

7 ^ -a lly l group w ith equivalence of the two syn- and of the two 

a n t i-  protons. The pronounced u p fie ld  s h if t  of the a l ly 1-methyl 

group is  no doubt caused by the shield ing e ffe c t of the aromatic 

rin g s . The s h if t  is  greatest fo r  the 1, 10-phenanthroline complex 

and in  the closely re la ted  compound [(7 ̂ -2-MeC^S2̂ )Mo (NC8 ) ( CO)^phen] 

the a lly l-m e th y l group has been shown to la y  over the plane o f the
181aromatic ligand . The MR spectra in  the aromatic region are also 

in d ica tive  of a h ighly symmetrical s tru c tu re . Thus the complexes 

display an MR pattern , in  th is  region, which is  very s im ila r to 

the uncoordinated ligands (phen: 8.7O (d) ,  8.20 (d) ,  7.8O (q) ,

7.25 (s);  bipy: 8.65 (d) ,  8 . 4-0 (d),  7«75 ( t ) ,  7.20 (m);5ppm, re la t iv e  

to TMS in  CDCl^) although a general downfield s h if t  of approximately 

0.4  ppm is  noteworthy.
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The low solubilities of the remaining complexes in Table 2.4 in 

suitable M R  solvents precluded their full characterisation. 

However the absence of an uncoordinated C=C stretch in their solid 

state infrared spectra and their general spectroscopic similarity 

to complexes XVIII and XIX and to other complexes of this
181 182stoichiometry with known structures ’ indicated they were - 

also members of the allyl series.

As expected for cis-dicarbonyls the most prominent feature of the

infrared spectra of these compounds were two very strong bands, of

approximately equal intensity, in the v (CO) region separated by

about 80 cm ^. Some of the tungsten compounds had more complex

infrared spectra in this region (Table 2.4) and as suggested 
154previously , this may be accounted for by the existence of

isomers although no further details were given. It was also

noticeable that if solutions of some of the molybdenum complexes

in liquid SO^ were allowed to evaporate and the solid state spectra

subsequently reexamined they had also developed split bands

although there was no evidence for retention of SO^ in the complex.

Two possible structures for the isomers may be the symmetrical (a )

and unsymmetrical (B) arrangements shown in Figure 2.5* This has

been confirmed for the complex [(r;^-C^H^)Mo(py)(C0 )2 (acac)] which

exists in both forms A and B in solution but is exclusively of
25structure B in the solid state .

A.
allyl

B.

CO

CO

X
allyl

M
CO

X
I ^00

Figure 2.5: Geometrical isomers for C(7^-C^H^)MX(C0)^L^] complexes
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A

2000 1800 1600 i4oo 1200 1000 800 600
B

2000 1800 1600 i4oo 1200 1000 800 600

Figure 2.6 :  The so lid  s ta te  in frared  spectra (Nu.jol 2400-400 cm )

■ A. [(^ ^ -2-MeC^H,^)MoCl(C0 )^bipy]

B. [(T?^-2-MeC^H,^)MoCl(CO)^phen3 

Other bands between 2400-400 cm” in  the in frared  spectra (Figure 2 . 6 ) 

could be assigned to modes ty p ic a l of the coordinated aromatic 

ligands. For example, a l l  the 1 , 10-phenanthroline complexes had 

medium-strong bands a t approximately I51O, l 4^0 , I I 5 0 ,  85O and 

730 cm and a l l  the b ip y rid y l complexes had s im ila r in ten s ity  

bands at about 16OO, l 4$0 , 1320, I I 7 0  (d) and 78O cm There were
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no bands in the infrared spectra which could be assigned with any 

certainty to vibrational modes of the allyl group.

The rj ally 1-metal ( II ) compounds had more complex far-infrared 

spectra than the corresponding tricarbonyl anions and consequently 

the 1/ (MX) frequencies were more difficult to assign with confidence. 

The most halogen-sensitive bands in the entire infrared spectra of 

some of the complexes XVIII - XXXI are given in Table 2.4 and are 

tentatively assigned as '̂(MX). These values are in good agreement
189with data on analogous ditertiary phosphine derivatives and the

ratios i'(MCI) : *'(MBr) and »'(MCl) ; (Ml) correlate closely with

those of the parent anions. The major features in the far-infrared

spectra of three representative 1,10-phenanthroline complexes are
242tabulated, together with those of [M(C0 )2̂ phen] for comparison,

in Table 2.6. in addition to y (MX) vibrations, bands due to v (MN),

5 (CMC), 5 (CMN), 5 (NMN) and ligand skeletal modes are also expected

in this region of the spectrum. In Table 2.6 some of these have

been tentatively assigned by comparison with the known spectra of

the uncoordinated .1̂.10-phenanthroline and the complexes 
p4pCM(CO)^phenr^'^ (M = Mo, W).

In an attempt to elucidate the mechanism of the allyl oxidative 

addition, several *mixed halide’ reactions, in which different 

halides were attached to the parent anion and allyl halide 

respectively, were carried out. Two such reactions are represented 

by equation 2.4 and equation 2.5«

Pĥ P̂ [Mo Cl ( CO )^bipy] + C^^Br -----

[()?^-C^B:^)MoCl(CO)^bipy| + Ph^PBr + CO 2 ^

Et^NCMoEr(CO)^bipy] + C^H^Cl ---- -

[(?7 )MoBr(CO)^bipy] + Et̂ N̂Cl + CO ^
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The retention of the original metal-halogen bond could be clearly 

demonstrated by infrared spectroscopy, e.g. the product in eq. 2.4 

had a strong y(MoCl) absorption at 278 cm and no band in the 

170 cm~"̂  region due to i'(MoEc’). Two mechanisms A and B which allow 

for retention of halide are given in the following reaction scheme.

CMX(C0)^1^]” + CE^=CSCB^T

- CO B

[(l̂ -YCŜ CE=CHg)MX(CO)gl̂ ]" [(ij ""-C ĉCaCB̂ jMXCCO) 1 ]̂

fast"^"^- Y” fast_,.̂ '"<̂ CO

[("Z^-C^S )M X (C O )g lg ]

Scheme A involves loss of CO with subsequent coordination of the 

C=C bond to the metal, in line with evidence recently presented for 

the allyl halide - CIrX(C0)(PR^)2J systemŝ *̂ . This type of mechanism 

is further supported by detailed kinetic studies in which the 

reaction of allyl bromide with [Mo(C0 )2̂ phen] afforded the product 

[(?^-C^E^)MoBr(C0 )2Phenl in accordance with the first order rate 

law: -d[Mo(C0)2^phen]/dt = [Mo(C0)2^phen]^^^. To account for the 

observations, slow fission of the M — CO bond trans to nitrogen as 

the rate determining step, followed by rapid reaction of allyl 

bromide via coordination of the C=C bond was proposed.

Scheme B involves the direct nucleophilic attack of the metal atom 

on the a-carbon atom of the allyl halide, resulting in the 

formation of a v-bonded intermediate. Attempts to isolate a related 

f-bonded species by reaction of the anions with methyl iodide 

proved unsuccessful but this does not preclude mechanism B, as any 

such intermediate is expected to be extremely reactive, perhaps 

having only a transient existence.
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When *mixed halide* reactions were carried out with iodo-anions it 

was noticeable that, when allowed to proceed for longer periods, 

the products exhibited not two but four peaks in the v ( C O ) region 

of their infrared spectra. For example in the reaction between 

CMol(CO)^phen] and C^H^Br, peaks due to both the iodo- and bromo- 

species were evident in the solid state spectra of the product/'

That this occurred by initial formation of the iodo- product and 

subsequent halide exchange was demonstrated when a pure sample of 

[( * 7 ) M o I (CO)^phen] was stirred with a ten-fold excess of Br” 

in acetone. The %(C0) band positions for the bromide and iodide 

products (Table 2.4) were sufficiently different to enable the 

exchange to be monitored by infrared spectroscopy and the results 

are shown in Figure 2.7. Thus in order to ensure that the required 

halide is present after the allyl oxidation reaction it is necessary 

to isolate the products-from the reaction mixture soon after their 

formation.

II

T =

T =

T = 21

T = 72

1925 1833 y(CO) cm-1

Figure 2.7: Solid-state infrared spectra of ) Mo I ( CO ) ̂pheqj/Br

reaction üiixtures - variation with time (T)(h)
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Because of the highly nucleophilic nature of the metal carbonyl 

anions, their reaction with allyl halides provides an extremely" 

useful route for the synthesis of 77 ally 1-metal complexes. For 

example, under the mild conditions employed by this method high 

yields of previously inaccessible tungsten complexes were obtained, 

The preparation of a range of anionic tricarbonyl derivatives 

[MX(00)^1^]" (M = Mo, W; X = Cl, Er, I; = bipy, phen) was 

accomplished using only minor changes in the basic method. It 

therefore seems probable that this route could be extended to 

produce many different anions and consequently a wide variety of 

substituted 7^-allyl complexes of the Group VI transition metals.
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CHAPTER THREE

THE PREPARATION AM) CHARACTERISATION OF 

TRI- M -HALQGENOHEXACARBONYLDIMETALLATE ( I ) ANIONS 

OF MANGANESE AND RHENIUM



69

INTRODUCTION

As the reaction between allyl halides and various anionic transition 

metal species provides a facile route to 7 ^-allyl complexes of 

Group VI metals, an attempt was made to extend the range of Group 

VII allyl-metal complexes using this procedure. Although the 

pentacarbonylmanganate(-l) anion is known to react with allyl 

chloride^^’ it was found that the reactions of some halogeno- 

carbonylmanganate(I) anions, under similar conditions, failed to 

produce allyl containing products. Instead, these investigations 

led to the preparation of a series of triply halogeno-bridged 

binuclear anions of both manganese and rhenium.

A wide range of mono- and bi- nuclear halogenocarbonyl anions are

known for the Group VII transition metals. The mononuclear anions
_ 210 211 are of two types, either cis-[M(CO),^XYl where M = Mn ’ or

244 24*0M = Re ’ .’ , X and Y are various combinations of Cl, Br, I

atoms, or fac-[Re(C0)^X_]2" (X = Cl, Er, j ) 208,244-246^ The

stereochemistry about the metal in these complexes has been 

unequivocally established by infrared spectroscopy in the ‘'CCO) 

and y(MX) regions. Thus the former type has four strong v(CO) 

bands (3A* + A") and the latter two (Â  + E for C^^ symmetry) or 

three (2A* + A” for lower symmetries), and two medium intensity 

^(ReX) bands. These results are in agreement with group 

theoretical predictions for cis-tetracarbonyl and fac-tricarbonyl 

stereochemistries respectively. Similarly, on the basis of 

spectroscopic results and application of the 18-electron formalism 

the anions [M^(CO)gX^]^"" (M = Mn, X = Cl, Br, I; M = Re, X = i)211,244 

have been assigned metal-metal bonded structures (A in Figure 3*1).

The types [Re^(CO)^^Yr (X = Y = Cl, Br, I; X = Cl, Y = Br)^^^’̂ ^^ 

and [Re^(C0)^X2^]^ (X = Cl, Br)^^ are alternatively thought to
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contain two bridging halogen atoms and no metal-metal bond (B and C 

in Figure 3*1), although in each case distinction between the two 

most likely structures was not possible.

\ l \ l
X M M XA l\f W %

X X CO

00 CO

Re

00 CO

CO CO

00 CO

Re

00 CO

CO CO

°C (?
CO

X M  X
\l
- M -  ,

l\̂
ê  <0

00.

oc

CO

Re

X

Re

\ x /
/
\

CO 00

CO

CO X

CO 00

X/  \Re Ré

CO

CO

CO

(A) (B) (C)

Figure 3*1: Possible structures for binuclear halogenocarbonyl 

anions of manganese or rhenium

Recent reports have indicated that the tri-/x-halogeno anions

[ ( CO)̂  ()u-X)̂ ] " may also be prepared. Thus Et^̂ N[Mn̂  (CO)̂  (/x-Cl )^] 
24? was isolated as the product of a photochemical reaction between 

Mn^(CO)^Q and Et̂ N̂Cl in chloroform. The bromo-analogue was formed 

in a similar manner but could not be separated from other products 

produced simultaneously. X-ray diffraction studies on species of 

the formulae [(? ̂ -arene)Re^(CO)^X^ ], (arene = C^BUMe, X = Er;
 ̂K Q

arene = C^Me^, X = Cl) and [HPOR][Re^(CO)^X^] (POR = octaethyl-

porphine, X = Cl; POR = mesoporphine IX dimethylester, X = Br)^^^’ 
250 , have shown that they also contain triply-bridged anions 

(Figure 3*2), The former type therefore also contain
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[(%^-arene)Ee(CO)^]* cations.

OC
OC

M

OC

Figure 3.2: Structure of the tri-m -halogenobridged anions

Thus apart from Ft2̂ N[Mn^(CO)^(//-Cl)^] which was obtained at best in
2^7

19^ yield from chloroform and in only yield from diglyme , all 

other pure complexes containing such anions also involve either 

carbonyl containing cations or very complex porphinium cations.

The complexes described in this chapter were prepared in high yield 

and contained only the simple Et̂ N̂̂  cation which minimised 

interference in the v(CO) region of the vibrational spectra. Because 

of the high local symmetry and low number of atoms in the anions, 

a reasonably complete group-theoretical treatment of the vibrational 

spectra was possible.

EXPERIMENTAL

Details of physical methods and starting materials appear in 

Appendices 1 and 2. Particular attention was paid to the 

purification of nitromethane for conductance measurements and 

chloroform for synthetic work described in this Chapter.
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Preparation of Ett^NDfa^(CO)^(M-X)^], (X = Cl, Br)

(a) The reactions between Mn(CO)^ (2 mmol) and Et̂ N̂X (1 mmol) - 

were allowed to proceed for 5 k in refluxing chloroform (30 cm^). 

After cooling, the pure products were filtered off, washed with a, 

little ethanol and water and dried vacuo. Samples could be 

recrystallised from acetone-diethyl ether as orange needles although 

this resulted in .a considerable reduction in yield.

(b) Et2̂ N[Mn^(C0 )̂ (ju- X)^], (X = Cl, Br) could also be obtained from

the decomposition of Et2̂ N[Mn(C0 )2̂ X̂ ] in refluxing chloroform.

However separation of the desired products from Et̂ N̂X also formed

in the decomposition, by washing with copious amounts of water and 

subsequent recrystallisation from acetone-diethyl ether, reduced 

the yield to below 10 .̂

Preparation of Et^N[Pe^(CO)^Cw-X)^], (X = Cl, Er, l)

The reactions between Re(CO)^ (2 mmol) and Et£̂ NX (1 mmol) were 

carried out in refluxing decal in (30 cm^) for 18 h. The resulting 

grey solids were filtered off and washed with light petroleum 

(40 - 6 0) before dissolution in anhydrous dichloromethane (80 cm^). 

The dichloromethane solutions were then filtered and the volume of 

the filtrates reduced to ca. 10 cm^ to afford colourless crystalline 

products which were recrystallised from further dichloromethane and 

dried vacuo.

Yields and elemental analyses of all the above complexes are listed 

in Table 3.1, together with melting points and conductivity data.
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RESULTS AND DISCUSSION

The products Et2̂ N[Mn^(C0 )^X^] (X = 01, Br) were obtained initially 

by decomposition of Et^^N[Mn(CO)2̂ X^] in boiling chloroform (eq. 3.1). 

Subsequently analytically pure Ek2̂ N[M^(C0 )^X^l (M = Mn, X = Cl, Er;

M = Re, X = d, Br, l) were obtained in high yield by the thermal 

reactions between M(CO)^ and Et̂ N̂X in a 2 : 1 molar ratio (eq.3 .2 ).

2Et^N[Mn(C0)2^X^]— .Et2^N[Mn^(C0)^X^] + Et^NX + 2C0 3il

2M(C0)^ + Et̂ N̂X — .̂ Et2̂ N[M (̂C0)̂ X̂ ] + 4C0 3.2

Attempts to prepare Et^^NLMn^(CO)̂ 1^3 in order to complete the 

series proved unsuccessful. As will be shown below the anions 

contain three bridging halogen atoms and it is therefore reasonable 

to suppose that the lack of success in preparing Et^NCMn^(CO)̂ I^] 

is associated with the incompatibility of three bulky iodine 

bridges linking two small manganese atoms.

The progress of the M(CO)^ - Et̂ N̂X reactions was monitored by 

examining changes in the infrared spectra in the y(CO) region at 

various intervals. In addition to bands associated with the 

starting materials M(CO)^ and the final products [M^(CO)^X^] , the 

predicted four bands assigned to the C^^ anions [M(C0 )2̂ %̂ ] were 

detected during the reaction, as shown in Figure 3.3.

Since the products Et^^NCMn^(CO)^X^] (X = d, Br) were originally 

obtained by decomposition of Et^^NCMn^(C0 )2̂ X̂ ] in refluxing 

chloroform, and the latter anions could be detected spectroscopically 

in the M(CO)^ - Et̂ N̂X reaction mixtures, the reactions employing 

M(C0)^ must also proceed via [M(C0 )^X2] . The reaction may 

possibly involve the bis-m-halogeno anions [M^(CO)^^]" formed 

by the rapid combination of [M(C0 )2̂ X̂ 3 with further M(CO)^ before 

finally affording the complexes [M^(CO)^X^ as shown in the reaction
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T = 0 0.25 h 0 .5 0 h

T = 1 h 2 h

s

s

4 h

P P

Figure 3»3: Infrared spectra (y(CO) region in CHCl^) at various 

intervals during the FtNBr/kn(CO)̂ Br reaction 

KEY: peaks due to : s, starting material Mn(CO)^Br

*, intermediate [Mn(C0 )2̂ Br̂ ] 

p, product [Mn^(CO)^ (;î -Br)̂ ] (has low

solubility in CHCl^)
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2—sequence of Figure 3«4. Other anions such as [M(CO)^X^] and 

CM2 (C0 )̂ X£̂ ]̂ ” are unlikely to be involved as intermediates as 

insufficient halide ion is present in the reaction mixture to 

generate them.

CO
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Figure 3«4: Possible mechanism for the formation of the [M^(00)^X^]

ion

The complexes are air-stable over a period of some months and may 

be stored indefinitely under nitrogen. Dichloromethane solutions 

were stable for at least a few days for the rhenium compounds and 

a few hours for the manganese compounds, so infrared carbonyl 

stretching frequencies were obtained in this solvent. Decomposition 

was found to be more rapid in solvents suitable for conductance 

measurements (see Figure 3.5 ). For example, the manganese complexes 

decomposed almost immediately in acetonitrile and a few minutes after 

dissolution in nitromethane. The rhenium complexes were generally
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less prone to decomposition in  polar solvents. Thus, as a re s u lt

of decomposition, a gradual time dependent increase in  the

conductance of the complexes in  a c e to n itr ile  and nitromethane

solutions was noticeable and attempts to obtain Onsager plots

( A v s . i/c) fo r the anions was thwarted. R)wever of these two

solvents a slower decomposition ra te  was found in  nitromethane, so

conductance measurements on 10 ^ M solutions were made in  th is

solvent a t 25°C, the reading being taken as ra p id ly  as possible

a fte r  solu tion preparation. The resu lts  obtained in  th is  way

(Table 3*1) are in good agreement with expectations for uni-valent

e lec tro ly tes  in  nitromethane, (73 -  95 S cm mol fo r  10 M
251solutions ) .

The decomposition of these anions in  coordinating solvents such as 

a c e to n itr ile  is  not unexpected when viewed in  the lig h t  of known 

so lvo ly tic  reactions of halogenocarbonyl manganese or rhenium 

complexes^^^’^^^’ ^^^. See fo r  example eqs. 3-3 - 3*6.

[Re(CO)yC^]^" + MeCN— #.[Ee(CO)^X^(MeCN)]" + X“ 3.3

[Re^(CO)^X^]^" + 2MeCN— # 2 [Re(C0 )^X^(MeCN)]"' 3^4

2 QMn(CO) ^ 3  + 2MeCN — ^ [Mn^ (CO)^X^ (MeCN)^] + 4C0 3^5

Re(CO)^ + 3MeCN + AgEF  ̂ — -

CRe(CO)^(MeCN)^lCPFg] + AgX + 200 3.6

In  order to discover more about the solvolysis process the 

decomposition of Et^N[Re2(00)^Br^] in  a ce to n trile  solu tion was 

b r ie f ly  studied by monitoring changes in  the in frared  v(00) region, 

with time (Figure 3 . 5) .  In i t i a l l y  the two major y (00) bands at 

2023 and 1907 cm” "* due to the [Re2(00)^Br^]” anion were predominant, 

but a fte r  only ten minutes there appeared to be approximately equal
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Y

Figure 3«5î Infrared spectra ( y(CO) region) of Et^N[Re^(CO)^Br^] 

in acetontrile solution A, 1 min; B, 3 min; C, 10 min; 

D, 1 h; E, 4 h; F, l8 h. 

quantities of the anion and a new species having v(CO) bands at 

2039 1934 and 1882 cm After about four hours, an equilbrium 

was reached in which the ^ (CO) bands due to the new species were 

the dominant feature of the spectrum. These band positions were
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254-in good agreement with literature values for [Re(C0 )^Br(MeCN)2]

( ''(co) = 2039» 1916, 1896 cm”"*; Nujol mull) so presumably Et̂ N̂Br 

is liberated (eq. 3 *7 )«

Et^N[Re^(CO)^Er^] + 4-MeCN 2[Re(C0)^Br(MeCN)^] + Et^NBr 3^7

The time dependence of the infrared spectral changes of all the

other anions dissolved in acetonitrile followed similar trends and,
253in agreement with previous observations , the manganese complexes 

had a much faster rate of decomposition. Indeed, two minutes 

after dissolution in acetonitrile, the spectrum of the complex 

Et^̂ NCMn̂  (CO)^Br^] contained only three strong bands of the 

decomposition product at 204-2, 1934 and 1932 cm "* (c.f. 2043» 1937 

and 1934 cm  ̂reported^^^ for the complex [Rn(C0 )^Er(MeCN)2]). 

Further support for this initial mode of decomposition was 

obtained from molecular weight studies on MeCN solutions of the 

manganese complexes, as determined by vapour pressure osmometry.

The determinations were carried out soon after making up the 

solutions and gave apparent molecular weights of l64 and 223 for 

the chloro- and bromo- derivatives respectively. The formula 

weights of these complexes are 314 and 648 respectively and these 

results, which are approximately one-third of the formula weight 

() X 314 = 171 and J X 648 = 2 16) are consistent with the presence 

of at least three particles in solution, and not two as expected 

for Et^NCMn2 (CO)g(M-X)^3.

If the decomposition followed this route exclusively the 

conductance in acetonitrile should not markedly change, one uni­

valent electrolyte, the trihalogeno-bridged complex, being replaced 

by another, Et^NX. However the conductance slowly increased with 

time and the v(CO) region of the infrared spectrum also became 

more complex (especially for the manganese compounds). This implies
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that other electrolyte species were subsequently formed, perhaps

by disproportionation. In view of these observations, the 
247published electronic spectrum of Et^^NCMn^(00)^01^] recorded in

acetonitrile seems of doubtful value. Indeed attempts to

reproduce the results quoted (46 930 cm""*, e = 41 500 and 26 730

cm "*, e = 2 720) were unsuccessful. It was found in fact that the

electronic spectra of the manganese complexes were dependent on

both concentration and time. The following values were recorded

for 10 ^ M solutions soon after dissolution and probably represent

the solvolysed species. Eti^NCMn^(00)^01^3: = 232 nm

(43 100 cm""*), e a 13 930; X = 376 nm (26 600 cm""*), e = 1 970max
and for Et,,N[Mn_(CO)^Er^]: X = 229 nm (43 700 cm "*), e = 12 460;4 d. o  ^  max
Xmax - 386 nm (25 900 cm""* ), e = 1 220, Both species also 

exhibited a weak shoulder in the region of 330 nm (30 3OO cm "* ).

The solution infrared spectra of the complexes in the v (CO) region 

are given in Table 3*4 and the solid state infrared spectra below 

700 cm" are presented in Table 3*3. The results are consistent 

with the presence of a confacial bi-octahedral anion of local 

symmetry with three bridging halogen atoms (Figure 3*2). Since 

this type of anion has high local symmetry and the number of atoms 

involved is low, a reasonably complete vibrational analysis is 

possible and although the manganese complexes decomposed in the 

He - Ne laser beam, a satisfactory Raman spectrum of 

Et^NCRe2 (CO)^(/x-Br) 3̂was obtained.

The vibrational representations for an isolated CM2 (CO)g(/x-X)^3 

anion of symmetry (Figure 3*2) may be derived from a simple 

group theoretical treatment, which is outlined in Appendix 3*

The total vibrational representation is given by:

Tvib = 6A^' + 2A2 ' + 8E» + 2Ay + 5A2" + 7E”
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This gives the following irreducible representations:

r,(co) = + S' + Az" + E"

^KMC) = Ai' + E' + Ag" + E"

^KMX) = ^'

^a(MCO) = Al' + 2B' + + 2E"

^a(xMx) = 
r \
«(XMC) ( A' + 2E' + Ag" + 2E"
^(CMC) )

In symmetry, * and E” modes are only Raman-active, E* modes 

are both infrared- and Raman- active, A^” modes are only infrared- 

active, whilst A^* and modes are inactive. The vibrational 

spectrum of solid Et^NCRe^CCOO^Cp-Br)^] is presented in Table 3*2 

together with assignments based on the group theoretical analysis 

of the anion in Appendix 3»

The assignments of the y(CO) bands are straightforward. Thus a

strong, sharp band at 2020 cm is infrared-active only and is

therefore the A^" mode, whilst the band which appears at ca. 1900

cm”"* in both the Raman and infrared spectra is assigned to the E*

mode. This band shows considerable splitting in the solid state

but is a broad, unsplit band in dichloromethane solution (Table 3*4),

The two remaining y(CO) vibrations of Et^N[Re2 (C0 )^C4-Br)^] which

appear at 2040 and 1951 cm "* in the Raman spectrum only are

assigned to A..̂ ' and E” modes respectively. Unfortunately this

complex was not sufficiently soluble in solvents in which it did

not undergo solvolysis for Raman polarisation studies. However

the A^' mode is assigned, by analogy with other fac-tricarbonyl 
255-257species , to the highest energy band because it involves the

simultaneous distortion of all six CO groups.
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- 1Table 3*2: Vibrational Spectra of Solid Et,^N[Re^(CO)^(M-Br)^] (cm )

Infrared Raman^ Proposed Assignments

2040 ms 4'  '

2020 vs V
1931 m E" v(CO)

1913 sh 1909 ms ■

1904 vs 1902 ms E' >
1890 sh 1891 ms , 

671 m 4 ' '
642 s^ 642 vw E'

629 s 631 vw 

363 w

33^ vw 

320 vs

E»

E"
E" ,

8 (MOO)

306 s

312 sh

308 ms

E"
E»

y(MC)

493 s

212 m

A " J
^2

190 vs

170 vs 170 m
V

E»
V (MBr )

not observed E” ^

117 S
123 m 

117 ms
A-
E*

8 (ErMBr )

Other low-energy Raman bands: 110, 104, 98, 9 'I and 83 cm 

A^" mode may be coincident, (see text).

-1



83

Assignments in the 680 - 480 cm  ̂region (Tables 3*2 and 3*3) are 

less obvious although the ô(MCO) and y(MC) vibrations do seem to 

fall into well defined frequency regions. It is generally agreed 

for other fac-tricarbonyl species such as [M(CO)^(q^-arene)]

(M = Cr, Mo, w)255,236 ^  [ M n ( C 0 ) j ( n ^ - C ( E  = H, 

that the ô (MCO) modes absorb at higher energies than v (MC) modes, 

Group theory predicts three infrared-active 8(MCO) bands and for 

the manganese complexes these are assigned to the three bands 

found between 680 - 620 cm However for the rhenium analogues 

only two such bands are evident in this region. This may be 

explained in terms of a mass effect on changing from manganese to 

rhenium, which is known to substantially shift the highest 

frequency 5(MCO) infrared-active band in, for example,

[M(CO)g]+ 2 5 8,2 5 9  ̂ and [M(CO)^(MeCH)^]'^

(M = Mn, Re). The magnitude of these shifts are typically about 

30 cm"^ to lower frequency but for the remaining 5(MCO) bands 

this effect is much less apparent and may even be reversed, • 

Therefore if the 5 (MCO) mode found at 68O cm” for the

manganese complexes suffers a similar mass effect for the rhenium 

analogues, it would become accidentally coincident with the 

highest infrared-active E* mode, and so only two ô(MCO) infrared 

bands would be observed for rhenium anions. Inspection of the 

infrared spectra shows that the highest energy ô(ReCO) bands are 

indeed somewhat broader than the 8 (MnCO) bands of intermediate 

energy. The E* Ô(ReCO) modes at 642 and 629 cm in 

Et2̂ N[Re2 (CO)g(M-Er)^3 are easily assigned because of their 

correspondence in the infrared and Raman spectra. The remaining 

three bands, which appear at 6?1, 3^3 and 33^ cm in the Raman 

spectrum only, must therefore be the * and 2E" 6 (ReCO) modes,

the A^’ mode again being assigned to the band of highest frequency.
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The infrared spectra of all of the complexes displayed two bands
-1of closely similar frequency at approximately 300 cm . In Tables

3.2 and 3*3 these are assigned to the E* and i'(MC) modes

although it could be argued from a consideration of merely the 

solid state infrared spectra that the two bands observed could 

both be assigned to the E* mode split by solid state effects, so 

leaving the mode undetected. However a solution infrared 

spectrum (recorded in dichloromethane in 1 mm KBr cells) of

Et2̂ NCRe2 (CO)g(/x-Br)^] in the 5. (ReCO) and p(ReC) region also

shows four bands (64?, 633, 309, 301 cm )̂ thereby supporting these 

assignments. Two very strong bands, both only Raman-active, at 320 

and 3^2 cm  ̂ in the spectrum of Et^N[Re2 (0 0)^(^-Br)^] are assigned 

A^' and E" "(MC) modes respectively.

Apart from the absence of the E” Raman-active •'(ReBr) band of 

Et2̂ N[Re^(C0 )̂ (AL-Br)̂ ]̂  the t'(ReBr) and 5 (BrReEr) bands are readily 

assignable by applying related arguments to those used above. For 

the series of anions under discussion the bands in this region of 

the spectra display the expected sensitivity to change of mass of 

halogen as shown in Figure 3*6. The y (MBr)/ v (MCI) and v(Ml)/i'(MCl) 

ratios of 0.6? - 0.74 and 0.33 - O .3 8 respectively also give added 

confidence to the assignments. The frequencies of the v (MX) bands 

are in the expected regions for bridging halogen atoms and are of
26^similar frequency to such bands observed ‘ for the neutral

carbonyl halides, [M^(CO)gCLi-X)^] (M = Mn, Re; X = 01, Br, l). 
e.g. [Mn^(CO)g()L(-Cl)^] ; (MnCl) = 293 and 243 cm

[Mn^(CO)g(//-Br )g] ; v (MnRr ) = 2l6 and I86 cm

[^^^(CCOgCp-Cl)^] ; i'(ReCl) = 288 and 240 cm"

URe2 (C0 )g(/i-Er)2  ̂ ; i'(ReEr) = 198 and 17"! cm

[Re^CCCOgCw-ljg] ; i'(Rel) = I63 and 142 cm” '.
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The infrared spectrum of Et2̂ N[Mn2 (CO)g(At-Cl)̂ ] between 3200 - 

400 cm is illustrated in Figure 3*7* The major infrared 

spectral features of this and the other anionic complexes have 

been assigned by analogy with the vibrational analysis of 

Et^NERe^CCCO^Cu-Br)^].

1600I 8002000  I_ - 12001

Figure 3*7î Solid state infrared spectrum of the complex 

Et,^N[Mn^(CO)^(M-CaL] (3200 - 400 cm~^)

Thus the complexes all display two strong y(CO) bands + E*)

in their solution spectra (Table 3*4). In the solid state four 

or five bands + 3^*) assigned to ô(MCO) and ^(MC) and three

halogen sensitive bands below 300 cm \  k(MX) and 5(XMX) (A^" + 2E'), 

which are typical of bridging halogen atoms, are observed (Table 3*3)- 

The spectra of all the complexes also show bands at approximately

3000, 1480, 1443, 1390, 1300, 1160, 1030, 990 and 780 cm“  ̂ in

addition to those tabulated which, by comparison with the known' 

spectra of tetraethylammonium halides, may be assigned to

263

vibrations of the Et̂ N̂ cation.
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As a result of analytical data, conductivities and detailed

vibrational analysis, these anions have been established as

further examples of the well known structural type [M2 (C0 )^(p-X)^]'

for Group VII anions (M = Mn, X = N̂ , NCO ; M = Re, X = H, EtO,

i-RrÔ *̂̂ ; M = Re, X = OH, MeO, EtO, n-BuO, t-BuO,

They are also isostructural and isoelectronic with the Group VI
,3-anions [M^(CO)^Of-X)^]^" (M = Cr, Mo, W; X = F, 01, Br, I, OH, SON, 

N^, EtÔ *̂ *̂  and M = Mo, W; X = ), which are known^^ to react

with allyl halides according to eq. 3»8.

[Et2̂ N]^[W^(C0 )^(;w-Cl)p + 2C^H^C1 + 4MeCN --- -

2 [(?^_C^B^)W(C0 )^(MeCN)^Cl] + 200 + 3Et^NCl 3 .8

Since the analogous Group VII anions decomposed in acetonitrile 

their thermal reactions with allyl halides were investigated in a 

variety of other solvents including chloroform (bp 62°0), toluene 

(bp 111°0 ), diglyme (bp 162°0) and dekalin (bp 187°0 ) as well as 

pure allyl chloride (bp 43°O) and allyl bromide (bp 70°C). In 

each case no reaction occurred, other than the decomposition of 

the manganese complexes in the higher boiling solvents, except for 

a remarkable halogen exchange reaction between Et^N[Re2 (C0 )^Cu-l)^] 

and allyl bromide (eq. 3*9 ).

Etî NrRe2 (C0 )g(M-I)3] Eti^NrEe2(CO)g(/.-Br)j3

After only 13 minutes at 70°C the product, isolated in 100^ yield, 

contained only bridging bromines, as indicated by changes in the 

y(00) and c(ReX) regions of the infrared spectrum. The Group VII 

anions also failed to react with allyl halides dissolved in 

dichloromethane and tetrahydrofuran when irradiated with a medium 

pressure mercury vapour lamp.
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Thus, in contrast to their Group VI analogues, these Group VII 

tri-p-halogeno anions are unreactive towards allyl halides, with 

an overriding tendency to retain the triply-bridging structure. 

Their apparent thermal and photo- stability in non-coordinating 

solvents does not extend to solvents of greater coordinating power, 

since it has been shown that a bridge cleavage reaction by f-donors 

such as MeCN occurs rapidly.
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CHAPTER FOUR

n^-ALLILPENTACARBONYL-, tĵ -ALLYLTETRACARBONIL- AND 
PENTACARBONYIMETHYL- RHENIUM (I )
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INTRODUCTION

The synthesis of [(i? -C^H^)Mn(CO)^] from allyl chloride and 

Na[Mn(CO)^] and its subsequent decarbonylation to

[ )Mn(C0 )2̂ ] exemplifies a classic piece of organometallic
93,118chemistry • However, as previously noted, the chemistry of

Group VTI transition metal-allyl complexes is generally very
132limited and in particular there is only one previous reference 

to the corresponding rj - allyl- rhenium complex. This reports the 

isolation of [(îj^-C^H^)Re(CO)^U,in a rather impure state, after 

the chromatographic work-up of the reaction between allyl chloride 

and Na[Re(CO)^]. The yield being only ca. 10%» Since 

de carbonylation of this -allyl complex was evidently not a useful 

route to , the 17̂ -allyl complex has been

prepared^^^'^^^ by reacting [(q^-C^H^jSnCCH^)^] with either 

Re(CO)^Br in refluxing tetrahydrofuran or with Re^CCO)^^ in 

diglyme at 130°C for 100 h. A mechanism was proposed on the basis 

of spectroscopic observations which does not require the involve­

ment of [(?^_C^H^)Re(C O a s  an intermediate (see pages 30 - 31)•

It is shown in this work that contrary to previous belief pure 

samples of [(?^-C^H^)Re(CO)^] can easily be prepared in at least 

90^ yield from the reaction of allyl chloride with Na[Re(CO)^] 

and this complex can be conveniently photodecarbonylated to give 

[(»?^-C^H^)Re(CO)^] in very reasonable yields (ca. 33^)* !2he 

preparation of these complexes and their characterisation by NMR, 

mass and particularly vibrational spectra form the subjects of 

this chapter.

During the course of this work [CH^Re(CO)^] and the isotopically 

labelled analogues [CD^Re(CO)^] and [^^CH^Re(CO)^] were 

synthesised for comparative purposes. Since only partial infrared
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229 272 273data was available for these compounds a detailed

vibrational analysis was carried out. These results, which are
'Iessentially complementary to those of the 17 -allyl complex, are 

presented at the end of this chapter.

EXPERIMENTAI

Preparation of [(f;^-C^E^)Re(CO)^]

In order to obtain good yields it is necessary to maintain 

strictly anaerobic conditions throughout the preparation and 

manipulation of this complex. A solution of Na[Re(CO)^] was 

pre-pared by stirring a solution of Re^CCO)^^ (O.326 g/0.3 mmol) 

in nitrogen saturated anhydrous tetrahydrofuran (10 cm^) with 

0.3^ sodium amalgam (2 cm^) at 0°C for 1 h, under dry nitrogen. 

After removal of the excess amalgam through a stopcock, allyl 

chloride (1.0 cm^) saturated with dry nitrogen, was added. A 

colourless precipitate of sodium chloride formed quickly, and 

after 3 min all the [Re(CO)^] had been consumed (as shown by the 

absence of anion v(CO) infrared bands). Removal of solvent (13 mm/ 

20°C), followed by distillation (0.1 mm/30°C), gave a very pale 

straw coloured liquid product (Yield: 0.340 g, 92^. Analysis 

found: C, 26.4; H, 1.39* Calc, for CgH^O^Re: C, 26.2; H, 1.37^)«

Preparation of [(^^-C^H^)Re(CO),^ ]

A solution of [(»; ̂ -C^H^)Re(CO)^] (O.26O g/0.7 mmol) in anhydrous 

n-pentane (73 cm^) was irradiated for 1 h under dry nitrogen in a 

conventional water-cooled quartz photochemical reactor. The 

irradiation source was a 100 watt medium pressure mercury lamp. 

The reaction was monitored by observing the decay of the v ( C O )
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infrared bands of the pentacarbonyl and the growth of bands 

ascribed to the tetracarbonyl together with weaker bands due to 

Re^CCO)^^ . Prolonged irradiation caused no further change.

Removal of the solvent (13 mm/20°C) followed by two vacuum 

sublimations on to a cold finger filled with solid CO^ gave the 

product as fine colourless crystals. (Yield: 0.132 g, 33^5 

m.p. 32°C. Analysis found: 0, 24.0; H, I.3 8. Calc, for Ĝ Ĥ Ô R̂e:

G, 24.8; H, 1.49^9. Recrystallisation of the residue from carbon- 

tetrachloride afforded pure Re^CCOO^g. Yield 37^-

Preparation of [GE^Re(CO)^], [f^GE^Re(GO)^] and [GDyRe(GO)r]

A solution of Re2 (G0)^g (O.632 g/1 mmol) in tetrahydrofuran was 

converted to Na[Re(GO)^J using the same procedure as described 

previously for the preparation of L(n^-G^H^)Re(GO)^l. Methyl iodide 

(1 cm^ /1 6 mmol) was added to this orange solution causing an 

immediate colour change to very pale yellow. (Nal was precipitated 

on addition of a few drops of n-pentane), The solvent was removed 

(13 mm/20°G) and the colourless product twice sublimed on to a 

solid GO^-cooled finger. (Yield: 0.400 g, 39^» m.p. 124°0). The
13deuterated and G- isotopically-substituted analogues were 

prepared in exactly the same manner using GD I (1 cm^/1 3 .6 mmol) 

or (0 .3  cm^/4.8 mmol) in place of GH^I. (Yields:

[GD^Re(GO)^]; 0.469 g, 72^; m.p. 117°G and ["^^GH^Re(GO)^]; 0.421 g,

%; m.p. 122°G).

For details of solvents, reagents and a description of the physical 

methods used see Appendices 1 and 2.
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RESULTS AND DISCUSSION

Reaction between NaCRe(CO)^] and allyl chloride had previously 

been stated^^^ to give a low yield of impure [(Tj"'~Ĉ Ĥ )Re(00)^1 

which was characterised solely by a poorly resolved NMR spectrum. 

Using basically the same method with variations in reaction times 

but replacing a chromatographic purification step by vacuum 

distillation it was found possible to achieve at least a 90%

yield of pure C(^^-C^H^)Re(00)̂ 1].

In addition to the established method of sodium amalgam cleavage

of metal-metal bonds, the use of reagents such as Li
274 275 276 277’ , potassium hydride and sodium-potassium alloy was

explored for this purpose. However, only the alloy is effective

in producing [Re(CO)^] in appreciable concentration, but the

reaction proceeds very slowly. None of the above reagents is

therefore superior to sodium amalgam for the cleavage reaction.

The conditions quoted in the literature for sodium amalgam

cleavage of vary considerably, but by

continuous monitoring of the infrared v(CO) region of the reaction

mixture, it was found that the optimum concentration of [Re(C0)^3

was achieved after 1 h at 0°C. Solutions of [Re(CO)_] prepared3
by this method are red-orange in colour and as well as strong

v (C O ) infrared bands at 191I, 1864, 1833 cm they also displayed

weak v(CO) bands at 19&9, 1920, 1883 cm , indicating the presence
2““ 277 278of a coloured impurity, possibly [Re^CCO)^] . Extension

of the reaction time caused the concentration of [Re(CO)^] to 

slowly decline.

[(i? "*-C^H^)Re(CO)^ ] is a pale yellow, very air sensitive liquid 

which easily distils under reduced pressure (0.1 mm/30°C).
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Exposure to the atmosphere causes its decomposition to a pale 

yellow solid within a few minutes. Although this solid was not 

characterised, mass spectral evidence indicated that it contained 

a component with Re^ units. The r) -allyl complex can be stored at 

room temperature in sealed ampoules under nitrogen for several 

months without visible signs of decomposition.

It had been suggested previously"^that [(i7"*-Ĉ Ĥ )Re(C0)̂ l could 

not be decarbonylated to give [X%^-C^E^)Re(CO)^]. The evidence 

now presented however, shows that the ? allyl complex can be 

prepared in acceptable yield by photochemical decarbonylation of 

C(Tj"'-Ĉ Ĥ )Re(CO)̂ ]. It is much more stable to atmospheric 

oxidation than its rj - precursor, forming easily sublimable, 

colourless needles which may be manipulated freely in air with 

recourse only to the usual precautions applicable to the handling 

of toxic substances. The complex may be stored indefinitely 

under nitrogen at 0°C. Using the conditions described in the 

experimental section, the above decarbonylation appears to be in 

competition with allyl cleavage as Re^CCO)^^ is also produced, 

presumably by coupling of Re(CO)^ radicals. The ratio of yields 

of [(:? ̂ -C^E^)Re (CO)̂ ]̂ to Re^CCO)^^ obtained from the photochemical 

reaction decreases if the temperature is allowed to rise. This 

suggests that the competing reaction is a thermal one and that

strict control of temperature is required in order to optimise the

yield of the required y allyl complex.

Attempts to widen the scope of the method to include substituted

allyl ligands were less successful, only small quantities of 

lî^-allyl complexes being isolated. The following were identified 

only by their infrared spectra in n-pentane ; C(’î^-2-MeĈ IÎ2̂ )Re (CO)^3, 

[(77^-1_MeC^H^)Re(00)^3and [(;/̂ _ 1 -PhC^H^)Re(CO)^], all of which
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have y(CO) bands at approximately 2090 s, 1995 vs, 198O vs, and 

1960 vs (cm ). No intermediate tj -allyl complexes were isolated 

owing to their general instability.

The methyl complexes [CH_Ee(CO) [^^CH_Re(CO) ] and

[CD^Ee(CO)^] were prepared by a similar method to [(n^-C^H^)Ee(CO)^], 

All are air-stable, colourless solids which sublime readily at 

room temperature.

1H NMR Results

(a) [(î? -C^H^)Re(CO)^]

The NMR spectrum of [()? -CLH_)Re(CO)_], recorded in GDC1_ under5 5 5 3
low resolution, is of the expected ABCX^ type. It is illustrated

1in Figure 4.1 and although similar to that reported previously

TMS

CHCl.

46 0 ppm5 23 1

Figure 4.1 : NMR spectrum of [(T)^-C^H^)Re(CO)^ ] in CDCl^ solution

it is of superior quality. Thus an analysis of the spectrum under 
high resolution enables all possible first order coupling constants
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to be determined (Figure 4.2). The chemical shifts and values so
1obtained are in good agreement with expectations for an 77 -bonded 

allyl group (see page 1?).

(b) H^)Ee(CO),|]

The H MME spectrum of C(t -C_Hj)Ee(C0)j^3 obtained in CDClj is
3indicative of a symmetrical 17 -allyl group, giving a simple

AMM*XX* type of spectrum with spectroscopic equivalence of the

syn- and anti- protons. The coupling constants and chemical
3shifts fall within the ranges expected for a typical U -allyl 

group (these are given on page 19). The spectrum, which is 

illustrated together with assignments and coupling constants in 

Figure 4.3» agrees well with previous^"'’ results obtained in 

solution in chloroform. The M R  spectrum of [(%^-C^H^)Re(CO)^]
4lhas also been measured in a nematic liquid crystal phase and 

from a consideration of dipolar coupling constants it was 

concluded that the protons of the tj allyl group do not all lie in 

one plane.

(c ) Pentacarbonylmethyl rhenium

The un labelled pentacarbonylmethyl rhenium exhibited the expected
281 1sharp s in g le t u p fie ld  from IMS a t -0 .2 0  ppm. The H MR

13spectrum of the corresponding 0 lab e lled  complex consisted of a 
13doublet,J( o h ) = 128 Hz, centred around a minor peak due to the

12C isotope a t -0 .20  ppm. The ra tio  of the in teg ra ls  of the major
13

and minor peaks indicated that the isotopic p u rity  of the C 

la b e lle d  complex was greater than
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Mass Spectra

Metal-containing ions and associated metastables observed in the 

mass spectra of the allyl and methyl rhenium carbonyl compounds 

are listed in Tables 4.1 - 4.3. Such ions are clearly identified
187 18*5by the isotopic ratio Re : Re = 1  : O.6O (peaks arising

from both isotopes are given for each ion in the tables). In each 

case the ion abundances are quoted relative to a rhenium-containing 

base peak of 100 units. For convenience of discussion the major 

ions are classified according to their method of derivation from
282the molecular ion as follows: (i) loss of carbonyl groups;

(ii) loss of the allyl or methyl group; (iii) loss of ligand 

fragments whilst still attached to rhenium. This is an arbitrary 

classification and it should be noted that some ions may be 

derived by more than one process (e.g. [Re(CO)^]^ from either 

CLRe(CO)j;̂ ]'*‘ or [Re(CO)^] + ).

(a) V -Allylpentacarbonylrhenium(l)

Table 4.1 shows that for [(i? ̂ -C,H_)Re(CO)_ ] the molecular ion is 

present in relatively high abundance in the mass spectrum. This 

may be contrasted with, for example, [(i}̂ -Ĉ Ĥ )(i7^-C^H^)Ru(CO)2 ]^^^ 

and many other organometal-carbonyls where only fragments of the 

molecular ion are observed, the molecular ion itself being 

undetected. There are two primary fragmentation pathways, both 

supported by metastables, one involving stepwise loss of CO with 

final cleavage of the allyl group, the other initiated by loss of 

allyl followed by stepwise loss of GO. In this respect the
284spectrum resembles those of Re(CO)^ (X = Cl, l) where initial 

loss of CO or X are competing processes. As expected, 

decarbonylation of the 7] -allyl pentacarbonyl, to give a
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Table 4. 1: The Mass Spectrum of C(»?"'-Ĉ Ĥ )Ee(CO)̂ ]

m/e Relative Intensity Ion

368
366

28
16

[(C^HgXReCCOO ] +

340
338

81
46

t(C ^H ^)Ee(C O )j^]'^

312
310

30
33

[ (C Æ )H e (C O )^ ] '^

284
282
280

46
100
44

[(C 5,)E e (C 0 ) g f  + [(CÆ )Ee(CO)g] +

236
234
232

15
37
19

C(C IL)Ee(CO)]'^ + KC Hj)Ee(CO)]'*'

228
226
224

9
52
37

[(C ^E ^ )E e ]+  + [(C jE j)E e ] '^

188
186

3
2

CEeHJ"^

327
323

33
22

[Ee(C O )g] +

299
297

63
37

[E e (C O )^ ]+

271
269

61
37

[E e (C O )j]'* '

243
241

20
13

[EeCCCOg]*

213
213

11
8

[E e (C O )]+

187
183

22
13

[E e ]+

Metastable supported transitions (Calc, position in parentheses):

368 -  340 
366 338
340 - 312 
338 ^  310 
312 ^ 284 
310 ^  282

m*
m*
m*
m*
m*

314.0(314.1)
312.0(312.1)
286.0(286.3)
284.0(284.3)
238.0(238.3)
236.3(236.3)

327 299; m* = 273.0(273.4)
323 - 297; m* = 271.0(271.4)
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tetracarbonyl ion (m/e 340) under electron impact occurs readily, 

resulting in the second most abundant ion in the entire spectrum. 

Even during a low energy scan (l2eV) both the molecular ion M*** and 

[M - 00]^ were present in approximately equal abundance, presumably 

reflecting the stability of [(i? )Re (CO)̂ p with respect to

[(q^-CSg)Ee(CO)^].

Evaluation of the rhenium isotopic patterns indicates that the

peak at m/e 282 (base peak) is associated with both the ions

[(C and C(CjHj)Ee(COy^. The ions [(C^S^)Ee(CO)^]*

(x = 2, 1, O) are of high abundance in the mass spectrum and may

arise by the elimination of the relatively common neutral 
132fragment or by simultaneous loss of 2H and CO possibly as

134formaldehyde HCHO . The abundance of such ions can be explained 

by their formulation as 77̂ -cyclopropenyl-rhenium species. Indeed 

the formation of similar ions in the mass spectra of allyl 

complexes is a common occurence and has previously been observed, 

for example, in the spectra of ,

C(i!5-C^^)(r,''-CÆ)W(CO)j]''5^ and H

For the latter two complexes the most abundant metal-containing
.3ions were [(r; -C^H^) (Ĉ Ĥ )M3*̂ .

(b) V^-AllyLtetràcarbonylrhenium(l)

The mass spectrum of [(%^^C^E^)Re(CO)^] run using similar

operating conditions as employed for the r) -complex is given in

Table 4.2. The molecular ion [(C^H_)Re(CO),]* is the second most3 3 4
abundant ion, in line with the reasoning previously used concerning 

its stability. The fragmentation pathway involving stepwise loss 

of CO with retention of the allyl group is clearly much favoured 

over that initiated by loss of allyl. Consequently, in contrast 

to the %^-allyl, all the [Re(CO)^]^ ions (x =4, 3i 2, 1) are of
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Table 4.2: Tbe Mass Spectrum of [(? -C^H^)Re(CO),^]

m/e Relative Intensity Ion

340
338

63
39

[(CjĤ )Ee(CO)î ]'*’

312
310

28
19

[(C,E )Ee(CO) ]+

284
282
280

44
100
46

[(C^E )Ee(CO)g]+ + [(CÆ)Ee(C0)2]+

236
234
232

i4
34
13

[(C B=)Ee(CO)]+ + [(C E^)Ee(CO)]+

228
226
224

11
40
34

[(CjL)Ee]'^ + [(CjEj)Ee]'̂

188
186

3
2

[EeE]+

299
297

2
1

[Ee(CO)î ] +

271
269

6
4

[Ee(CO)j] +

243
241

6
4

[EeCCCOg]*

213
213

3
2

[Ee(CO)]+

187 ' 
183

11
7

[EeJ+

Metastable supported transitions:

340 - 312; m* = 286.3 (286.3 )
338 - 310; m* = 284.2(284.3)
312 - 284; m* = 238.3 (238.3 )
310 - 282; m* = 236.3 (236.3 )

282 - 234; m* = 229(228.8) 
280 - 2 32; m* = 2 2 7(226.8 )

low relative abundance. Again cyclopropeny1-rhenium ions are 

prominent. The spectrum tabulated was recorded soon after sample 

insertion, some minor changes being observed with the passage of 
time. In particular weak peaks were observed at m/e 634 and at
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m/e [634 -  n (28) ]  (n = 1 -  10) associated w ith the formation of

[Re^CCO)^]* (x = 10 -  0 ), in  the spectrometer, (m/e fo r *̂ Re187]

isotope). In  accordance with previous proposals 

pyrolysis w ith in  the spectrometer may be responsible fo r the 

formation of the dinuclear species. S im ila rly , fo r  example, 

attempts to obtain the mass spectrum of [(%^-C^E^)(q^-C^H^)Fe(CO)]
132gave only the spectrum of ferrocene .

13(c ) Methyl, C-methyl and d^-methyl pentacarbonyl rhenium

The mass spectra of the three pentacarbonylmethylrhenium derivatives  

(Table 4 .3 ) are closely s im ila r . Small varia tions  in  abundances

282may be a ttrib u ta b le  to factors which are d i f f ic u l t  to control , 

such as changes in  sample pressure and temperature. The general 

features of the spectra can therefore be discussed together, using 

the abbreviation CI^ fo r the or CD̂  groups as

appropriate.

C learly  loss of CO groups with re ten tio n  of the methyl moiety fo r  

these pentacarbonyl derivatives is  not a favoured process, the ions 

[CH*Re(CO)^"*" (x = 4, 3i 2, 1, 0 ) being of re la t iv e ly  low abundance. 

In  contrast, i n i t i a l  cleavage of the methyl group with subsequent 

loss of CO groups is  a major fragmentation pathway and is  w ell 

supported by the observation of the appropriate metastable ions 

(foot of Table 4 .3 ) .  Other major ions in  the two mass spectra are 

derived by fragmentation of the methyl group w h ils t s t i l l  attached 

to rhenium, by loss of one, two or three hydrogen (or deuterium) 

atoms. The ease w ith which th is  occurs depends upon the re la t iv e  

energies of [CH^Re(CO)^]'** and[CH*__^Re(CO)^]'^ (x = 1 -  3 ) as w e ll

282as upon the neutra l fragment released . Evidently, under the 

conditions p reva ilin g  in  the mass spectrometer, the #metalo-carbyne*
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ions, [HC*Ee(CO)^]^ and [DCEe(CO)^]^ (x = 4, 3, 2, 1, 0), formed 

by loss of (or D^) are relatively stable, as indicated by their 

high abundance. Indeed a measure of their stability is that the 

ions [HC*Be(C0 )2 ]^ and [ D C E e a l l  occur in more than 75^ 

abundance in their respective mass spectra. Other less significant 

ions at m/e 211 and 209 may be due to [ReĈ ]"̂ . Weak peaks at 

m/e 216 and l88 in the spectrum of CCH*Re(CO)^are attributed to 

CHRe(CO)]"*' and [HRe]^, an assignment which is confirmed by 

comparison with [CD^Re(CO)^], where the same peaks occur but 

shifted to one higher mass unit.

Vibrational Spectra

Apart from a list of y(CO) frequencies for the 77̂ -allyl complex^^^,

vibrational spectroscopic data were not available for either

allylrhenium species. In view of this, fairly extensive infrared
1 3and Raman data were obtained for both the v - and ij -  allyl

'j
compounds. Since [ ( tj -C^E^)Re(CO)^] is a liquid at room temperature 

and [(7? Re(0 0)2̂ 3 has a melting point of 32°C, liquid phase 

spectra of these molecules with Raman polarisation measurements 

were easily obtained. The results are therefore readily amenable 

to analysis as correlation and factor group splittings are eliminated, 

Infrared and Raman spectra of the solid methylrhenium complexes 

were obtained between 4000 - 40 cm  ̂and although Raman polarisation 

measurements were limited by lack of solubility, reasonably complete 

assignments could be made.

(a) V -Allylpentacarbonylrhenium

Because [(%^-C^E^)Re(CO)^] is very air-sensitive in solution, 

solvents and cells were thoroughly purged with dry nitrogen prior 

to use. When treated in this way the solution spectra remained
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unchanged over a period of some thirty minutes. Liquid film 

spectra, however, showed signs of decomposition more quickly and 

at least two samples were required to cover the region 4000 - 200 

cm during a twelve minute scan.

The vibrational spectra of only a few % -allyl compounds have been 

examined, however useful information is available for

(M = Si or and the allyl

halides . Of most interest from a comparative point of view is
1 1 the reported spectrum of [(n -C^H^)Mn(CO)^] (Table 1.5)

although the absence of Raman polarisation data render some of the

assignments questionable.

The vibrational analysis of many organometal carbonyls has often 

employed the concept of local symmetry. Thus for [(q^-C^H^)Re(CO)^] 

the local symmetry of the Re(CO)^ unit is 0̂ ^̂  and that of the 

allyl group is Ĉ . Tables 4.4 and 4.8 list the numbers and 

symmetries of the normal modes for the Re(CO)^X unit (X = bonded 

C of the ri -allyl group) and for the allyl group respectively.

Table 4.4: Vibrations of an XRe(CO)^ Unit in Ĵ ymmetry

Vibrational
Mode

Symmetry
Species

Raman(R) or Infrared(IR) 
Activity^

y (CO) 2A^ + + E 4R(2 pol) + 3IR

y(ReC) 2A^ + + E 4R(2 pol) + 3IE

y(ReX) 4 IR(pol) + 1IR

a(ReCO) Â  + A^ + + 3E 6R(1 pol) + 4ir

a(CReC) Â  + B̂  + B^ + 2E 5R(1 pol) + 3IB

a(CReX) E IR + 1IR

modes inactive
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Although group theory (Appendix 3) allows the formal derivation of 

such modes it must be borne in mind when discussing vibrational 

spectra that these are only approximate descriptions. In reality 

some mixing of modes is often likely and may be extensive, 

especially when vibrations of like symmetry, which are close in 

frequency, are considered.

(i) The t/(CO) region

The i / ( C O ) bands are listed in Table 4.3* The assignments are in 

line with those reported for other IM(CO) systems in that the 

frequencies decrease in the order A^(eq) >  > E >A^(ax)

(Figure 4.4).

E A^(ax)

Figure 4.4: Normal y(CO) modes of LM(CO)^ in symmetry

In the infrared spectrum the band intensities decrease in the
22Qexpected order E> Â  (ax) »  Â  (eq) » B ^ ,  the mode being

formally infrared-inactive. Its appearance is indicative of a

small perturbation from symmetry due to the presence of the 
233allyl group . The intensity order in the Raman spectrum is 

A^(eq))> B̂  > A^(ax)» E, thus bands which are strong in the 

infrared are weak in the Raman and vice-versa. Both A^(eq) and 

A^(ax) bands are polarised thereby confirming their assignments.

A weak band at 1943 cm  ̂ is attributed to the satellite of the 

A^(ax) mode. The observed ratio y(^^CO)/y(^^CO) (0.97&) is very
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close to the expected value of 0,977^^^*

Table 4.3% Vibrational Spectra of [(Tĵ -Ĉ Hr.)Ee(CO) J  in the

Carbonyl Region

Infrared 
(pentane)

Raman 
(benzene)

Infrared
(liquid)

Raman
(liquid)

Assignment

2131 w 2127 vs, pol 2129 s 2127 vs, pol (eq)

2030 w 2032 s, dp 2030 m, sh 2031 s, dp 1̂
2020 vs 2020 vw 2020 vs, vbr 2020 w w E

1986 s 1972 m, pol 1970 vs 1970 m, pol Â  (ax)

1943 w v O ^ O Q )

These results confirm the view that the local symmetry approach is 

justified since if symmetry were more appropriate (pairs of 

equatorial CO groups being perturbed by allyl) five v(CO) bands 

should be observed in both the infrared and Raman spectra 

(3Â  + 3 pol). Alternatively if the molecule possessed

overall 0^ symmetry five y(CO) bands (4a * + A") would be expected, 

of which four should be polarised. The results are clearly best 

explained in terms of local symmetry.

The solution y(CO) frequencies were used to calculate simple 

Cotton-Kraihanzel (CK) force constants (Appendices 4 and 3) and

the values obtained were: K^, l6.0 9; , 17.0 7, 0.29 mdyne 2.
128Using literature y(CO) frequencies the CK force constants for

[(7;̂ -C_E_)Mn(CO) ] were also calculated (K , 16.20; K , I6.8 8;3 3 3 ax eq
K̂ , 0.24 mdyne 2 ^)and for comparison use of the y(CO) frequencies

of the methyl compounds (Table 4 . 16 and reference 2 89) gave CK

force constants as follows : [CILRe(CO)_] (K , I6.O8 ; K , 17-04;3 3 ax eq
K̂ , 0 .3 0 mdyne 2“*̂) and [CH^Mn(CO)^ (K^, 16.13; K , 16.83;

-1
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K ., 0. 23) .  The K values are m arginally lower and K and K.1 ax eq 1
values m arginally higher fo r the rhenium compounds when l ik e  pairs

are considered, but the varia tio n s , although consistent, are

w ith in  the experimental erro r of the method and are therefore

barely s ig n ific a n t. The resu lts  suggest that the manganese and

rhenium atoms in  these compounds show very s im ila r ^-acceptor and

(T-donor capacities and that the <r-bonding a b il i t ie s  of the methyl 
1

and V - a l l y l  groups and th e ir  inductive e ffec ts  are indistinguish^  

able ( c . f .  pages 10 and 11). F in a lly  i t  is  noticeable that 

although the A^(eq), E and A^(ax) v(CO) frequencies a lte r  by +21,

+6 and -8  cm” "* on changing from [ ( 7?̂ -C^S^)Mn(CO)^ to

[(n -C^H^)Re(CO)^], the frequency only changes by +1 cm •

This is  in  lin e  with the expectation th a t the B̂  mode should be 

in sensitive  to changes in  the mass of the metal atom^^^.

( i i )  The 5(ReC0) and y(ReC) region

The 5(ReC0) and v(ReC) v ibrations are expected to l i e  in  the 700 -

300 cm  ̂ region^^^ and the former generally , but not in va ria b ly ,

293appear at the higher frequencies . One of the problems in  

assigning such vibrations is  that extensive mixing..of modes of the 

same symmetry w i l l  occur owing to the small frequency differences  

between ô(MCO) and y(MC) fundamentals^^^. As an assignment aid  i t  

is  w e ll known that 5(MC0) bands are normally much more intense in  

the in fra red  than in  the Raman, the reverse being true of v(MC) 

bands. Thus, in  contrast to the y(CO) region, assignment of 5(MC0) 

and y(MC) v ibrations is  not so obvious, frequently leading to 

uncertain and sometimes ambiguous re s u lts . However the method of 

symmetry co rre la tio n  between these v ibrations and those of an 

appropriate metal carbonyl, fo r  which the assignments are 

unequivocal, has often been successfully applied. For example.
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the ô(MCO) and y(MC) v ibrations of Mn(CO)^Br were assigned by 

corre lation  w ith Cr(CO)^^^^ and those of [M(C0)^(PB^)1by 

corre lation  with (M = Cr, Mo, The derivation  of

corre la tion  tables fo r the species of a group and i t s  subgroups is  

treated in  d e ta il in  several texts^^^’^^^’^^^ and the co rre la tio n  

required in  th is  case, namely that between 0̂  and symmetries, 

is  given in  Table 4 .6 .

Table 4 .6 : Correlation Between the 0̂  ̂and Groups via the 

Intermediate Group

0 ^  -n
• V ^4v

4 g

^2g ®ig ^1

ES + Ai + 1̂

^2g + Eg ^  + E

^2g ®2g + Eg ^2 + E

4 u

^2u ®1u ®2
Eu + A2 + ®2

^1u ^2u + Eu Ai + E

^2u ®2u + Eu ®1 + E

The well documented^^^ spectrum of [Re(CO)^]^ was chosen for 

symmetry correlation with [(i? -C^H^)Re(CO)^] although that of 

W(CO)g 2977298 could equally well have been used. Assignments 

for the Re(CO)^X unit (X = bonded C of the v -allyl group) based 

on this correlation are proposed in Table 4.7*
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-1Table 4.?: Assignment of 5(ReC0) and y(ReC) Bands (cm ) of
'I

[(n -C^Hr)Re(CO)r] and Symmetry Correlation with 

[Ee(CO)^]+

[E e (C O )g f [(rî' -̂C Ĥ )̂Re(CO) ]̂

Frequency Assignment Assignment
< % >

Infrared
(liquid)

Raman 
(liquid)

384 T^^ ô(ReCO) 6oo vs 

383 vs

603 w

390 vw

322 T^^ ô(ReCO) -------► E 331 ms 333 vw 

322 vw

486 T^g 5(ReC0) — 303 vw 303 vw

44l A^g y(ReC) --- ► A^(eq) 463 w, sh 463 vs, pol

426 E v(ReC) g — Â  (ax) 446 ms 443 ms, pol?

430 w, sh 430 m, dp?

336 T^^ c(ReC) --- ► E

y(EeX)^

373 VS^

370 s, pol^

354 T Ô (ReCO) 
1g

inactive

330 m

may be accidentally degenerate bands, see text 

^ X = bonded C of -allyl group

Using the assignment of the infrared active T^^ 5(ReC0) mode of 

[Re(CO)^]^ to a band at 384 cm \  it follows that the two highest
'j

energy very strong infrared bands of [(n -C^H^)Re(CO)^] are the 

Â  + E j(ReCO) vibrations. The Â  band is too weak in the Raman 

spectrum for a polarisation measurement. The B̂  and B^ 5(ReC0) 

vibrations should be Raman-active only and are assigned to weak 

bands at 322 and 303 cm . The weakness of B̂  is expected since
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it correlates with the formally inactive 5(ReC0) mode of 
[Re(CO)^]^. The two remaining bands assigned to Ô(ReCO) 
vibrations are the E modes which are, as expected, of high 
intensity in the infrared but at best very weak in the Raman. One 
of these bands at 331 cm  ̂ correlates with T^^ ô(ReCO) and the 
other which appears at the very low frequency of 3 3 0 cm” is in 
line with the T^^ mode of [Re(CO)^]* found at 334 cm \

The symmetry correlation method also allows a sensible assignment
'j

of the i/(ReC) modes of the tj - a l l y l  complex. Thus the mode

of [Re(CO)^]^ a t 44l cm correlates w ith the A^(eq) mode of the

allyl, and can readily be assigned to a very strong, polarised
Raman band at 463 cm which appears only as a weak shoulder in
the in frared  spectrum. The A^(ax) mode is  assigned to a medium

in ten s ity  Raman and in frared  band at 443 cm”"*. The p o la risa tio n

of this band could not be accurately measured owing to the
closeness of the very intense A^(eq) band. However the intensity
relationship between these two bands is in accordance with the
prediction that the equatorial mode should develop almost zero
change in dipole moment but a very large change in polarisability.
Due to the in te n s ity  of A^(eq) the mode, which is  assigned to

a band at 430 cm , and the Â  (ax) band are only clearly visible
in parallel polarisation resulting in uncertain polarisation
measurements. Similar behaviour was noted for the E u(MC): modes

S
of [Re(CO)^]* and M(CO)g (M = Cr, Mo and W), which correlate 
with A^(ax) and B̂  modes of [(%^-C^H^)Re(CO)^]. Using the 
assignments for [Re(CO)g]*^ and correlating E^(Raman) — » B̂  and 
T^^(infrared)— » E, the remaining E mode should occur as a strong 
infrared band but a weak Raman band at lower energy than B^. The 
only remaining very strong infrared band is found at 373 cm and
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so is assigned accordingly. However the Raman spectrum also 

contains a strong polarised band at 370 cm” which cannot be 

assigned to the E y(ReC) mode and therefore indicates that these 

bands do not arise from the same vibration but are accidentally 

almost degenerate. Since a strong, polarised band in the spectrum 

of C(’î^-C^H^) (’î"'-C^H^)W(CO)^D at 333 cm was assigned to y (WX) 

it seems likely that one other band that is expected in this 

region is the y(Re-X) mode (X = bonded C of -allyl) and so this 

is assigned to the strong polarised Raman band at 370 cm” . A
gOn

further difficulty arises in that previous workers ’ have 

for [(?^-C^H^)^Si] and for [(n^-C^H^)^^] assigned a band in this 

region to an A”(CC=C) out-of-plane deformation. However no such 

assignment is made for [Cn^-C^H^)Re(CO)^] and some comments on 

this point are made below.

”128 1In the reported spectrum of [(n -C^H^)Mn(C0)^3 all the observed
_ 'I

bands in the ?00 - 3OO cm region were assigned to Â  and E modes 

but even though benzene solution Raman spectra were recorded no 

polarisation data were included. As a result some of the 

assignments appear to be erroneous. Thus a Raman band at 479 cm”  ̂

is listed as coincident with an infrared band at 436 cm”"' and 

assigned to Â  (ax) •'(MnC) whereas these are more likely associated 

with Â  (ax) and E v(]̂ foC) modes respectively. The energy order of 

the 1/ (MnC) bands is given as E>A^ (ax) >A^ (eq) which does not 

agree with the order proposed above for the analogous V -allyl­

rhenium complex. Finally although the assignment of the two 

highest energy 5(MnD0) to Â  + E is reasonable no regard was paid 

to the fact that an A'(CC=C) in-plane deformation of the allyl 

group should appear in this region.
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(iii) V'-Allyl vibrations

A simple group theoretical treatment of the V -0^2^ unit in C 

symmetry shows that eighteen normal modes of vibration are 

expected for an isolated V -allyl group (8 atoms). The derivation 

of these modes appears in Appendix 3 and approximate descriptions 

of the vibrations, together with the symmetry labels so 

obtained, are listed in Table 4.8.

'I
Table 4.8: Vibrations of an Isolated y -Allyl Group in C_ Symmetry

Vibrational
Mode*

C Symmetry
• bSpecies

Vibrational
Mode*

C Symmetry
c® • b Species

‘'(CH^) vinyl 2A» P^CCH^)vinyl A”

y(CH)vinyl A* 5^(CH)vinyl in-plane A*

(CH^ )methylene A» + A" 6 s ( CH^ )me thyl ene A*

y(C=C) A» P ^ (CH^)me thylene A»

i/(CC) A» (CH^)methylene A”

6g(CH^)vinyl A» P^(CH^)methylene A”

(CH^)vinyl A* Ô (CC=C)in plane A»

P_^(CH^)vinyl A" 7T (CCH^C)out-of-plane A"

^ All modes infrared and Raman active 

^ A* polarised in the Raman

286Previously nineteen normal modes of vibration have been 

ascribed to the allyl group, includirg a vinyl (CH) out-of-plane 

wag (A") and a (CC=C) out-of-plane deformation (A”). However 

whilst due regard must be paid to the approximate nature of these 

descriptions, the combination of these two modes to give one A" 

vibration is preferable. This vibration can be described as an 

out-of-plane 7r(CCH=C) deformation or more simply as a skeletal
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288deformation • Support for this approach comes from the fact 

that although nineteen modes were predicted previously, assignments 

for both the vinyl (CH) out-of-plane wag and the (CC=C) out-of- 

plane deformation proved to be elusive, assignments being made 

only after all other modes had been eliminated. Bearing in mind 

the above comments, the A* and A” modes of the allyl group in 

C(T)"'-Ĉ Ĥ )Re(CO) ]̂ have been assigned using the reported spectra 

of (M = Si, Sn) and the allyl halides as a guide.

The fundamental frequencies and probable assignments for the allyl

group are summarised in Table 4.9. Three v(CH) and v ( C E ^ )

stretching vibrations associated with the vinyl part of the allyl
Q Q  286 283group give rise to the highest energy fundamentals ’ ’ and

are assigned to medium intensity bands at 30?8 , 2987 and 2964 cm . 

Two medium intensity bands of lower energy are assigned to the 

V (C^)me thyl ene asymmetric and symmetric stretches at 2913 and 

2833 cm”"* respectively. The v(C=C) stretch is easily assigned to 

an intense sharp feature at I616 cm "*, in close agreement with 

many other t] "*-ally 1-metal compounds (page 23). The observation

of this band is a simple diagnostic test for the presence of an
1n -bonded allyl group.

288By analogy with the allyl halides and vinyl and methylene 

groups in many other chemical environments^^’ , the methylene 

and vinyl scissors deformations are assigned to medium intensity 

bands at 1434 and 1398 cm respectively. Two rocking 

deformations of the CH and CH^ groups are found at 1293 and 1093 

cm respectively. The latter is very strong in the Raman

spectrum (1099 cm ) and corresponds with a similar very strong
1 "1band in [Sn(n -Ĉ Ĥ )̂ ^̂  at 1094 cm . The methylene

wagging vibration is expected to give rise to a sharp, medium to
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Table 4.9: Allyl Vibrations of [('n"*-Ĉ Ĥ )Re(CO)̂ ]

Frequency (cm""* ) Assignment

Infrared Raman Description Symmetry

3078 m 3073 vw, br I'̂ (CĤ ) vinyl A»

2989 w 2987 m V (CH) vinyl A*

2964 m  ̂(CH^ ) vinyl A»

2923 m CH^ )me thylene A"

2834 w 2833 m ^ (CH^ )methylene A*

1616 s 1617 8 v ( C = C ) A*

1434 m 1430 vw Ô ^ (CH^ )me thylene A*

1398 m 1397 m 5. g (CH^) vinyl A*

1293 m 1293 m ô^(CH) vinyl A»

1200 ms 1202 w P^CCH^)methylene A*

1093 m 1099 vs p^(CH^)vinyl A»

1037 ms 104l vw P^(CH^)methylene A"

991 ms P^(CH^)vinyl A"

934 ms 961 w 1/(00) A'

873 s 874 w P (OH )vinyl
W £l

A"

733 m 732 w P̂  ( OH^ )me thylene A”

678 ms 678 m, pol 5(00=0 )in-plane A»

637 w 7T (OOH^O )out-of-plane A”

strong infrared band between 1200 and 1l80 cm "* and the corresponding 

twisting mode should appear at lower frequency as a medium intensity 

infrared band. Both should have weak Raman counterparts and are 

assigned to bands at 1200 and 1037 cm respectively. In the 

allyl halides, [8i(%^-C^H^)^] and the vinyl twisting

mode occurs consistently within the range 993 - 980 cm  ̂as a
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medium-strong infrared band with a weaker or absent Raman counter­

part. Thus a medium-strong band at 991 cm”"* in the infrared 

spectrum of C(T]"*-Ĉ Ĥ )Re(CO)̂ ] is assigned to the P^CCH^) vinyl 

mode.

The i/(CC) stretch is assigned to a medium-strong infrared band at

954 cm rather than to the weaker band at 933 cm which is

believed to originate from an overtone of the ^(ReC) vibration

at 463 cm . The corresponding v(CC) band in [Sn(%

occurs at 930 cm . This leaves strong infrared bands with weak

Raman counterparts at 873 and 753 cm to be assigned to the vinyl

(CH^) wag and the methylene (CE^) rocking mode. The latter
—  1vibrations occur over a wide frequency range (8OO - 720 cm )

286depending on the nature of the compound . The (CC=C) in-plane 

deformation is assigned to a medium intensity band at 678 cm "*, 

polarised in the Raman spectrum. Strong, polarised Raman bands at 

678 and 670 cm were similarly assigned for CSi(îj and

[SnCq^-C^H^)^] respectively. Finally the 7r(CC5 =C) skeletal 

deformation is assigned to the only remaining band above the 5(ReCO) 

region at 637 cm "*.

(iv) Overtone and combination vibrations

The above three sections account for all the major features in the 

vibrational spectra of [(̂  "*-C^H^)Re(CO)^]. The remaining weak or 

very weak peaks are listed in Table 4.10 and their possible origin 

as overtones or combinations of the fundamental vibrations is 

suggested.
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Table 4.10; Overtones and Combinations

Observed Frequency (cm ) Possible Origin

Infrared Raman

3027 w 3O33 vw 1616 + 1434

2911 m 2909 vw 1616 + 1293

2823 w 1434 + 1398

2363 w 1970 + 6 00, 2129 + 430

2300 w 2129 + 370

2434 w 1970 + 463

1463 vw 1093 + 370

1730 w 2 X 873

1366 m 2 X  678

1268 w 600 + 678

933 w 933 mw 2 X  463

912 w 463 + 446

(b) 7} Allyltetracarbonylrhenium

The vibrational spectra of several T^-allyl complexes of the 

transition metals have been reported and extensive studies carried 

out on, for example, [ ( n ) P d X ] ^  (X = Cl, Br)"*̂  ̂and

[0)^-C^E^)Co(CO)^]^^^. The former compound (X = Cl) is of interest 

in that it was the subject of a recent studŷ "̂* in which incoherent 

inelastic neutron scattering was used to obtain information about 

the low frequency vibrations. The study most relevant to this 

work is that on [(%^-C^E^)Mn(CO)^]^^(see Chapter 1, pages 24 - 26).

The evidence presented below shows that unlike [(%^-C^E^)Re(CO)^], 

but in agreement with the findings on [(%^-C^E^)Mn(CO)^] , the
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concept of local symmetry cannot be applied to the assignment and 

interpretation of the vibrational spectrum of [(q^-C^H^)Re(CO)^]. 

Instead the overall symmetry of the molecule must be used with 

the conformation of the molecule being that shown in Figure 4.^(a) 

(with a <7^ plane) rather than the alternative conformation shown 

in Figure 4.5(b) (with a plane).

/
/

oc- CO

(b)

Figure 4.5: Alternative conformations of [(>7̂ -Ĉ Ĥ )Re(CO);̂ 3

(i) The c(CO) region

The I'(g o ) vibrational modes, infrared and Eaman activities and 

numbers of polarised bands predicted for several alternative 

symmetries of the Ee(CO)^ unit are listed in Table 4.11.

Table 4.11: Predicted Numbers and Symmetries of the y(CO) 

Vibrational Modes of the Re(CO)  ̂Unit

Local
Symmetry

V (co) Modes 
Predicted

Infrared(lE) or 
Raman(R) activity

Polarised
Bands

Cw + E 2IR, 3R

Czv 2A^ + + B^ 4IR, 4R

2A’ + 2A” 4IR, 4R 2A'

3A» + A" 4IR, 4R 3A'
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Solution infrared spectra in the v (CO) region in various solvents 

are presented in Table 4.12 and the band positions obtained from 

the infrared and Raman spectra of molten samples are listed in 

Table 4.15* The infrared results are in good agreement with those

quoted previously for C(T)^-C^H^)Re(C0 )2̂] (2091, 1996, 1982, 1965
-1 \280 cm ;

Table 4.12: Solution Infrared Spectra of [(T)̂ -Ĉ Ĥ )Re(CO),̂ l (cm

n-pentane chloroform Nujol (solution) V(co) Assignment^

2095 m 2090 s 2094 s A»

1997 vs 1995 vs 1994 vs A*

1985 vs 1978 vs 1980 vs A"

1965 vs 1949 vs 1959 vs A'

1945 W i/(̂ ĈO)

^ Supported by Raman polarisation measurements

Both the infrared and Raman spectra show four i/(CO) bands and 

therefore a description utilising the concept of 02̂  ̂local 

symmetry is inadequate. Furthermore, three bands are polarised 

in the Raman effect whilst only one is depolarised. These results 

are in accord with the selection rules for overall symmetry with 

the most likely conformation being that containing a symmetry

plane (Figure 4.5(a))*

Cotton-Kraihanzel force constants were also calculated (K̂  = 15*85, 

= 16.7 6, = 0 .5 5 mdyne & ^). Using literature v ( C O )

frequencies^^ for [X%^-C^E^)Mn(CO)^], the corresponding force 

constants were calculated for comparison (K̂  = 15*7 8, = 16.64,

= 0 .2 7 mdyne 2 )̂. Clearly, as for the [(n^-C^H^)M(CO)^],

(M = Mn, Re), pair there is little significant difference in the
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electron availability at the two metal centres.

(ii) The 5(ReC0), y(ReC) and y(Re-allyl) region
— *1The infrared and Raman spectra in the 620 - 320 cm region 

(Table 4.13) are, as anticipated, very rich in bands and although 

the observations do not permit a distinction to be made between 

the possible symmetries (Figure 4.5) it is again clear that 

the results are inconsistent with 0̂ ^̂  local symmetry. For example, 

three polarised Raman bands at 608, 594 and 546 cm  ̂must be 

assigned to A’ 5.(ReCO) modes whereas for Ĉ ^̂  symmetry only the 

single Â  vibration of the Â  + A^ + + B^ + 2E &(ReCO) set

should be polarised. Likewise the presence of at least two 

polarised Raman bands (477, 459 cm ), assignable to y(ReC) 

vibration,rules out Ĉ ^̂  symmetry since only a single Â  vibration 

of the Â  + B̂  + E y(ReC) set should be polarised. Since the 

evidence from the v(CO) region clearly favours the conformation 

involving a plane, the results for the lower frequency region 

have also been analysed from this standpoint. Thus the total 

number of modes expected (9A’ + 6A") are as follows:

^ô(ReCO) =

S(ReC) = 3A' + A"
^(Re-allyl) = ^A' + A"
Eleven bands have been observed of which seven are polarised so 

clearly A' in type.

Four 6(Re CO) bands are observed (three only in the infrared), 

whereas eight are predicted for C^ symmetry, and as expected they 

are very strong in the infrared but weak in the Raman. Three of 

the bands are polarised and must therefore be assigned to A’ modes. 

Two Raman bands, at 477 and 459 cm \  are very intense and 

polarised so are assigned to A' y(ReC) modes. They have weaker
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Table 4.13: Vibrational Frequencies (cm  ̂) of [Q? ̂ -C^H^)Re(CO),.]

Excluding Allyl Bands

Infrared (melt) Raman (melt) Assignment (C^)

2094 s 2091 ms, pol v(CO) A’

1994 vs 1990 m, pol v(CO) A'

1980 vs 1979 mw, dp w(CO) A"

1959 vs 1933 mw, pol v(CO) A»

610 vs 608 vw, pol 5(ReCO) A'

591 vs 594 w, pol 6(ReCO) A»

347 S • 546: m , pol 5(ReCO) A»

501 vw, dp? 6(ReCO) A"

471 s 477 vs, pol 1/ (ReC) A'

455 vw, sh 459 vs, pol V (ReC) A'

442 m V (ReC) A*?

395 m, sh 394 m, pol Kj.(Re-allyl ) A'

377 vs 377 w, dp y(ReC) A”

332 m 331 s, pol y^(Re-allyl) A»

314 ms, dp (Re-allyl) A"

217 ms, pol

i42 m, dp 5(CReC) A'»

100 s, pol Ô(CReC) A*

infrared counterparts. The three 1/(Re-allyl) vibrations have been 

assigned by a consideration of polarisation data and also in the 

knowledge that these bands are found between 400 and 300 cm in 

such compounds as [(%^-C^H^)Mn(CO)^]^^, [ ( r j ^ - C ^ E ^ ^ P d X ] ^  (X = Cl,

[(t|5-C,L)Co (C0)J^°° and [(7)^-C,H^)NiBr],^°\3 5 3 3 5 2
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These vibrations may be described as one stretch (Re-allyl) A' 

and two tiliting motions (Re-allyl) A* + A" (see page 25).

Analysis of the spectra of several n^-allyl-metal compounds has
'?0

shown that the frequency of the A" vibration can occupy any of 

the three possible positions in relation to the other two A’ 

vibrations. On these grounds the bands at 394, 331 aud 314 cm” 

are assigned to these vibrations, the two highest in energy being 

polarised and hence A’ in type. The weaker depolarised Raman band 

with no infrared counterpart at 314 cm” is assigned to the 

y (Re-allyl) A" vibration by analogy with other n a l l y  1-metal 

systems^^’̂ ^’ in which it also occurs as a medium-weak 

infrared and Raman feature. The very strong infrared band at

377 cm is tentatively assigned to the only i/(ReC) A” vibration.

These assignments are by no means secure however as the two A” 

assignments at 377 and 314 cm  ̂ could quite conceivably be inter­

changed. A final r(Re-allyl) A" torsion has not been assigned but 

would be of low energy and weak intensity in both infrared and 

Raman spectra. Other low energy Raman bands of medium-strong 

intensity at l42 and 100 cm are more likely to be due to 5(CReC) 

deformations.

(iii) Allyl vibrations

Table 1.4 (page 24) and Appendix 3 show that for an%^-allyl group
of symmetry there are eighteen normal modes of vibration

(lOA' + 8A"). In Table 4.14 nine A' and seven A” modes have been
assigned for [(n^-C^H^)Re(CO)^], no bands being found in the 2950

and 520 cm regions which could be assigned to the i/ ) A” and

Ô(CCC) A’ vibrations respectively. The w(CB^) A” vibration could

likewise not be found for either [(i?^-Ĉ H_)Co (CO) or3 3 3
[( l )PdX]g (X = 01, Br)"̂ ^̂ . The assignments in Table 4.l4
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are based largely on those presented for C(T)̂ -Ĉ Ĥ )lto(C0 )2̂]40

(see Table 1.3, page 26), [(n'^-C^H^)PdX]^'^^^ and [(n-^-C*E^)Fe(CO)^
1 2 122(*H = H, H) and whilst general agreement is good with only a 

few minor variations in assignments, the approximate nature of the 

descriptions must always be kept in mind.

Table 4. l4: A lly l  V ibrations of [(T)^-C^EU)Pe(CO),^ ]

NO]

/ -1 \Frequency (cm ) Assignment

Infrared (melt) Raman (melt) Description Symmetry

3073 w - 3077 vw, dp A"

3013 w 3019 w, pol w(CH) A»

2965 vw 2964 vw, pol »'(CB^) A'

2933 vw w(CH^) A'

1493 m 

1397 w

1493 vw, dp 

1396 w, dp
y ( C C C )  +  5 ( C E ^ ) 2A"

1463 m 1463 vw, pol ô ( C E ^ ) A'

1214 m 1219 m, pol tt( C E ) A*

1140 w 1138 vw, dp? 6 ( C E ) A”

1025 vw 1023 m, pol y(CGC) A’

1004 m 1003 ms, pol A*

978 vw P̂ CCHg) A"

923 m 923 m, pol A’

872 m 871 vw, dp A"

797 w 791 mw, pol P̂ CCĤ ) A»

774 vw 762 mw, dp P̂ CCHg) A"

Perhaps the most obvious difference of opinion arises from the
_ 'j

assignment of the three bands at ca. 1300, l4yO and 1390 cm
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Since the first tentative assignments for allyl-metal systems in
.n f.126  . 40,120-125,300 , ^1961 , various authors have used all possible

alternatives in assigning these three bands. However, more 

recently, the availability of Raman data has led to general
—  1agreement that the band of intermediate frequency (ca. l4?0 cm ) 

is polarised and must therefore be assigned to the 5(CH^) A’ 

vibration. Differences remain however in the assignment of the 

two depolarised bands at ca. 15OO and 1390 cm . Thus the order 

5(CH2 )A”> ô(CÏÏ2 )A'> V(CCC)A" has been used in the assignments for

[(tĵ -CjH )Co(CO)jP°° and [(T,̂ -EĈ H2|̂ )PdX]g 

(E = H, CH,; X = Cl, Br) . For the first of these complexes the 

assignments are based mainly on the argument that the high 

i'(Mn-allyl) frequencies indicate a considerable perturbation of 

the bonding within the allyl group and that the 1390 cm”^
114frequency band is too low to be assigned to the 8(CH^) A" mode 

Comparisons with the spectra of coordinated ethene in Zeise’s
302salt also support this view. The alternative order

v(CCG)A"> 5(CH2 ) a O  ô(CH2 )A" has been employed in the assignments 

for t(,^-C H^)Co(C0 )^]”’2 3, [(,3_Bc^g^)PdX]g (E = H, CH^; X = Cl, 

Br)^ and [(7,^-C,H,)Fe(C0 )2N0 ]'̂22_ Htg major reason for 

assigning the highest frequency band to y(GGG) A" was its 

insensitivity to deuteration in the vibrational spectrum of 

C(>) )Fe (CO >2^  f  ̂2.

Although no final agreement has been possible between the two 

alternative assignments, this is of little importance since 

detailed calculâtionŝ *̂  ̂show that two bands at ca. I5OO and 1240 

cm in ethene complexes must be assigned together to the strongly 

coupled v ( C = C ) and 5(GH^) vibrations. These results indicate that 

the v(GGG) A" and 6(GH^) A" vibrations of the allyl ligand are 

also likely to be appreciably mixed. Thus no absolute distinction
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can. be made as to which mode makes the major contribution to the 

highest frquency band and for [ (n )Re (CO)2̂] these modes are

assigned together.

In view of these difficulties it is not surprising to find that 

minor ambiguities exist in almost all of the reported t] allyl 

spectra. However, as already pointed out, the approximate nature 

of the descriptions allows only a tentative assignment of the mode 

which makes the major contribution to a particular frequency. In 

addition to the assignments available for 7?̂ -allyl complexes, :the 

spectra of free ethene^^^ and coordinated ethene^^^ are also 

helpful in assisting the assignments given in Table 4.l4.

Thus, in agreement with most previous results, the two bands at 

1214 and 1l40 cm are assigned to the out-of-plane 7t(CH)A* and 

in-plane Ô(CH)A” deformations respectively. The next two medium 

intensity Raman bands at 1023 and IOO3 cm”"* are both polarised and 

therefore assigned to the y(CCC)A* and Pj_(CĤ )A* vibrations which 

are expected in this region. There is no reason to suppose that 

the assignments given are definitive however, and the reverse is 

equally likely. Assignments for the two wagging and two rocking 

allyl modes are in good agreement for most of the reported spectra. 

Consequently four medium-weak infrared and Raman bands of 

[(i?^-C^H^)Re(C0)2^] are similarly assigned as follows:- 

P^(CH^)A\ 923; P^(CB^)A", 872; P^(CH^)A', ça. 794; p^(CH^)A", 768 

cm . Finally the only band of reasonable frequency remaining for 

the assignment of the P^(CH^)A" twisting mode is a very weak

infrared band at 978 cm "*. This assignment is in line with most
3 122previous studies apart from that on [ ( tj -C^H^)Fe(C0 )2N0] for

which a band at 722 cm "* was so assigned.
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(iv) Overtone and combination vibrations

As with the t] -allyl complex the remaining very weak bands in the

infrared spectrum may be assigned to overtones or combinations

of the fundamental vibrations, these being listed in Table 4.13»

The totally symmetric y(CO) vibration, which always occurs at the

highest frequency, commonly combines with most other fundamentals 
233 and this is clearly seen in the combination spectrum of the 

v(CO)A* band at 2094 cm"^ in [(n^-C^E^)Ee(CO)^ (Table 4.13).

Table 4.13: Overtones and Combinations

Observed Frequency (cm ^) Possible Origin

Infrared Raman

2673 vw 2094 + 3 9 1, 1463 + 1214

2368 vw 2094 + 4 71, 1959 + 6 1 0

2463 w 2094 + 3 7 7, 1994 + 471

24l 8 w 2094 + 3 32, 2 X 1214

2193 w 2094 + 100

l840 mw 1463 + 377, 2 X 923

1790 w 1463 + 3 3 2, 923 + 872

1743 w 2 X 872

1323 vvw 1326 vw, dp? 872 + 433

1260 w w 872 + 393

1101 vw, dp? 1003 + 100, 608 + 301

1090 w 1087 vw, pol 2 X 346

1047 w 346 + 301
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(c) Pentacarbonylmethylrhenium

(i) y(CO), 5(MC0) and y(MC) vibrations

The solid state vibrational spectra of pentacarbonylmethylrhenium 

and its isotopically lalelled analogues, in the v(CO), ô(ReCO) 

and y(ReC) regions, are listed in Table 4.l6. As expected, the 

frequencies observed for the XRe(CO)^ unit (X = bonded C of 

methyl) follow a closely similar pattern to those of 

C(n^-C^H^)Re(CO)^]. The assignments (Table 4.l6) of most of the 

bands are therefore based on the same rationale of local 

symmetry and warrant little further comment.

13 2The C and H labelled compounds were originally synthesised in

the hope that the position of the v^methyl^ stretching vibration

could be unequivocally established by examining isotopic shifts in

the vibrational spectra. Unexpectedly, a small shift (ca. 10 cm )̂

with respect to the unlabelled compound is observed for several

bands in the 6lO - 350 cm region for both labelled compounds.

However, the most significant change observed is the appearance

of new medium-strong intensity Raman bands at 442 and 423 cm , in
13 2the spectra of the C and H labelled compounds respectively.

This is accompanied by concurrent loss of intensity of the band 

at ca. 430 cm when compared with the unlabelled compound and is 

illustrated in Figure 4.6. To account for these observations it is 

suggested that the v(ReC^^^^y^)A^ vibration, of unlabelled

[CH^Re(CO)^], contributes to the' intensity of the v(ReC)A^(ax)
—  1 —  1band at 430 cm . The new bands at 442 and 423 cm are then

13tentatively assigned to the v(Re CH^)A^ and y(ReCD^)A^ vibrations

respectively. However since the 5(ReC0) bands at ca. 390 and
—  1 —1

330 cm , and the y(ReC)A^(eq) band at ca. 4yO cm are also

significantly influenced by isotopic substitution it seems, as
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suggested previously, that some mixing of modes occurs. Added 

confidence in these assignments is gained by plotting the frequency 

of the y(EeX) vibration against the reciprocal root atomic mass 

(1//Î^) for the series of compounds [H^XRe(CO)^] (X = Si,

Ge) (Figure 4.?).
r ^ o o

- 400

I

200 250

Figure 4.7: Correlation between y(EeX) and 1//T^ for [H^XRe(CO)^]

(X = Ge, Si,

Thus, using the literature^^^ values of y(EeX), (X = Ge, Si) and
12 13the proposed values for i'(Re*C) (*C = C, C) a linear correlation

is obtained. Such a correlation must naturally be treated with

certain reservations, however it does show that the v(ReC ., n)methyl
vibrations are expected in the 430 cm  ̂region.. The corresponding 

y(W-CH^) and f(W-CD^) vibrations in C(n^-C^H^)W(E)(CO)^] (E = CH^, 

CD^) were assigned to bands at 430 and 407 cm  ̂respectively. From 

the results presented above, it is clear that the v(MC) frequencies 

are also influenced by substitution of deuterium for hydrogen.
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This is a further indication that it is only an approximation to 

regard such frequencies as ’pure* metal-carbon stretches.

The remaining low frequency bands vary little for each compound 

and are generally assigned to 5(CEeC) and lattice vibrations.

Raman polarisation measurements were severely limited by the low 

solubility of the methyl complexes, however the very strong bonds 

at ca. 2125, 1970 and 470 cm  ̂were polarised in CS^ solution, 

thereby confirming their assignment as modes.

(ii) Vibrations of the methyl group

The assignment of the methyl modes in C(t}^-C^^)W(R)(CO)^] (R = CH^,

indicated that the CH^W group has effective

symmetry. The local symmetry approach was also used successfully

in neutron diffraction structure determinations on CH^X(C0)^3

(M = Mn, Re; X = C, Si, and in vibration/rotation

studies on [CI^Mn(C O ^ ^  ̂ (methyl groups labelled * refer to the

appropriate isotope throughout this section). In the light of

these results it therefore seems reasonable to treat the CH^Re

group in CCH*Re(CO)^] in a similar manner. The vibrational modes

expected (Appendix 3) for a CH^M group of C^^ symmetry together

with a summary of the frequency ranges in which they occur in
129methyl and deuterated methyl derivatives are listed in Table 4.17-

Table 4 .1 8 lists the bands observed in the vibrational spectra 

(excluding y(CO) bands) of the three methyl complexes, [CE*Re(CO)^], 

between 4000 - 610 cm . Clearly there are more than the five 

bands predicted for the internal modes of a methyl group of 

symmetry. However using the reported spectra of [(i?^-C^H^)W(R) (CO)^] 

^ [CH^Mn(CO)^]^^^ and CI^X (X = halogeh)^^^ as a guide the

vibrations of the methyl group may be tentatively assigned whilst
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the remaining bands are accounted for as overtones and combinations 

of the Re(CO)^ unit.

Table 4.17: Frequency Ranges for Terminal Methyl and Deuterated 

Methyl Modes (cm ^)

Mode C%3 CD3

^a 3050 - 2810 2275 - 2035

^s 2950 - 2750 2173 - 2000

Sa 1475 - 1300 1125 - 960

Ss 1350 - 1100 1000 - 870

"r 973 - 620 730 - 473

Two i'(CĤ ) stretches are predicted for symmetry however all of

the methyl derivatives display three medium-strong infrared

absorptions which are definitely associated with the methyl group

since they shift dramatically in the spectrum of the deuterated

compound. The two bands at highest frequency are assigned to the

asymmetric i^(CB^)F and symmetric i>̂ (CĤ )A,̂  vibrations respectively,

whilst the third medium intensity band in the v(CH^) region is

assigned to the first overtone of the ô^(CH^)E asymmetric

deformation. The presence of three bands is almost a universal
312feature of methyl compounds and the usually weak overtone 

probably gains some intensity from a Fermi resonance interaction 

with the t'̂ (CĤ )Â  vibration. The 5^(CH^)E mode is assigned to a 

weak infrared band in the 1425 cm region for the CH^ and CE^ 

compounds but no comparable feature is observed in the spectrum of 

the deuterated analogue. However since a band at 2060 cm is 

assigned to 26 (CD^)E and by analogy with previous assignments for 

deuterated methyl compounds^^^'^^^ it is suggested that this band
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—  1occurs at approximately IO3I cm and is coincident with a medium 

intensity combination band. The symmetric ô^(CH^) deformation

is more easily assigned to a medium intensity infrared band at
-1 -1ca. 1190 cm which shifts to 902 cm on deuteration. These bands

all have quite strong Raman counterparts as expected for such a 

mode . Finally the p^(CH^) E rocking vibration is assigned to a 

weak feature at ca. 78O cm  ̂which is absent in the spectrum of the 

deuterated complex, probably as a result of it being obscured by the 

very strong 5(ReC0) bands.

A summary of the proposed vibrational assignments for the methyl
12 12vibrations together with the CH^/ CD^ frequency ratios is given

in Table 4.19* The frequency ratio for H to D substitution
31 312normally lies in the range 1.33 - 1.40 thus the suggested

assignments may be viewed with added confidence. It is also 

noteworthy that all the bands assigned to methyl vibrations in the 

substituted complex suffer a small (4 - 9 cm  ̂) shift to lower 

wavenumbers when compared with results for the unlabelled complex.

Table 4.19: Summary of Methyl Frequencies (cm b  for [cH»Ee(CO) ]--- > y

^^CE^ CD3 Assignment Ratio

2963 2935 2224 v^(CB_) E 1.33

2909 2904 2119 .^(CH3 ) 1.37

1427 1421 1031 E 1.38

1196 1187 902 S^CCHj) 1.33

779 774 not
observed
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CHAPTER FIVE

q^-AELYL COMPLEXES OF MANGANESE AND RHENIUM

WITH GROUP V DONOR LIGANDS
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INTRODUCTION

As indicated in Chapter One (pages 39 - 42), the number of known

ligand substituted allyl complexes of the Group VII metal carbonyls
11,219are very few. However two very recent publications , which

report the preparation of phosphine and phosphite derivatives show 

that this is an area of some current interest, particularly since 

the combination of q^-allyl and phosphine or phosphite ligands 

has proved to be especially effective for oxidative-addition 

r e a c t i o n s ^ ^ F o r  example, the corresponding allyl-cobalt

complexes are highly selective catalysts for the cis-hydrogenation
10 316 317 334of arenes . The mechanism proposed for these reactions

involves a rapid tt ^  d inter conversion as th.e first step (eq. 3-1 )•

=  [(n^-C^HJCojPCOMe)^}^) 5.1

This is then followed by the formation of a cis-dihydride (eq. 5«2), 

the presence of which is confirmed by low temperature NMR studies 

in cyclohexane. If no arene is present then cis-elimination of 

propene terminates the cycle (eq. 3 -3 )•

E ( t ? ' ' - C 3 H 3 ) C o |P ( 0 M e ) 3 } 3 ]  +  = = •  H J C o H ^ J P C O M e ) ^ ! ^ ]  5 - 2

JCoH^jPCOMe) L] — * C Hg + [HColPCOMe)^}^] 5.3

However in the presence of arenes it is thought that two moles of 

P(OMe)^ dissociate, allowing the complex to interact with the arene 

molecule (eqs. 5-4 and 3 -3 )•

[(:?^-C  H JC o H g jp C O M e )^}^ ] *=s [( , ,^ -C  H JC oH glP C O M e)^}^] + PCOMe)^

*=s-[(>I^-CÆ)CoH,P(OMe),l-+ P(OMe), 5.'»3 3 2 3 3

[(q^-C^H^)CoH2P(0Me)^] + arene

[(n^-C^H^)CoHg(%; -arene)P(OMe)^ ] 5 .5
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Stepwise hydrogenation may then proceed almost exclusively on the 

endo-face of the arene. The cycle is  completed by dissociation of 

the product and recombination of the phosphite ligands leading to 

the complex shown in  eq. 5 -1 -

At the time of these reports the re la ted  a lly lca rb o n y l manganese 

complexes described in  th is  Chapter, had already been isolated and 

fu l ly  characterised. In  addition the f i r s t  two examples of ligand  

substituted ally1-rhenium  complexes have been prepared and a 

single c ry s ta l X-ray structure determination on a representative  

manganese complex, namely [(q^-C^H^)Mn(C0)^ {p (0Me)^)2̂  , carried  

out.

EXPERIMENTAL

D eta ils  of the physical methods employed fo r  the preparation and 

characterisation  of the complexes described below are given in  

Appendix 1. The s ta rtin g  m aterials C(q^-C^H^)Mn(CO)^]^^’ "*"'̂  

(Appendix 2 ) and [(q^-C^H^)Re(C0)^3 (Chapter 4 ) were prepared as 

described previously and th e ir  p u rity  checked by in frared  and
'j
H NMR spectroscopic measurements. Liquid phosphines and phosphites 

were stored over molecular sieves and vacuum d is t i l le d  before use. 

Solid ligands were used without fu rth er p u rif ic a tio n .

3 171 219I .  V -A lly ltricarbonyl(triphenylphosphine)m anganese(l) ’

A solu tion of COl ^-C^H^)Mn(C0)2^1 (0.42 g /2 mmol) and PPh  ̂ (0.52 g /

2 mmol) in  cyclohexane (25 cm^) was heated under re flu x  fo r 5 h.

The solvent was removed (25°C/15 mm) and the pale yellow solid  

residue dissolved in  the minimum volume of a 12:1 lig h t  petroleum 

(60° -  80°C) -  d ie th y l ether mixed solvent. Chromatography on a
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Florisil column (30 x 2 cm), using the same mixed solvent for 

elution under nitrogen, followed by immediate removal of the solvent, 

gave pale yellow crystals of the complex [(q^-C^H^)Mn(CO)^PPh^]

II. q^-Allyltricarbonyl(triphenylarsine)manganese(l)

Reaction between [(q^-C^H^)Mn(C0)2^] (0.42 g/2 mmol) and AsPh^

(1 .2 0 g/4 mmol) for 8 h in refluxing cyclohexane (25 cm^), 

followed by removal of solvent and chromatography as above gave 

two fractions. The first yielded unchanged tetracarbonyl and the 

second gave pale yellow crystals of the substituted allyl 

derivative, which could be recrystallised from n-pentane.

III. q Ally1tr i carbonyl(tr i cyclohexylpho sph ine)mangane s e(I)

The reaction between [(q^-C^H^)Mn(C0)2^] (0.42 g/2 mmol) and PCy^

(0.84 g/3 mmol) in refluxing cyclohexane (25 cm^) for 4 h, 

followed by work-up procedures similar to those above gave 

product III as pale yellow crystals.

IV. V Ally It r i c ar bo nyl ( t r i- n- bu t y Ipho sphine )manganese (l)

A mixture of Q(q^-C^H^)Mn(00)^3 (0.42 g/2 mmol) and PBu^ (0.41 g/

2 mmol) was heated in refluxing cyclohexane for 20 minutes.

(Longer reaction times led to mixtures of

[( q ) M n (CO)^^^(PBu^)^] (x = 1 - 3) as indicated by infrared 

spectra in the p(CO) region). The solution was reduced in volume 

to ca. 5 cm^ and initially chromatographed on a Florisil column 

using cyclohexane as eluant. Removal of the cyclohexane left an 

oily residue which was dissolved in the minimum volume of 

dichloromethane and subjected to a further chromatographic 

separation. A yellow fraction eluted with dichloromethane gave a 

yellow hygroscopic liquid (IV) on removal of solvent.
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V. g Allyltricarbonyl(methyldiphenylphosphine)manganese(l)

Using a conventional reaction vessel fitted with a quartz water- 

cooled immersion well, a reflux condenser and a cannula for 

admission of dry nitrogen, a solution of C(q^-C^H^)Mn(CO)^]

(0.42 g/2 mmol) and PMePh^ (0.40 g/2 mmol) in cyclohexane (75 cm^) 

was photolysed at ambient temperature for 20 h. Infrared evidence 

indicated that, although some unchanged tetracarbonyl remained 

after this time, prolonged photolysis led to lower yields of the 

complex (V), the related dicarbonyl being formed (see below), 

together with decomposition products. The solution was filtered, 

reduced in volume and chromatographed on a Florisil column eluted 

with cyclohexane. The initial fraction contained unreacted 

starting materials. Changing to a 12:1 light petroleum (60° - 

80°C)-diethyl ether mixed solvent allowed the elution of a yellow 

band which gave an oily residue on removal of the solvent. The 

product was obtained as a yellow hygroscopic liquid by dissolving 

the residue in n-pentane, followed by rapid filtration under 

nitrogen, and removal of solvent under high vacuum.

VI. V ^-Allyldicarbonylbis(methyldiphenyIphosphine)manganese(l)

A similar photolysis reaction to that above using 1.60 g (8 mmol) 

of PMePh^ and a reaction time of 72 h, followed by removal of the 

solvent,gave an oily residue. This was dissolved in n-pentane 

(300 cm^), filtered and the volume of the filtrate reduced until 

crystallisation was evident. The filtrate was then left at 0°C 

for several hours and gave bright yellow crystals of the product 

(Vl), which were filtered off, washed with n-pentane and dried in 

vacuo.
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VII. g^-Allyldicarboiïyl{bis(diphenylphosphin0 )methane} manganese (l)

A mixture of [(q^-C^H^)Mn(C0)2̂] (O.8 3 g/4 mmol) and dppm (1.34 g/

4 mmol) was heated in refluxing light petroleum (80° - 100°C 

boiling range, 30 cm^) for I8 h. After filtering the hot solution, 

removal of the solvent left a solid which was recrystallised from 

a dichloromethane-ethanol mixture to give orange crystals of the 

product (VIl).

VIII. q^-Allyldicarbonylbis(trimethylphosphite)manganese(l)

A solution of C(q^-C^H^)Mn(CO)j^] (O.6 3 g/3 mmol) and P(OMe)^

(0 .7 3 g/6 mmol) in cyclohexane (23 cm^) was heated under reflux 

for 1 .3 h. The solvent was removed and the resulting yellow oil 

transferred to a column packed with Florisil. Elution with 12:1 

light petroleum (60° - 80°C)-diethyl ether mixed solvent gave a 

pale yellow fraction which, when reduced in volume and kept at 

-20°C, yielded the product (VIIl) as pale yellow platelets.

DC. rj ̂ -Allyldicarbonylbis (trie thy Ipho sphite ) manganese (l)

Using a similar procedure to that above for the P(OMe)^ complex, 

the product (DC) was isolated as a yellow oil after chromatography. 

Very pale yellow crystals were obtained from the oil by 

recrystallisation six times from n-pentane at -78°C.

X. q^-Allyltricarbonyl(triphenylphosphine)rhenium(l)

A mixture of [(l^-C^H^)Pe(C0)2^] (0.34 g/l mmol) and PPh^ (0.32 g/

2 mmol) was heated under reflux in cyclohexane (23 cm^) for 83 h 

during which time the y(CO) region of the infrared spectrum was 

monitored. The intensity of the v (CO) bands of the tricarbonyl 

product (X) reached a maximum after 83 h, although some unchanged
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tetracarbonyl as well as some dicarbonyl product were also present. 

Removal of the solvent left a white solid residue which was 

dissolved in warm light petroleum (60 - 80°C)-diethyl ether and 

the solution eluted with the same solvent on a Florisil column. 

Further monitoring by infrared spectroscopy allowed the separation 

of the product (X), obtained as a white powder after removal of 

solvent.

XI. V ^-Allyldicarbonylbis(triphenylphosphine )rhenium(l)

A mixture of C(q^-C^H^)Re(CO)^] (0.34 g/l mmol) and PPh^ (1.37 g/

6 mmol) were reacted together in refluxing cyclohexane (80 cm^) 

for 22 days. By monitoring the course of the reaction by infrared 

spectroscopy it was clear that the major species in solution was 

the monosubstituted product (X). However after 6 days a solid 

began to form and the reaction was allowed to proceed until no 

further change in the infrared spectrum was observed. After 

cooling, the solid was filtered off and dissolved in hot dichloro­

methane - light petroleum (80 - 100°C) mixture, which was then 

allowed to evaporate slowly until crystals began to form. After 

standing at 0°C for several hours the colourless crystalline 

product (XI) was collected, washed with n-pentane and dried in 

vacuo.

The yields, melting points and analyses obtained for all the 

complexes I - XI appear in Table 3-1» Their infrared and H NMR 

spectra are listed in Tables 3-3 and 3-4 respectively.

Structure Determination

A sample of [(q^-C^H^)Mn(CO)^{p(OMe)^}^], prepared as above, was 

recrystallised three times from n-pentane at -20°C to provide
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crystals suitable for an X-ray single crystal structure determin­

ation. A crystal with dimensions 0.2 x 0,3 x 1.3 mm was mounted 

with the (101 ) planes perpendicular to the instrument axis of a 

General Electric XRD 3 diffractometer, which was equipped with a 

manual goniostat, scintillation counter and pulse-height 

discriminator. Zirconium filtered molybdenum X-radiation was 

used. iy42 independent reflections with 20 < 40° were measured 

by the stationary-counter-stationary-crystal method, using a 

take off angle of 4° and a counting time of 10 s. Of these 1348 

reflections with intensities (l)^ 2d(l) were used in subsequent 

calculations. Individual backgrounds were taken as a function 

of 20. Several standard reflections were measured repeatedly 

during the course of the experiment but no significant change in 

I was detected. Neither an absorption nor an extinction correction 

was applied.

Crystal data; Ĉ ^̂ Ĥ̂ M̂nOgP̂ , M = 400.19, Monoclinic, ^  = l8.6l8(ll), 

b = 9.2 1 8(7 ), c_ = 10.6 07(11) 2-, ^  = 102.1(1)°, U (volume of the unit 

cell) = 1 780 .0 2^, = 1.4 9, Z = 4 (number of molecules in the

unit cell), (Mo-!^ ) = O.7IO7 2, ^  (absorption factor) = 9*90 cm  ̂, 

F ( o o o )  (number of electrons in the unit cell) = 832, space group 

P2^/a from systematic absences hOl, h = 2n + 1; OkO, k = 2n + 1.

Solution and refinement

The positions of the manganese atoms were obtained from the 

Patterson map and subsequent Fourier syntheses gave a l l  the 

remaining non-hydrogen atom positions. These were re fined  and then 

a d ifference Fourier map was calculated which enabled a l l  the 

hydrogen atoms to be located. The positions of the a l ly l  hydrogen 

atoms were allowed to re fin e , w h ils t those of the methyl groups 

were fixed  in  te trah ed ra l positions. Isotrop ic  thermal parameters
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were refined for all the hydrogen atoms. All other atoms were

given anisotropic thermal parameters and the structure was

refined by full-matrix least squares to R = 0.039* The weighting
2scheme employed was chosen to give similar values of wA over 

ranges of and sin 0/X and was f w  = 1 for F^<40 and 40/F^ for 

F^40. Calculations were made using the Shelx 76 system of 

programs at the University of London Computer Centre. Scattering 

factors and dispersion corrections were obtained from reference 319* 

The final list of atomic positions is given in Table 3*8 and the 

bond lengths and angles appear in Table 3*7* The final difference 

Fourier map showed no significant peaks and the 394 zero weighted 

reflections showed no large discrepancies. A list of the structure 

factors, together with thermal parameters, are given in Appendix 6.
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Table 3*1 : Yields, Melting Points and Analytical Data

Complex (Ref No.) Yield M.p. Analysis
found

(̂ ) (°C) C H

[(qC^H^)Mn(CO)̂ PPh^] (l) 3 3 3 3 33 139* 6 3 .2
(63.2 )

4 .6 7
(4 .3 6)

[(q^-C^H^)Mn(CO)^AsPh^] (ll) 31 137* 39 .1
(39.3 )

4.02
(4.13)

[(q^-C^H^)Mn(CO)^PCy^] (ill) 33 178* 6 2 .6
(62.6 )

8.24
(8.3 2)

[(q^-C^H^)Mn(CO)^PBu^] (IV) 49 3 6 .2
(3 6.3 )

8 .3 4
(8.44)

[(q^-C^H^)Mn(CO)^PMePh^] (V) 36 6 1 .0
(60.0 )

4 .8 3
(4.77)

[(q^-C^H_)Mn(CO)_(PMePh_)_] (VI)
3 3 2 2 2 32 134* 6 6 .8

(67.4 )
3 .3 8
(3 .6 6)

[( q ) M n (CO)^dppm] (VIl) 23 204* 66.4
(67.2 )

3 .1 6
(3 .0 7)

[(q^-C^E^)Mn(CO)^{p(OMe)^}^] (VIIl) 66 46 3 3 .3
(33.0 )

3 .8 0
(3 .7 9)

[(q^-C^H^)Mn(CO)^{p(OEt)^}^] (IX) 4l 24 42.0
(42.2)

7.01
(7.2 8)

[(q^-C^H^)Re(CO)^PPhp (X) 33 168 3 0 .6
(30.3 )

3 .9 4
(3 .3 1)

[(q^-C^H^)Re(C0)2(PPh^)2] (Xl) 36 260^ 6 0 .9
(61.0 )

4 .4 7
(4.37)

Melting occured with decomposition
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RESULTS AND DISCUSSION 

General Properties

The complexes [(g^-C^H^)M(CO)^L] (M = Mn, L = PPh^, AsPh^, PCy^,

PBu^, PMePh^; M = Re, L = PPh^) and [(q^-C^H^jMfCOi^L^] (M = Mn,

L = PMePh^, P(OMe)^, P(OEt)^, -^ppm; M = Re, L = PPh^) have been 

prepared by carbonyl displacement reactions employing the readily 

available [(q^-C^H^)M(CO)^] complexes as starting materials. Of 

these complexes only [(q^-C^H^)Mn(CO)^PPh^]^^^ «219 

[(q^-C^H^)Mn(C0 )2 |P(0Me)^ have been previously reported.

There are considerable disparities in the melting point of the 

PPh^ complex, reported as 120 - 123°C (d)^^^ or l40 - l42°C 

in the literature but found to be 139°C in this work. The probable 

cause for such disagreement lies in the method adopted for the 

determination. Thus in conventional melting point determinations 

of unstable compounds the onset of decomposition probably occurs 

well below the true melting point whereas use of the hot stage 

apparatus gives an ’instantaneous temperature’ which often allows 

melting to precede decomposition.

11In agreement with recent observations , most of the complexes 

(I - XI) could be prepared both thermally and photochemically, 

however the thermal method proved to be the most effective for all 

but the two methyldiphenylphosphine complexes V and VI. For 

example, the two rhenium complexes X and XI can also be prepared 

by the photochemical method but the yields (19% and 13% respectively) 

are considerably poorer than those attained in thermal reactions.

The complexes V and VI were best synthesised by a photochemical 

method as thermal reactions gave mixtures of products separable 

only with difficulty. In a number of similar reactions, infrared 

evidence from the v (CO) region indicated the formation of several
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analgous products. Thus [(q^-C^H^)M(CO)^LJ (M = Mn, L = unidentate 

dppm, unidentate dppe, P(OMe)^; M = Re, L = PCy^, P(OMe)^ , \

[(q^-C^H^ÏMCCCO^Lg] (M = Mn, L = PBu*, ^dppe; M = Re, L  = PCy^, 

P(OMe)^) and [(q^-C^H^)M(CO) (PBu*)^] are clearly present in 

solution but have not been isolated as pure solid products because 

of difficulties associated with their separation from starting 

materials and other products formed in the reactions. Table 5*2 

lists these complexes and the t'(CO) infrared bands attributed to 

them. Apart from the preparation of C(g^-C^H^)Mn(CO)^AsPh^], all 

the complexes isolated contain phosphorus donor ligands and attempts 

to use the nitrogen donor ligands, pyridine, 2,2’-bipyridine or 

1,2-diaminoethane, in analogous reactions produced only complex 

mixtures which could not be separated.

The substitution reactions proceed at a much slower rate for 

rhenium than for manganese in line with general expectations for 

these Group VII metals (see Chapter 3» pages 76-79)* It is also 

noticeable that within the manganese series the ease with which 

substitution occurs is dictated to some extent by the steric bulk 

of the incoming ligand although other factors such as d-donor and 

^-acceptor abilities undoubtedly also play a part. The following 

series, in order of decreasing ease of substitution, which may be 

derived from purely qualitative observations on reaction rates, bears 

this out: P(OMe)^> P(OEt)^> PBu“ > PMePh^ >  dppm > PPh^ PGy^> 

AsPh^.

The manganese complexes I, II, III, VIII and IX are pale yellow 

crystalline solids, VI and VII are orange-yellow solids, whilst 

IV and V are deep yellow liquids. All are markedly susceptible to 

atmospheric oxidation particularly in solution giving rise to brown, 

non-carbonyl containing, paramagnetic decomposition products.
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They can however be stored for long periods in sealed, nitrogen 

flushed, ampoules. In contrast the two rhenium complexes X and 

XI appear to be air-stable as solids and much less prone to 

oxidation in solution.

In a number of cases manganese complexes were also prepared by the

more direct thermal reactions between [(q -C_H^)Mn(C0)_3 and the3 3 3
appropriate phosphorus donor ligand in refluxing cyclohexane.

'IThus it would appear that prior decarbonylation of the q -allyl 

complex and isolation of C(q^-C^H^)Mn(CO)^] is not essential since 

facile decarbonylation situ probably precedes the carbonyl 

substitution step when using [(q^-C^H^)Mn(CO)^. The corresponding 

reactions between [(q ̂ -C^H^)Re(CO)^] and phosphorus donor ligands 

did not however lead to the formation of substituted q^-allyl- 

rhenium analogues. Presumably this is because [(q ̂ -C^H^)Pe(CO)^ 

can only be successfully decarbonylated photolytically to give 

[(q^-C^H^)Pe(CO)^] as found previously (Chapter 4, page 96). In 

view of the rather lengthy reaction times involved in the synthesis 

of the allyl-rhenium derivatives two other potential routes via 

substituted anionic rhenium carbonyls were investigated. If such 

anions could be prepared they are expected to be very reactive 

towards allyl halides. The first route involved the use of 

[Pe^(CO)g(PPh^)^ as starting material (Appendix 2) in the 

attempted preparation of the [[Re(CO)^PPh^] anion. However in 

contrast to the corresponding manganese complex^^^ but in 

agreement with previous observations the [Re^(CO)g(PPh^)^] dimer 

resisted all attempts to cleave the Re-Re bond under a variety of 

reaction conditions, using reagents such as Na/Hg, Pb/Na and 

Li[Et^BH]. These results are consistent with the difficulties 

experienced in cleaving the Re-Re bond of Re^(CO)^^ (see Chapter 

4, page 9 3)*
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The second route investigated attempts to synthesise [Ee(CO)^(PPh^)^]

by reduction of fac-[Re(CO)^(PPh^)^Br](Appendix 2) again

using a variety of reaction conditions and reducing reagents.

Although analogous reactions employing manganese complexes are
323known to proceed to the desired anions the reactions involving 

fac-[Ee(CO)^(PPh^)BrJ led only to the formation of complex 

mixtures of products as indicated by the infrared spectra in the 

v(CO) region.

Thus this approach to the potential synthesis of ligand substituted

ally1-rhenium derivatives is limited by the availability of suitable

anionic species. One group of anions which were not investigated
32^ 325but do look promising however are the recently reported ’

highly reduced tetracarbonyl trianions of manganese and rhenium.

As expected these are extremely nucleophilic reagents and react

with a wide variety of halides such as Ph^PAuCl or Me^SnCl forming
325neutral seven-coordinate derivatives or disubstituted monoanions 

(eqs. ^ .6  and 5 -7 )*

Na [Ee(CO)^| + 3Ph,PAuCl [(Ph PAu) Re(CO)J + 3NaCl 5.6

Ha^[Mn(CO)^] + PMe^SnCl [Ph^As][(Me^Sn)gMn(CO);^ + 3NaCl 5 .7

Such trianions would undoubtedly react with allyl halides and in 

the presence of suitable ligands may produce novel substituted 

allyl complexes of manganese and rhenium.

Infrared Spectra

The observed y(CO) band patterns (Table 5*3) may be rationalised 

if the complexes are considered to be pseudo-octahedral with the 

T^-allyl group acting as a bidentate ligand with a small normalised 

b i t e ^ ^ ( T h e  'normalised bite' of a bidentate ligand.
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having atoms A and B bonded to a metal M, is defined as the 

distance between A and B divided by the mean of the distances AM 

and BM.) The determination of the molecular structure of 

[(l^-C^H^)Mn(CO)^{p(OMe)^}g], described at the end of this chapter, 

supports this view.

A consideration of the local symmetry of the carbonyl groups and 

the nature of the other ligands, but ignoring possible orientations 

of the T) allyl group, shows that the tricarbonyl complexes 

(l, II, III, IV, V, X) could exist in two isomeric forms with the 

three carbonyl ligands adopting either fac- or mer- arrangements 

(Figure 2.1). The way in which infrared spectroscopy is capable 

of differentiating between these two alternatives has been discussed 

in Chapter 2 (pages 48-50).

In solution or as liquid films all the tricarbonyl complexes show 

three strong infrared absorptions of approximately equal intensity 

indicating the isolation of a facial isomer. In addition the 

complexes C ( n ) M n ( C O ) ^ P C y ^ ] (ill) and C(ri^-Cyî^)Mn(GO)^PBu^]

(V) consistently show a weak shoulder on the band of intermediate 

frequency. The Nujol mull spectra of the tricarbonyl complexes 

likewise have three major v(CO) bands but also an additional 

pronounced shoulder presumably associated with solid state 

splitting effects as this shoulder is lost on dissolution. The 

spectrum of a typical example, [(i1^-C^H^)Re(C0 ) P̂Ph ]̂ , is 

illustrated in Figure 5.1.

All the dicarbonyl complexes (VI, VII, VIII, IX, XI) display two 

strong y(CO) absorptions consistent with a cis-dicarbonyl 

arrangement. In all the complexes, except [(i?^-C^H^)Mn(CO)^dppm], 

the lower frequency asymmetric stretching made is the more intense
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Table 5*5î Infrared Data

Complex
Number

V (CO),solution^ 
(cm  ̂)

v(CO),solid^ 
(cmT^)

•'(allyl)® 
(cm  ̂)

Approximate 
Angle (2#°)

I 2004 s 1996 s 1508 vw
1930 s 1926 s
1908 vs 1865 w, sh

II 2005 s 1994 s 1502 w
1930 s 1918 s
1910 s 1896 s

1862 w, sh

III 2002 m 1996 s 1501 vw
1926 w, sh 1912 s, sh
1916 s 1899 vs
1903 s 1882 vs

IV 2003 s 1997 s t 1501 vw
1929 s 1921 s
1921 m, sh 1898 s
1905 vs

V 2011 s 1996 s t 1502 w
1931 5 1919 S
1909 vs 1889 s

VI 1917 S 1901 s 97
1851 vs l844 s

VII 1930 vs* 1912 s 1500 vw 80
1866 s 1847 s

VIII 1943 S 1936 s 1496 w 102
1872 vs 1867 vs

IX 1939 G 1937 G 1496 w 102
1867 vs 1866 VS

X 2026 s 2015 s 1497 W
1940 s 1934 s
1915 s 1897 G

1870 w, sh

XI 1926 s** 1931 G 99
l849 vs 1856 vs

^ Determined for n-pentane solutions except *CC1^ and **CHC1^. 

^ Determined for Nujol Mulls except ̂ liquid films.

 ̂Determined for hexachlorobutàdiène mulls.
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band. Thus for these compounds the OC-M-CO angle must be greater

nds are
326-328

than 90° since the relative intensities of the two bands are

dependent upon the angle 26 between the two CO bonds'
according to l ^ / l ^  = tan^O. The intensities of the symmetric (l̂ )

and asymmetric (l^) bands of the dicarbonyl complexes were

assessed by measuring the areas under the peaks obtained from

solution spectra in n-pentane. The angles so calculated are given

in Table 5«3« For example, a value of 102° was calculated for

[(:?^-C^H^)Mn(CO)^jp(OMe)^}g] and compares with the value of 9 7»7°

obtained from the single-crystal structure determination. Since

this bis-phosphite complex contains mutually trans-phosphite

ligands, the carbonyl groups are trans to the small-bite chelating

Tj^-allyl moiety (C^-Mn-C^ angle, 67.0°), so it is to be expected

that 26 will exceed 90°. There is no reason to suppose that this

stereochemistry is different for the other dicarbonyl complexes,

apart from [(?] )Mn (CO )^dppm ]. Certainly multinuclear NMR
11evidence favours this ligand arrangement for

[(n^-C^H^)Mn(CO)^{P(OPr^)^}^]. In the complex [ ( n ) M n (COi^dppm] 

however, a mutually trans arrangement of phosphorus atoms is not 

possible because the bis-phosphine is chelating. Since the 

carbonyl groups are still evidently cis to each other, one must 

be trans to a Ph^P moiety whilst the other is essentially trans 

to a terminal carbon of the ’î^-allyl ligand. Therefore the angle 

26 will be expected to be smaller than for the other di carbonyl 

complexes. Indeed for this complex only the intensity of the 

higher frequency symmetric mode is greater than that of the lower 

frequency asymmetric mode implying a. 2 6 value of less than 90° and 

a value of 80° was determined from CCl̂  ̂solution data. Both the 

solution and solid state infrared t/(CO) frequencies are listed in 

Table 5-3i together with weak bands at ca. I5OO cm which, when
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_ /I
Figure 5-1: Solid state infrared spectra (4000 - 200 cm )

A. [(’l^-C,H^)Mn(CO)^{p(OMe) L ] ( V I I I )

B. C(’I^-C,H^)Re(CO),PEh,](X)-------- y - z r ^  -3-- >

observed, are found at frequencies characteristic of +

i'̂ (CCC) in n allyl groups (see Chapter 4, pages 129-130. The 

analogous allyl bands of IXn^^C^H^)M(CO)^] are found at 1^00 cm 

(M = Mn)^^ and 1493 cm  ̂ (M = Re).

Figure 3« "1 illustrates the infrared spectra of two typical 

complexes (VIII and X). As expected, absorptions due to the 

coordinated phosphorus (or arsenic) donor ligands are a predominant
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feature in the infrared spectra of all these complexes,

comparing their infrared spectra, it is clear that below 16OO cm

most of the intense absorptions occur at frequencies closely

similar to those of the uncoordinated ligands. For example, the

complex [(i?^-C^H^)Mn(CO)^{p(OMe)^}^ displays medium-strong bands

at 2980, 2943, 2840, 1433, 1174, 1017 hr, 7 76, 718, 3 0  cm"^ due

to coordinated P(OMe)^, and )Pe(CO)^PPhO exhibits similar3 3 3 3 3
intensity bands at 3 03 0, l480, 1433, 1094, 846, 793, 324, 423 cm”\  

which can be assigned to coordinated PPh^. Thus apart from the 

very weak feature at ca. I3OO cm and the strong y (CO) absorptions 

no other bands could be confidently assigned to vibrations of the 

allyl or carbonyl fragments of these complexes, although the 

occurence of at least one additional strong band in the 7OO - ^ 0 0  

cm region in every case can probably be attributed to a metal- 

carbon-oxygen deformation.

NMR Spectra

1Details of the 100 MHz H NMR spectra of these complexes, measured 

at ambient temperatures, are listed in Table 3«4. Some difficulties 

were encountered in obtaining good spectra and for complexes VI and 

VII only broad featureless bands were observed. Indeed if the 

solutions were prepared without taking precautions the peaks in the 

resulting spectra were often broad band envelopes without fine 

structure. Since both metals have large nuclear spins and 

quadrupole moments it is possible that hetero-nuclear coupling 

and adverse relaxation effects could cause line broadening.

However good quality spectra, showing coupling between allyl
31syn- (H )̂ and anti- protons or between P nuclei and allyl

syn- protons of the order of 1 Hz, can be obtained for many of the 

complexes once the samples have been freshly recrystallised or
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purified by chromatography and precautions taken in their 

dissolution in NMR solvents. It seems therefore that oxidation 

to paramagnetic impurities is the major reason for the poor 

quality of some spectra.

Table 3*4: IMR Data

Complex No. Chemical Shift Assignment* Coupling Consts.^
(Solvent) (6 ppm) (Rel.Int.) (Hz)

I(CDCI^) 7 .3 8 d PPh^ (1 3) = 12.0

3 .8 3 m \ Jax = 12.0

2 .21 d (2 ) Jam = 7 .0

1 .8 0 dd «X (2 ) Jpx = 4.0

I(CS^) 7 .3 3 d PPh (1 5) *̂ Pa = 12.4
3 .7 8 m ■'ax = 12 .0

2 .0 8 qt** \  (2 ) Jam = 7 .2

1 .6 9 qt =x (2 ) 'px
■'pm
Jmx

=
3 .8

1 .2

J ,mx*

II(CDCI^) 7 .3 6 s AsPh^ (1 5) Jax = 12 .0

4.02 tt Ha (1 ) Jam = 7 .0

2.42 d (2 )
1.84 d H (2)X

IIlXCD^Cl^) 4 .3 6 m H (1)a ■'pa = 12.2

2 .3 9 dd (2 ) ■'ax = 12.0

2 .2 0 dd =x (2 ) Jam = 7 .0

1.84 m, bri PCy (33) ■'ibc = 6 .0

1 .2 6 m, br/ D
■'pm = 1 .0

IV(CDCl^) 3 .9 2 m H (1)a Jax = 12.0

2 .3 8 dd (2 ) Jam = 7 .0

1 .7 3 dd \  (2 ) Jpm = 3 .0

1 .3 9 m, br 3 ( . c n ^ ) (1 8) '̂ Pm = 1 .0

0 .9 2 m, br 3 (CH ) (9 )

=  1 .2

..../cont'd
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Complex No. Chemical Shift Assignment* 
(Solvent) ( ppm) (Rel.Int.)

Coupling Consts. 
(Hz)

VCCSg) 7*34 m 
3*60 m 
2 .0 3 dq
1 .6 3 d

1 .6 2 qt

PPh^ (10) 
H (1)

PCH (3)

«X (2)

J_ = 12.0 Pa
J = 11.8 ax
J = 7*0 am
■'pCHj = 7*° 

■'bc = 5'°
J = J mx mx’
■'pm =

=  1.2

VI(CDCI^) 7 .2 3 m
3 .8 0 m
2.20
1 .6 3

m

2(PPhg) (20)
H (1)a
2(GH^),H^,H^, (10)

¥11(00^01^) 7*40 m 
4.44 m 
3 .7 0 m 
2.46 m 
1 .8 0 m

2(PPh^) (20) 
CH^ (2)
H (1)

\

VIirCCDCl^) 4 .3 6 m 
3 .6 0 t 
2 .1 8 dm 
1 .3 8 m

IX(CDCl^) 4 .3 4 m
3 .9 6 m
2 .1 3 d, br 
1 .2 6 m

H (1)a
2 (0CH_)^ (18) 

(2 )
H (2)

H (1)3.
2(0CH^) (12)

+ 2 (GIL) (20)

Jpx = 14.0

Jpa = 12 .0

J. ax = 11 .3

'̂ POMe = 10 .3

Jam = 7 .0

'̂ Pm = 1 .0

^mx J , = mx'

= 12 .0

Jam = 7 .0

= 0 .3

..../cont*d
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Table 3*4: Cont'd

Complex No. 
(Solvent)

Chemical Shift 
(6 ppm)

Assignment* 
(Pel, Int. )

Coupling Consts.^ 
(Hz)

X(CDCl^) 7.32 d 
3 .8 2 m
2 .3 2 dt, br 
2 .0 6 dm

PPh^ (13) 
H (1)

", (2 >

J = 12.0 ax
J = 1 0 .8

J = J ,=1.2 mx mx*

Xl(CDpClp) 7.37 m 
4. l4 m
1 .9 9 d, br 
0.84 m

2(PEh ) (30) 
H (l)

-:< 2 >
", <2 >

■'am = 7'°

* The allyl protons are labelled according to Figure 1.7 (page l8 ). 
i.e. m and m* are the syn- protons and x and x' are the anti- 
protons.

^All spectra display the simple AM^X^ or AMM'XX* patterns when 
broad-band phosphorus decoupled.

** Two sets of triplets overlap.

The room temperature spectra show the characteristic features of
3 31a rj -bonded allyl ligand which is coupled to P and may be

31analysed as either AM^X^ or AMM'XX* spin systems on P decoupling 

(see pages 18-20). A typical example, [(îJ^-C^H^)Mn(CO)^PPh^], is 

illustrated in Figure 5-2. As expected, (ca. 12 Hz) is always

larger than J ^ (ca. 7 Hz).am —

For the phosphine complexes strong coupling (ca. 3 Hz) between
31P and H is also observed whereas is much weaker (ca. 1 Hz). 

X  Pm —
These couplings are of the opposite order to those found for the 

Group VI complexes [(T)^-C^H^)MX(CO)^L^ (M = Mo, W; X = Cl, Hr;

Lg = dppm, dppe)^^^. and [(n^-C^H^)MoCl(CO)^{p(OMe)^}^]^^ where 

Jp^ values are less than 1 Hz and often not observed at all, 

whereas Jp^ values are all ca. 3 Hz. The central allyl proton H^



166

Q) eAA
O

OJ

-j-

lA

VO

OO

ON

O

rA X (A

Figure 5-2: NMR Spectrum of [(77^-C^H^)Mn(C0)^PPh^] (CS^ solution)-V JA
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is  also strongly coupled to P (ca. 12 Hz), however detailed  measure­

ments were also hindered by the complexity of th is  resonance.

Analysis o f the spectra of the two phosphite derivatives ( V I I I  and 

IX ) is  not quite so straightforw ard and they d if fe r  from the 

phosphine compounds in  a number of respects. Although w ell 

resolved spectra were obtained fo r both compounds, detailed  

analysis fo r  the P(OEt)^ complex ( IX )  was not possible because the 

CĤ  resonances of the e th y l groups obscured most of the region of 

in te re s t. However i t  is  reasonable to assume that the following  

comments on the spectrum of [(n ̂ -C ^ H ^ )M n (C O )^ {P (O M e )^ (V IIl)  

are also applicable to th a t of (DC).

The 100 MHz ^H NMR spectrum of V I I I ,  measured at 29°C, is  illu s tra te d  

in  Figure 5»3» The f i r s t  notable d ifference compared with the 

phosphine analogues is  the magnitude of Jp^ (ca. l4 Hz) which is  

greater than and much greater than of the phosphine 

complexes. Secondly Figure 5-3 shows the methoxy protons as a
329s lig h tly  s p l i t ,  deceptively simple t r ip le t .  I t  has been shown 

that fo r  an X^AA'X^ (X = H; A= p) spin system of th is  type, w ith the 

X nuclei m agnetically equivalent, a simple 1 : 2 : 1  t r ip le t  w i l l  

be observed when »  I I. Thus in i t i a l l y  i t  seems

reasonable to explain th is  featu re  on the basis of v ir tu a l coupling

with the two mutually tran s -phosphorus nuclei coupling strongly with

31each other and the methoxy protons coupling equally w ith both P 

nu cle i. The spectra of several b is -phosphine and b is -phosphite 

complexes e .g . tran s-[M(CO)^{P(OMe)^[J 330,331 (m = Cr, Mo, W) and 

tra n s -[M X ^ (P M e ^ )^ 3 (M  = Pd, Pt; X = h a lid e ) have been assigned 

in  th is  manner. The methoxy protons of the closely re la ted  complex 

[Mn(C0)2{P (0Me)^(2 (ox in ate )] (oxine = 8 -  hydroxyquinoline) also 

appear as a t r ip le t
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Figure 5-3^ NMR spectrum of C(T7̂ -C.̂ Hr-)Mn(C0)̂ {p(0Me)̂ |̂ ^

0 6 ppm

17-7-
in CDCl^ solution ------ 3---------
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A more detailed study of the spectrum of VTII however, suggests
31that virtual coupling need not be invoked. Thus the P-decoupled 

100 MHz spectra recorded at -80°C and at +29°C do not show a 

singlet for the methoxy protons, as would be expected for a virtually 

coupled system, but rather a 1 : 1 doublet of separation 10 Hz.

This is indicative of two different environments for the phosphite 

ligands with respect to the tĵ -allyl group, in agreement with the 

solid state structure (vide infra). Furthermore, a 60 MHz spectrum, 

measured at ambient temperature (Figure 3»4), is composed of two 

1 : 1 doublets for the methoxy protons = 10.3 Hz) showing

that the central line of the 100 MHz spectrum 1 : 2 : 1  triplet 

is produced by the adventitious overlap of two of these four lines.

The 100 MHz H NMR spectrum of VIII was determined at several 

temperatures within the range -80° to +30°, with the methoxy 

resonances proving to be the most temperature dependent as shown 

in Figure 3*4. Thus at -80°C each line of the triplet is clearly 

split into a doublet (separation ca.2 Hz), such splitting being

just apparent at +29°C but absent at +30°0. Also at +30°C in the
31P-decoupled spectrum the methoxy protons doublet is very broad

tending to collapse towards a singlet. Using first-order coupling

rules these observations are best explained as follows: At -80°C

the complex is stereochemically rigid, with the two sets of methoxy

resonances being split into overlapping doublets by the nearest 
31 3P nucleus ( = 10-3 Hz), and each line being further split

by coupling to the more distant P nucleus, ( = 2 Hz). On

warming, the phosphite ligands tend to lose their inequivalence 

with respect to the q^^allyl ligand presumably by a fast 

rearrangement of the allyl group. Evidence supporting this 

suggestion comes from the observation that the allyl proton signals
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are noticeably sharper at +^0^C. Thus this complex is probably 

stereochemically non-rigid above room temperature, but a study 

above 4-̂ 0°C could not be carried out because of the onset of 

decomposition.

Mass Spectra

The mass spectrum of each complex has been obtained and the metal- 

containing ions observed are listed in Table 5*5i together with 

the observed metastable ions. Each spectrum also contains many 

ions, often of high intensity, generated by ligand fragmentations.

These have not been considered in detail so that the individual

ion abundances quoted in the Table do not approximate to the 

percentage of ion current carried. As before (Chapter 4) the
185 187rhenium-containing ions are easily identified by the Ee : Ee

isotopic ratio of 1 ; 0.^9 , but this is not possible for the

manganese ions as Mn is 100% abundant. Intensities are given

relative to a metal-containing base peak of 100 units. The

molecular ion is observed for all the complexes except

[(i?^-C^H^)Mn(CO)^(PMePhg)^] (Vl), but is of high relative intensity

only for [(n^-C^H^)Ee(CO)^PPhJ (X).5 5 5 5

The manganese tricarbonyl complexes show very few metal-containing 

ions and there is little evidence of the expected stepwise carbonyl 

ligand loss. Indeed analysis of the metastable ions shows that all 

three carbonyl groups can be lost in a single step, resulting in the 

formation of [(C^H^)MnL]’̂ fragments, which are by far the most 

abundant metal-containing ions for each complex. Also there is no 

evidence for [Mn(CO)^_^L]*^ (ïc = 0 - 2 ) fragment ions, so it seems 

that loss of allyl prior to carbonyl fragmentation is not a 

favoured process.
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3Table 5»5î Mass Spectra of the Complexes [(? -C^H^)M(CO),^

I. C(>? )Mn (CO )_PPh_

m/e___________ R.I.____________Ion

442 7 [C,H^Mn(C0)_PPh,3‘̂ 3 5 3 3
358 100 [C^H^MnPPh^]'^

317 47 [MnPPĥ ]"̂

Metastables^: 358 -* 31?» m* == 2 81.0 (280.7 )

II. C(»7^-C^H^)Mn(C0)^AsPh^]^b■3-5- 3--- 3^
m/e P.I. Ion

486 5 [CÆMn(CO)^AsPh^]‘̂3 5 3 3
438 5 [C^H^Mn(CO)^AsPh^]'^ 3 5 2 3

402 100 [C^H^MnAsPh^]'^

381 12 [C^H^ ( CO AsPh^

361 33 [MnAsPĥ ]*̂

Metastables: 486 -► 402; m* = 332.0 (332.5 )

III. [(7)3-C_Hr_)Mn(C0),PCy_]̂ b

m/e P.I. Ion

460 4 [C H Mn(CO)^PCy ]+

376 100 [C HJtoPCy

335 10 [MiiPCy

IV. [(Tî^-CÆ)Mn(C0)^PBuÎ3^3"i5-̂ -̂ --- 3---3=^
m/e P.I. Ion

382 10 tC,H^Mn(CO),PBu“]'̂3 5 3 3
298 100 [Ĉ Ĥ MnPBû ]'*' 

3 5 3
257 8 [MnEBu*]*

Metastables: 382 298; m* = 232.5 (232.5 )
298 ^ 2 57; m* = 221.5 (221.5 )
298 - 256; m* = 220.0 (219.9 )
298 - 255; m* = 218.0 (218.2 )

# » ## /cont ̂ d
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Table 5*3! Cont'd 
IT F/y, 3 /-I TT \»/l„ //

m/e
2-2------ 3 —

R.I.
— 2—

Ion
380 10 [C^H^Mn(CO)^PMePh^ Ÿ

224 3 [C^H^Mn(CO)FMePhgf

296 100 [C^MnPMePh.]"^ 3 3 2
233 28 [MnPMePh^]"^

Metastables: 38O 324; m* = 276.0 (276.2 )
324 - 296; m* = 270.5 (270.4 )
296 - 253; m* = 219.5 (219.7 )
253 200; m* = 157.0 (156.9 ) (m/e 200 = PMe

VI. [ ( T J ) M n ( C O ) ^  (PMePh^
3-3— —--- 2----- 2 -2

m/e R.I. Ion

352 not obs. [C^H^Mn(CO)^(PMePh^)^ Ÿ

496 0.1 [C^H^Mn(PMePh^)^r

481 0.1 [C^H^Mn(PPh^ ) (PMePh^ )]■*■

433 0.1 [Mn(PMePb^)]"^

440 0.1 [Mn(PPh2 )(PMePh2 )]'̂

380 3 [C^H^(C0 )^PMePh2

324 3 [C^H_Mn(CO)PMePh^]+ 3 3 2

296 100 [Ĉ E.MnPMePĥ ]'*'
3 3  2

233 18 [MnPMePĥ ]"*̂

VII. [(t) )Mn(CO)^dppm]^

m/e R.I. Ion

336 1 [C^H^Mn (C0 )2dppm 3’*’

480 100 [C^E^Mndppm]^

439 18 [Mndppm]^

Metastables: 336 480; m* = 430.0 (429.8 )
480 - 439; m* = 401.5(401.5)

..../cont'd
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Table 5*3: Cont*d

VIII. C(Tl^-C^H^)Mn(CO)^{p(OMe)^ Ll^ 3—3-------2-------
m/e R.I. Ion

400 11 [C^H^Mn(C0)2|p(0Me)^tp'^

369 2 [C^H^Mn(C0)^{p(0Me)^}{p(0Me)^}]

344 8 [C^H^Mn{p(OMe^}^]'^

313 7 [C^H^Mn{p(OMe)^|{ P(0Me)2}]+

303 1 [Mn{p(0Me)^}2]*
288 1 CMn{p(OMe)^|{pcKOMe) ^ } Ÿ

248 1 [C^H^Mn(CO)P(OMe)^]'^

220 100 [C^H^MnP(OMe)^]'^

179 37 [MnP(OMe)^]'^

Metastables: 400 - 369; m+ = 340.3(340.4)
400 - 344 
369 - 313
344 H. 220 
220 - 179

m* = 293.3 (293.8 )
m* = 263.0 (263.3 )
m* = 140.3(140.7) 
m* = 143.3 (143.6 )

IX . [(n^-CÆ )Mn(CO)^{p(OEt)^L l^  

m/e R .I ._______________Ion

484 9 [C^H^Mn(CO)^{p(OEt)^}^]"^

439 2 [Ĉ E M̂n(CO)̂ {p(OEt) }̂{p(OEt) |̂]'̂
428 7 [C^H^Mn{p(OEt)^}^]'^

387 1 [Mn|p(OEt)^}]‘̂

383 4 [C^H^Mn P(OEt)̂ {p(OEt)̂ }]'̂
334 1 [383 - Et]

309 1 [383 - OEt]

262 100 [C^H^MnP(OEt)^]'^

221 14 [MnP(OEt)^]'^

Metastables: 484 428; m* = 379.0(378.3)
428 - 262; m* = 160.3 (160.4 )
262 - 221; m* = 187.0 (186.4)

..../cont*d
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X. [(q^-C^Hr)Re(CO)^PPh
3-3-^----3---3

m/e R.I. Ion

374 90 [C,H Ke(CO),PHi,]'^3 3 3 3
346 97 CC H_Ee(CO),PPh,]‘̂

3 3  2 3

333 100 [ReCCOy^PPh^]*

318 61 [C H_Re(CO)PPh^]+ 3 3 3
303 32 [Re(CO)^PPh^]'^

304 23

490 38 [C^H^RePPh^]"^

474 43

449 88 [RePPh^]’*'

448 66

444 23

372 37 CRePPĥ ]*̂

Metastables: 374 — 346;
374 - 333; 
346 - 318; 
333 - 3 03; 
318 - 490;

m* = 319.0 (519.3 ) 
m* = 493.0 (494.9 ) 
m* = 491.3 (491.4 ) 
m* = 478.3 (478.3 )
m* = 463.3(463.3)

XI. [(t)^-G^H^ )Re (00)^ (PPh^
3-5— ----- 2 y - 2.

m/e R.I. Ion

808 3 [C H Pe(CO)g(PPh^)^]

767 7 [Ee(CO) (PPh,),]"̂  
2 3 2

739 8 [Re(C0 )(PPb^)2]*

711 4 ERe(PPh^)^]'^

634 3 [Re(PPh2 )(PPĥ )]'̂

374 38 [C^HrRe(CO)^PPh^]+3 3 3 3
346 100 CC^H Ee(CO)2PPhj3'^

333 44 [Ee(CO) PPhJ

..../cont *d
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Table 5-3: 

m/e

Cont *d 

R.I. Ion

318 40 [C^H^Re(CO)PEh^]'^

303 16 [Re(CO)^PPh^]+

504 18

490 38 [C^H^RePPh^f 3 3 3
474 39

449 30 [RePPĥ ]"̂

448 38

Metastable : 739 - 7 1 1  ; m* = 684.0(684.1)

^ Metal containing ions only.

^ Ions at m/e [MnC^H^]^ and 53 [Mn]^ always highly abundant and 

often linked by m* = 31*3 ? they are not tabulated because they 

undoubtedly contain contributions from ligand fragments.

 ̂Calculated position in parenthesis. 

^ Based on ^^^Re isotope.

Since loss of allyl prior to carbonyl fragmentation is not a 

favoured process for the manganese tricarbonyl complexes, fragments 

of the type [Mnl]^ must therefore arise from the process

[(C^H^)MnL]'^--- - [MnL]'̂  + C^H^‘

This is confirmed by the observation of the appropriate metastable 

peaks.

The mass spectrum of [(T]^-C^H^)Re(C0)^PPh^3 is however markedly 

different to those of the manganese tricarbonyl complexes. Thus 

stepwise loss of carbonyl groups is a favoured process, each 

fragment ion being of high relative intensity with all three 

metastable ions present. Unlike the manganese analogues, 

[(C^H^)ReL]^ is not the most abundant metal-containing ion, the
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base peak in  th is  case being [Re(CO)^L]^. The appearance of the 

appropriate metastable ion shows th a t the a l ly l  loss,

[(C^H^)Re(CO)^PPh^/--- . [Re(CO)̂ PPh^]'̂  +

is  a major fragmentation process in  competition with that of 

i n i t i a l  carbonyl loss. Subsequent stepwise loss of carbonyl groups 

then occurs. Thus the highly abundant [RePPh^]^ ion arises from 

two a lte rn a tiv e  fragmentation pathways. Ligand fragmentation 

w h ils t s t i l l  attached to the metal is  not a favoured process fo r  

these tricarb ony l complexes although [(C^H^)Mn(CO)^AsPh^]^ is  

observed as a moderately abundant peak in  the spectrum of the AsPh  ̂

complex I I .

Consideration of the metastable ions detected in  the spectra of the 

manganese dicarbonyl complexes [(?)^-C^H^)Mn(CO)^L^] (L = PMePh ,̂ 

P(OMe)^, P(OEt)^), indicates th a t i n i t i a l  simultaneouus loss of both 

carbonyl groups, followed by loss of one ligand molecule before 

f in a l  e lim ination  of the a l ly l  group, is  the major fragmentation 

pathway. The ion [(C^H^)Mn(CO)L^]^ was not detected in  any of the 

spectra. As fo r  the tricarb o n y l complexes, the most abundant
+

m etal-containing ion in  each of these three spectra is  [(C^H^)MnL] 

showing th a t loss of only one mole of ligand is  a favoured process. 

However there is  evidence fo r other ions such as [(C^H^)Mn(CO)L]^, 

a lb e it  in  low abundance, showing that carbonyl and ligand loss may 

be competitive processes. The follow ing scheme summarises the 

fragmentation processes (unbroken arrows indicate the major 

pathway) : -

[(CÆ)Mn(CO)glg]+ -------------- - [(C^Hg)Mnlg]'^ + 2C0
4 , I .

[(C H )Mn(CO) L]"̂  + L [(C H )MnL] + L
3 3 I 2 ^ j

[(C^H^)Mn(CO)L]+ + CO [MnL]'^ + C^H "̂
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The mass spectrum of [ ( n ) M n ( C O ) ^ d p p m ] is, as expected, 

somewhat different in that the chelating ligand prevents loss of 

one bonded phosphorus without ligand cleavage. The fragmentation 

pattern, which is confirmed by the observation of the appropriate 

metastable ions, thus follows the more simple sequence

[(C^H^)Mn(C0 )2dppm]^ ---------- - [(C^H^)Mndppm]^ + 200

[Mndppm]* + C^H^"

As for the tricarbonyl series, the rhenium dicarbonyl complex 

[ (̂  )Ee (CO)^ ] (XI) does not follow the same

fragmentation pattern as the manganese dicarbonyl complexes. The 

base metal-containing peak is [(C^H^)Re(C0 )2pPh^]^ and generally 

the most abundant ions are derived from this peak by successive 

loss of carbonyl groups. Although the loss of one phosphine ligand 

is again favoured, initial loss of the allyl group must be a 

competing pathway for this dicarbonyl complex, since all possible 

ERe(C0 )2_^(PPh^)2l^ (x = 0-2) ions as well as [Re(CO)^(PPh^)]^ are 

detected. In contrast to the tricarbonyl rhenium complex, X, 

initial loss of carbonyl groups appears to be insignificant for 

this complex as the ions [(C^H^)Re(C0 )2 ^(PPh^)^]^ (x = 1 , 2 ) are 

not detected. The suggested fragmentation sequence is summarised 

in the following scheme:-

[(Ĉ Ĥ )Re(CO)̂ (PPĥ )̂ ]'*'-------► [(C^H^)Re(CO)^PPh^r + PKI3

[Re(C0)^(PPh^)2]'^ + [(C^H^)Re(CO)PPh^]‘̂ + CO3 5—  ..... 3

[Re(GQ)(PPh^)2]'̂ + CO [(C^H^)RePPh^f + CO

[Re(PPh^)^]'^ + CO ------------ - [RePPhp*^ + C^H^"
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Unlike the tricarbonyl complexes, ligand fragmentation whilst still 

attached to the metal is a significant feature in the mass spectra 

of the dicarbonyls, particularly for the bis-phosphite complexes 

where ions such as [(C^H^)Mn(CO)^_^P(OR)^P(OR)^]^ (x = 0, 2;

R = Me, Et) are of at least moderate relative intensity. The 

fragmentation pathway,

)Mn(CO)^ {P(OMe )̂  [(C^H^)Mn(CO)^P(OMe)^P(OMe)^y + OMe"

C(C^H^)MnP(OMe)^P(OMe)p‘̂ + 2C0,

is established for the complex VIII by observation of the appropriate 

metastable ions.

Finally, it is noticeable that no ions are observed which correspond

to the loss of two hydrogen atoms from the allyl group whilst still

bound to the metal. Such ions, e.g. [(C^E3)Re(C0)^]^ (x = 0-2),are 

however of high abundance in the mass spectra of both 

[(T)^-C^H^)Re(CO)^] and [(n^-C^E^)Re(CO)^] (see Chapter 4).

The Crystal and Molecular Structure of [(n^-C^E^)Mn(CO)^{p(OMe)^}^]

The crystal and molecular structure of the title compound described 

in this section was determined in collaboration with Dr. M.G.B. Drew 

at the University of Reading. Plate 5-1 illustrates the structure 

which consists of discrete molecules of [(?) ̂ -C^E^)Mn(CO)^jP(OMe)^ 

separated by the usual Van der Waals contacts and a diagrammatic view 

with the atom numbering scheme is given in Figure 3*5* Table 3*6 

lists the final atomic positions whilst the important bsn.d lengths 

and angles are presented in Table 3«7«

The metal atom is bonded to two mutually trans phosphorus atoms

[Mn-P 2 .173(3)1 2 .2 19(3 ) &]i two cis carbonyl groups [Mn-C 1.73(P)i 

1.8 3(2 ) %] and a %^-allyl ligand [Mn-C 2.223(17), 2.1l4(l4), 2.229(13) 2].
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Plate 5 .1 : The._ Structure of [(T? -̂C^Ĥ )Mn(CO)^{p(OMe)^}^]
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If the allyl group is looked upon as a bidentate ligand, the metal 

atom may then be considered to possess a distorted octahedral 

environment. This is of course merely a matter of convenience and 

the reverse situation where the allyl group is considered to occupy 

only one coordination site often applies. For example, the Group VI
■z

complexes [(̂7 -RC^H2̂ )MX(C0 )̂ L̂ ] discussed in Chapter Two possess a 

pseudo-octahedral structure only if the allyl group is monodentate.

The distortion in the present complex is considerably greater than 

that found in the related compound [Mn(CO)^ (PPh^ )̂  (O^CCE^ )] ,

which contains a chelating acetato-group, even though the O-Mn-0 

angle in the acetate is only 61.6(3)° compared with C(l2)-Mn-C(l4) 

of 67.0 (6 )° in the allyl. This cannot be ascribed to the 

difference in 'normalised bite* between the allyl and acetate 

ligands since they are both very similar in this respect (allyl 1.1, 

acetate 1.0). Ebwever in the former complex the allyl hydrogens 

and indeed C(l3) are close to the coordination sphere of the metal 

whilst in the latter complex only the two oxygen atoms of the 

acetate group affect the position of the other atoms. A further 

cause of distortion from octahedral symmetry is derived from the 

close contacts involving the oxygen atoms of the trimethylphosphite 

groups and atoms in the metal coordination sphere. Thus it is 

significant that torsion angles of the type L-Mn-P-0 are different 

for the two phosphorus atoms, the three smallest all involving P(2) 

rather than P(l) i.e. [C(8)-Mn-P(2)-0(6) -6.0, C(l2)-Mn-P(2)-0(4) 

17.1, C(l3)-Mn-P(2)-6(if) -17.5°].

'I
It has already been mentioned that the E NMR spectra of the 

complex at several temperatures (page 169) indicate that the 

P(OMe)^ ligands are in different environments. Likewise in the 

solid state, as illustrated qualitatively in Plate 5*1, the methoxy
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Figure 5-5î Diagram of the molecule with atom numbering scheme

groups of the 'lower' P(OMe)^ ligand, P(l), do not adopt the 

regular 'propeller' configuration but rather are twisted away from 

the central allyl CH. Thus P(1) is further from C(12) and C(l4) 

[P(l)-Mn-C(l2) 96.0 (5 ), P(l)-Mn-C(l4) 99-2(4)°] than P(2) [90.6(5), 

85.9 (4 )°] and the central allyl carbon which is on the opposite 

side of the equatorial plane (defined by Mn, 0(7) and 0(8)) is 

closer to P(1) [P(1 )-Mn-0(l3) 81.9(5)°] than P(2) [105.1(5 )°].

The P(l)-Mn-P(2) angle of 172.8(2) also shows that the phosphite 

ligands are forced away from the allyl group,being reduced from the 

ideal trans angle of l80°.
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Table 5-6: Atomic Coordinates (x 10 ) with Estimated Standard 

Deviations in Parenthesis

Atom X Y z

Mn 1454(1) 1852(3 ) 2540(2 )
P(1) 7 6 0(2 ) 2893(5 ) 3688(4)
P(2) 2040(2) 6 20(5 ) 1266(4)
0 (1) -9 1(5 ) 2438(12) 3199(10)
0(2) 9 1 8(5 ) 268 3(13) 521 3(9 )
0(3) 7 3 1(6 ) 4632(12) 3793(11)
0(4) 2848(5) 1140(13) 1256(10)
0(5) 2 1 1 1(7 ) -1106(1 3) l4l6(ll )
0(6) 1688(6 ) 609(14) -2 5 9(9 )
C(1) -6 5 3(9 ) 2972(2 3) 3819(17)
0(2) 9 2 0(11) 1263(2 4) 574 1(17)
0(3) 463(11) 5512(2 0) 265 9(19)
0(4) 3 2 9 7(10) 4 9 4(2 6) 4 5 2(18)
0(5) 2448(12) -1810(2 3) 257 6(2 0)
0(6) 1014(10) -196(2 4) -7 76(17)
0(7) 988(8) 242(18) 2738(13)
0(7) 6 6 9(7 ) -824(14) 287 6(13)
0(8) 8 1 2(9 ) 2529(17) 1112(16)
0(8) 426(7) 2974(14) 2 2 7(11)
0(12) 2 2 5 4(9 ) 3664(18) 2665(17)
0(13) 2485(8) 2981(18) 3 83 5(14)
0(14) 2460(8) 1520(18) 4074(i4)
H(11) -1179(9 ) 2537(2 3) 3342(17)
H(12) -6 7 0(9 ) 4i42(23) 3764(17)
H(13) -535(9) 2640(23) 481 8(17)
H(21) 1035(11) 1329(2 4) 6781(17)
H(22) 1337(11) 617(2 4) 5 43 9(1 7)
H(23) 3 8 9(11) 766(24) 5404(17)
H(31) 486(12) 6643(20) 2 92 8(19)
H(32) -9 8(12) 5216(2 0) 2244(19)
H(33) 8 0 0(12) 5331(2 0) 1961(19)
H(40 3 82 4(10) 1033(2 6) 6 1 7(18)
H(42) 3 02 8(10) 6 08(2 6) -5 4 9(18)
H(43) 3377(10) -643(26) 6 85(18)
H(51) 2428(12) -2971(2 3) 2430(2 0)
H(52) 2 16 1(12) -1532(2 3) 332 8(2 0)
H(53) 3014(12) -1467(23) 2855(2 0)
H(6l) 8 7 1(10) -66(24) -1811(17)
H(62) 574(10) 212(24) -3 5 7(17)
H(63) 1100(10) -1334(24) -5 4 5(1 7)
H(121) 261 5(6 8) 3447(8 9) 2322(84)
E(122) 209 4(6 5) 4854(8 9) 2738(8 3)
H(13) 215 5(6 5) 3636(8 8) 4390(84)
h (i4i ) 2414(58) 1055(8 1) 5071(8 0)
H(i42) 278 4(6 7) 1050(8 7) 3753(8 3)
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Table 5*7î Interatomic Distances and Angles with Standard 

Deviations in Parenthesis

Distance (% ) Angle (°)

Coordination sphere

Mn-P(l) 2.175(5) P(l)-Mn-P(2) 172.8 (2 )

Mn-P(2) 2.2 19(5 ) P(l)-Mn-C(7) 86.6(6)

Mn-C(7) 1.7 5(2 ) P(l)-Mn-C(8) 87.2 (6 )

Mn-C(8) 1.8 3(2 ) P(l)-Mn-C(l2) 96.0 (5 )

Mn-C(l2) 2.223(17) P(l)-Mn-C(l3) 81.9 (5 )

Mn-C(l3) 2.114(15) P(l)^Mn-C(l4) 99.2(4)

Mn-C(l4) 2.2 29(13) P(2)-Mn-C(7) 87.6 (6 )

P(2)-Mn-C(8) 89.4(6)

P(2)-Mn-C(l2) 90.6 (5 )

P(2)-Mn-C(l3) 105.1(5 )

P(2)-Mn-C(l4) 85.9(4)

C(7)-Mn-C(8) 97.7 (7 )

C(7)-Mn-C(l2) 166.1(6 )

C(7)-Mn-G(l4) 99.1(6 )

C(8)-Mn-C(l2) 96.1 (7 )

C(8)-Mn-C(l4) 162.4 (7 )

C(l2)-Mn-C(l4) 67.0 (6 )

Allyl ligand

C(12)-C(13) 1.3 8(2 ) C(12)-G(13)-C(i4) 124.5 (15)

C(13)-C(i4) 1.40(2)

Carbonyl groups

C(7)-0(7) 1.1 7(2 ) Mn-C(7)-0(7) 179.1(15)

C(8)-0(8) 1.1 3(2 ) Mn-C(8)-0(8) 178.3 (15)

..../cont'd
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Distance (%) Angle (°)

Tr imethyIphosphite ligands

P(1)-0(1) .62(1) Mn-Pd)-O(l) 111.3(4)

P(l)-0(2) .59(1) Mn-P(l)-0(2) 120.6(4)

P(l)-0(3) .6 1(1 ) Mn-P(l)-0(3) 120.7 (5 )

P(2)-0(4) .5 8(1) Mn-P(2 )-0(4) 116.1 (5 )

P(2)-0(5) .6 0(1) Mn-P(2)-0(5) 119.2 (5 )

P(2)-0(6) .6 1(1) Mn-P(2)-0(6) 117.8 (5 )

0(1)-C(1) .4 3(2 ) P(1)-0(1)-C(1) 121.6(10)
0(2)-C(2) .42(2) P(l)-0(2)-C(2) 119.7 (1 0)

0(3)-C(3) .4 5(2 ) P(l)-0(3)-C(3) 120.7 (1 0)

0(4)-C(4) .44(2) p(2)-0(4)-C(4) 123.3 (1 1)

0(5)-C(5) .42(2) p(2)-o(5)-c(50 123.6 (11)

0(6)-C(6) .46(2) P(2)-0(6)-C(6) 121.0 (11)

0(l)-P(l)-0(2) 104.7 (6 )

0(i)-P(i)-0(3) 103.6 (6 )

0(2)-P(l)-0(3) 95.0 (6 )

o(4)-P(2)-o(5) 104.0(7)

0(4)-P(2)-0(6) 100.5 (6 )

0(5)-P(2)-0(6) 95.8 (6 )

Probably as a result of different 0...C contacts the two Mn-P 

distances (Table 5»7) differ significantly [Mn-P(l ) >Mn-P(2 )] by 

0 .044(5 ) Furthermore both are appreciably shorter than those 

found in a number of other manganese(l) bis-phosphine and bis- 

phosphite complexes e.g. 2.2 60(5 ), 2.2 7 5(5 ) % in

2.278(5), 2.279(5) 3 in 

[Mn(CO)g(PPh )gNO]^^^; 2.260(8), 2.279(8) Î in fac-
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CMn(CO)^Br|p(OMe)2ph|2l S u c h  shortening of Mn-P bond lengths

may be attributed to the greater Lewis acidity of the trimethyl- 
231phosphite ligands

The Mn-C(carbonyl) bond lengths [Mn-C(y) 1,y5(2), Mn-C(8 ) 1.83(2) ]

fall within the expected range for manganese(l) carbonyl complexes 

and may be compared with similar distances in, for example,

[Mn(CO)^(PPh^)g(O^CCH^] (l.?0 - 1.?6)^^^, [Mn(CO)^(PPh^)NO] (1.?6 - 

1 .83 [Mn(CO)^(PPh^)(SnPh^)] (l.?4 - I.8 5 %)^^^,

[Mn(CO)^(PPh^)Cl] (1 .7 5 - 1.86 %)339^ [(t]5-C^H^)Mn(C0 )2 (PPh^)]

(1 .74 - 1 .7 7 %)^^° and cis-[Mn(CO)^-jp(OMe)^Phf,^]^. (1.78)^^\ The 

difference in Mn-C(carbonyl) distances (0.08(2) %)

.[Mn-C(8 ) > Mn-C(7 )] is not easily explained in this fairly 

symmetrical structure however it may be a direct result of the -close 

contact between C(8 ) and 0(6) mentioned previously. The 

C(7)-Mn-C(8) angle [97.7(7)°] is greater than the octahedral angle 

90° (c.f. 8 9.3 (5 )° in [Mn(CO)^(PPh^ 2̂ ^̂ 2^^^3  ̂ predicted from 

infrared *'(CO) band intensity measurements for this complex 

(page 160). As expected the manganese carbonyl units are almost 

linear [Mn-C(7)-0(7) 179.1(15), Mn-C(8)-0(8) 178.3(15)°] and the 

C- 0  bond lengths Cl.17(2 ), 1.1 3(2 ) &] are typical of metal 

carbonyls generally.

The Mn-C(allyl) band lengths [2.223(17), 23l4(l5), 2.229(13) %] 

and allyl C-C distances [1.38(2), 1.40(2)] show that the allyl 

group is a symmetrically bound trihapto-ligand with the shortest 

Mn-C bond to the unique central carbon C(l3). The C(l2)-Mn-C(l4)

angle of 67.0(6)° and the C(l2)-C(l3)-C(l4) angle of 124.5(15)°
3 57are typical of many q -allyl complexes and may be compared with,

for example, analogous angles of 69.5 (2 )° and 118.8 (5 )° found in

the complex [(t] -̂C Ĥ )̂Co (CO)^ (PPh^)] The plane of the a l ly l
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carbons fC(l2), C(l3), C(l4)] intersects the equatorial plane

[Mn, C(7), C(8 )] at an angle of 71.0°. Alternatively, using the

convention given in Chapter 1, the dihedral *allyl tilt' a n g l e ,X,

is 109.0° as shown in Figure 5*6.
\
\

P(1)

109 .0

— —  Mn:

P(2)

.0

0

Figure ^.6 : Schematic drawing of the coordination sphere in

[(T]^-C^H^)Mn(CO)^{p(OMe)^t̂ H showing the 'allyl tilt'

In the solid state the allyl group in Kn^-C^H^)Mn(CO)^{P(OMe)^}^] 

is slightly twisted with respect to the equatorial plane. Thus 

C(l2) lies 0 .0 7 3. below the Mn, C(7), C(8 ) plane whereas C(l4) 

lies 0.21 3i below. The central allyl carbon lies 0.47 ^ above the 

plane.

Although there are no structure determinations involving the 

(i(’l^-C^H^)Mn] unit available for direct comparison of the bond 

lengths and angles, the features described above are common amongst 

l^-allyl complexes in general^^ (see Chapter 1, pages 5 - 10).
343The only other crystal structure determination reported in which

an T) ̂ -moiety is bonded to manganese is for the complex 

[[Mn̂  (CO)g(As^MegF^C^)I!. The structure is illustrated in Figure 3» 7* 

This complex has Mn-C(allyl) bond lengths of 2.09(2), 2.07(2) 

and 2 .1 3(2 ) 2. and the angle subtended at the central carbon atom 

is 122(2 )°. However the tj ^-moiety in this compound is substituted
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(by two As atoms, two F atoms and a CF^ group) and is also part of 

a cyclic system and therefore comparison with the bis-phosphite 

complex under discussion is not strictly valid.

Me,
As' CF.

Me
As

OF.

Mn(CO)As
Me

Figure ^.7: The structure of [Mn̂ (C0)£-(Aŝ Me£-C;̂ F̂ )3

In conclusion it is clear that, in solution, the spectroscopic 

properties of the closely related dicarbonylbis- phosphine and 

phosphite complexes described in this Chapter are best explained 

in terms of a pseudo-octahedral structure. Such a structure has 

been established for the complex [(^^-C^I^)Mn(CO)^jp(OMe)^}^] in 

the solid state by X-ray crystallography. Thus the solid state 

structure and the solution properties are in good agreement.
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APPENDIX 1
PHYSICAL METHODS AND INSTRUMENTATION 

'̂ H NMP Spectra

H NMP spectra were measured on a JEOL PS 100 spectrometer, 

together with the associated variable temperature controller, 

using tetramethylsilane (TMS) as internal reference. Samples were 

dissolved under nitrogen to give ^ - 1 0 %  solutions and held in 4 mm 

silica tubes. The spectrograde solvents CD^Cl^, CDCl^, CCl^, CS^ 

and SO^ were used as received without further purification.

Infrared Spectra

Infrared spectra in the 4000-200 cm region were obtained on a 

Hilger-Watts Infrascan H 1200 or on Perkin-Elmer 735 and 597 

spectrophotometers. Samples were prepared as Nujol or 

hexachlorobutadiene mulls and liquid films held between Csl plates 

or as solutions in a Beckmann-RIIC FS 125 0.1 mm KBr cell. Wave- 

numb er calibration at several points for each spectrum was achieved 

by reference to known absorptions in the spectra of polystyrene or 

polytetrafluoroethene. Far infrared spectra of samples dispersed 

in pressed polythene discs were recorded between 400-40 cm using 

a Beckmann-PIIC FS 720 interferometer. Fourier transforms of the 

interferograms were computed on an ICL 4-50 computer by means of a 

Fortran IV programme.

Raman Spectra

Raman spectra of solid, liquid or solution samples held in capillary

tubes were measured using a Spex l401 spectrometer in conjunction

with a Spectra-Physics He-Ne laser having an output of ca. 50 mW

at 6 3 2 .8 nm. Spectra were calibrated by means of several lines
202in the neon gas emission spectrum and from known indene peaks.
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Depolarisation ratios were measured by examining the spectra with 

the plane of polarised light parallel and perpendicular to the 

axis of an analyser.

Mass Spectra

Mass spectra were obtained on an AEI MS 12 instrument using direct 

insertion probes or an all glass heated inlet system (AGHIS). 

Ionisation energies of 70 eV and ca. 12 eV were generally employed. 

For high molecular weight samples calibration with perfluorokerosene 

(PFK) was sometimes necessary.

Conductivity

Conductivity measurements were determined at 25°C using a Wayne- 

Kerr Autobalance bridge and a dip-type cell with platinum electrodes. 

A cell constant value of I.5 6 cm was determined by measuring the 

conductance of 0.1 M KCl ( A ̂  = 128.96 S cm̂ . mol"/*).

Melting Points

Melting points were recorded on a Kbfler hot stage apparatus and 

were uncorrected.

Analysis

Carbon, hydrogen and nitrogen analyses were determined by Dr.F.B. 

Strauss at the microanalytical laboratories, Oxford.

General

Standard Quickfit glassware was dried at IIO^C for several hours 

prior to assembly and flushed with dry nitrogen gas. An inert 

atmosphere of dry nitrogen above reactions was routinely provided 

throughout.
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APPENDIX 2
SOLVENTS, REAGENTS AND STARTDTG MATERIALS

Solvents

All Standard Laboratory Reagent grade solvents were dried over 

molecular sieves or sodium wire, as appropriate, and thoroughly 

purged with dry nitrogen gas prior to use. In addition several 

solvents required further treatment as outlined below.

Chloroform: CHCl^ (100 cm^), which had been routinely treated 

as above, was passed down an alumina column (Brockman 1, basic;

2 X 30 cm X 1.3 cm) to remove alcohol impurities. The freshly 

eluted solvent was stored in dark glass, nitrogen filled containers 

and used soon after purification.

Nitromethane: CH^NO^, for conductance measurements, was heated 

under reflux with P^O^ for several hours. The solvent was then 

distilled from fresh P^O^ and the fraction boiling between 

99-100°C (P = 750 mmHg) was collected. Finally, to remove traces 

of P^O^, the nitromethane was distilled from 3A molecular sieves 

in a closed nitrogen flushed system. In this way the conductance 

of the solvent could be reduced to 1 x 10 S but strict 

exclusion of moisture was necessary to maintain this figure.

Tetrahydrofuran: THF was distilled twice from LiAlĤ ,̂ the first and 

last 20^ being rejected in each case. The solvent was purged with 

nitrogen and stored in nitrogen filled vessels over solid calcium 

hydride.

Reagents

Unless otherwise stated Analar and Standard Laboratory Reagents 

were used as received without further purification. Some reagents
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were conveniently prepared in the laboratory:

Tetraphenylphosphonium iodide: Eĥ P̂I was precipitated from aqueous 

Ph^PCl by a stoichiometric quantity of aqueous KI. The solid 

product was filtered, washed with distilled water and dried in 

vacuo.

3-Bromocyclohexene: After initially inducing vigorous reaction by 

gentle warming, a suspension of N-bromosuccinimide (7.4 g) in 

cyclohexene (20 cm^) and carbontetrachloride (30 cm^) was heated 

under reflux for 0.3 h. On cooling the precipitate of succinimide 

was filtered off and the solvents removed (13 mm/23°). The product, 

3-bromocyclohexene (70%), was carefully collected by vacuum 

distillation (10 mm/64-67°) and its purity checked by NMP 

spectroscopy. {(3.86 q, 2H), (4.86 dt, IS), (2.3-1*7 m, 6h){.

Sodium-Mercury Amalgam: In order to obtain 0.3% Na/Hg amalgam, 

sodium (1.0 g) was added to mercury (200 g/l3 cm^) as follows.

Small pieces of sodium metal were impaled on a glass rod and held 

beneath the surface of a pool of mercury covered with a protective 

layer of paraffin oil. As the sodium dissolved a considerable 

evolution of heat occurred and it was sometimes necessary to cool 

the vessel in ice-water. When all the sodium had dissolved the 

amalgam was washed with several portions of petroleum ether and 

finally stored at 0°C under paraffin oil.

S tarting  M ateria ls
203 204Group V I tra n s itio n  metal tetracarbonyls ’

Mo(CO)^^!^, (L̂  = bipy, phen): Mo(CO)g (2.64 g/lO mmol) and the 

bidentate ligand (10 mmol) were heated under reflux in toluene 

(30 cm^) for 2 h. The product which separated on cooling was filtered 

washed with toluene and dried in vacuo. Yields>90%.
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= bipy, phen); W(CO)g (I.76 g/5 mmol) and the bidentate 

ligand (5 mmol) were heated under reflux in xylene (30 cm^) for 

16 h. The products were obtained as above. Yields>80%.

Group VII halogenopentacarbonyls^^^

Mn(CO)^Cl; Mn^CCO)^^ (1.0 g/2 .3 6 mmol) was suspended in 001^

(75 C ÏÏ? ) and cooled to 0°C. A slow stream of chlorine was passed 

through the suspension until no further reaction could be detected 

(approximately 1 h). The solvent was removed (13 mm/23°) and the 

yellow product sublimed (0.1mm/40°) onto a water cooled finger.

Yield > 90%.

Mn(CO)^Br: A solution of bromine (O.6O g/3«75 mmol) in CCl^ (40 cm^) 

was added dropwise to a stirred suspension of Mn^(CO)^g (I.O g/

2 .3 6 mmol) in CGl̂  ̂ (40 cm^). After 1 h the solvent was taken off 

(13 mm/23°) and the residue washed with distilled water to remove 

MnBr^ impurities. The orange product was sublimed twice (0 .1 mm/ 

60°) onto a water cooled finger. Yield >80%.

Mn(CO)^I; Mng(CO)^Q (O.3O g/1.28 mmol) and iodine (0.33 g/l«30 mmol) 

were heated at 130°C for 1 h in a sealed tube. The red-orange 

crystalline product was isolated by vacuum sublimation (0 .1 mm/

40°) from the residue. Yield

Ee(CO)^Cl: A slow stream of chlorine was passed through a 

suspension of Re^CCO)^^ (I.O g/1.33 mmol) in 001^ (40 cm^) for 1 h. 

The product, which precipitated during the reaction, was collected 

on a sinter in essentially quantitative yield, washed with CCl^ and 

dried in vacuo.

Re(CO)^Br: To a stirred suspension of Re^CCCO^Q (1*0 g/l.33 mmol) 

in 001^̂ (40 cm^) a solution of bromine (0 .2 8 g/l.73 mmol) in CGl̂  ̂

(40 cm^) was added slowly. The colourless product was filtered.
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washed with more solvent and dried vacuo. Yield ̂ $0%.

Ee(CO)^I; An evacuated glass tube containing Ee^CCO)^^ (O.3O g/ 

0 ,7 7 mmol) and iodine (0 .2 0 g/0 .7 9 mmol) was sealed and maintained 

at 130°C for 16 h. The colourless crystalline product was isolated 

by sublimation (0.1 mm/80°) onto a water cooled finger. Yield 74%.

210 211Dihalogenotetracarbonylmanganate(1 ) anions ’

Et2̂ N[Mn(0 0)2̂ 01^]: Mn(C0)^Cl (0.23 g/l mmol) and Et^NCl (O.1 7 g/

1 mmol) were heated under reflux in CB^Cl^ (10 cm^) for 1 h. 

n-Heptane (30 cm^) was added to the hot filtered solution and the 

product allowed to crystallise at 0°C for several hours. Yellow 

crystals were isolated by filtration, washed with heptane and dried 

in vacuo.

Et2̂ N[Mn(C0 )^Br^]: Mn(CO)^Br (0.28 g/l mmol) and Et^NBr (0.21 g/

1 mmol) in absolute ethanol (10 cm^) were maintained at 40°C for 

1 h. The solvent was removed (13 mm/40°), the residue dissolved 

in CH^Cl^ (20 cm^) and filtered. Heptane (100 cm^) was added to 

the solution which was allowed to stand at 0°C for several hours. 

The product was collected on a sinter, washed with heptane and 

dried vacuo.

Et^N[Mn(C0)^l2]: This material was prepared in a similar manner to 

the bromo-analogue except that the reaction temperature employed 

was 33 .

All of the above anions were also produced with Ph2̂P**"and

counter-ions by similar methods, although the yields were generally

lower.

The identity and purity of all starting materials were confirmed by 

reference to their infrared spectra in the i/(CO) region and by 

comparison with authentic samples.
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V -Allyltetracarbonylmanganese(l) ’

A solution of Mn^CCO)^^ (3.9 g/lO mmol) in tetrahydrofuran (100 cm^) 

was purged with dry nitrogen gas and transferred to a glove box.

Cleavage of the Mn-Mn bond was accomplished by the slow addition 

of LiCEt^BH] (30 cm^ of a 1 M solution in THF) with stirring.

After thirty minutes the required [Mn(CO)^] had formed according 

to the equation.

Mn2(C0)^0 + 2Li[Et^BH] »2Li[Mn(C0)^] + 2Et^B + H^

To this solution nitrogen saturated allyl chloride (I2i2 g/l60 mmol) 

was added and stirred for a further ten minutes in the glove box.

The reaction vessel was then stoppered, removed from the box and 

magnetically stirred under a stream of nitrogen for four hours^until 

all the [Mh(CO)^] had been consumed (IE) according to the equation:

LiCMn(CO)^] + C^H^Cl [(?^-C^H^)Mn(CO)^ + LiCl

Eemoval of the solvent (13 mm/20°C) followed by vacuum distillation 

(0.1 mm/30°C) afforded a yellow liquid [(%^-C^H^)Mn(CO)^] which was 

usually converted immediately to the Tj^-allyl derivative either by 

heating in a sealed tube (80°C/4 h) or by photolysing in n-pentane 

solution (73 cm^ /1 0 0 W Hg vapour lamp) in a conventional, water 

cooled, quartz photochemical reactor for four hours. The product 

C(>î^-C^H^)Mn(CO)^] was purified by vacuum sublimation on to a 00^ 

cooled finger. Yield; 3-10 g, 73%i m.p. 3&^C.

Infrared spectrum y(CO) (n-pentane); 2072 m, 1997 vs, 1980 vs, 1964 vs.
'I
H NME spectnim (CDCl^); Chemical shift (5ppm) Coupling constant (Hz)

H(a); 4 .7 3 (tt) = 12 .3

2H(m); 2 .7 6 (dt) J = 7.3

2H(x); 1 .78 (dt) J = J , = 1.2mx mx'
102 118The spectral data agree well with those reported previously ’ .
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[Ee_XCO)o(FPh

A solution of Re^CCO)^^ (O.9O g/1.4 mmol) and PPh^ (I.0 8 g/4.1 mmol) 

in xylene (40 cm^) was heated under reflux for 20 h. On cooling 

(-20°C, overnight) pale yellow crystals were separated, washed with 

xylene and dried vacuo. Yield : 1.27 g,

Infrared spectra i'(CO); (decalin); I988 w, 1962 s

(Nujol): 2000 w, 198O w, 1970 vs, hr

Fac-[Re(C0)_(PPh_)_Br]3^^^3^5 
----------------------------3— '— —

A solution of Re(CO)^Br (0.20 g/0 .3  mmol) and PPh^ (0.26 g/l mmol) 

were heated in refluxing light petroleum (100-120°C) - benzene

(l:l) mixture (23 cm^) for 2.3 h. On cooling and reducing the 

volume of solvent to ca. 10 cm^ the colourless crystalline product

was filtered off, washed with light petroleum and dried in vacuo.

Yield: quantitative.

Infrared spectra, y(CO); (CHCl^): 2036 s, I96I s, 1903 s

(Nujol); 2018 s, 1930 s, 1893 s



198

APPENDIX 3
A GROUP THEORETICAL TREATMENT OF SELECTED MOLECULES

Group theory has been extensively applied to metal carbonyl

complexes in order to predict the number of infrared and Raman

active vibrations expected for a given stereochemistry. The

procedure which assigns a molecule to its point group and then

examines the effect of symmetry operations on selected parameters
22^ 220

is well documented and will not be discussed further. In

this appendix the reducible representations and their subsequent 

reduction for selected molecules is given. The parameters chosen 

for study are usually the displacement vectors associated with the 

vibrations of interest.

1. Tricarbonyl Complexes; [MX(CO)^L^]: C^ Symmetry 

Both fac- and mer- isomers (Figure 2.1) belong to the C^ point 

group and the reducible representation for the y(CO) vibrations 

in both cases is:-

Cs

^y(CO)

E h

which on application of the formula â (̂ 11 ) = j-yi%(R)x^(R)n 

reduces to:

r^(co) = 2A* + A", all modes are infrared and Raman active.

2. The Anion; [M^(CO)^(ju-X)^l'“; D^h Symmetry

A total representation for the molecular motions of an isolated 

[M2 (C0 )^QA-X)^] anion (Figure 3»2) may be obtained using a set of 

31 vectors (3 Cartesian coordinate vectors x, y and z for each of 

the N atoms; N = 1?) as follows:

Since those atoms which are displaced under the operation of a
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certain symmetry element, R, contribute zero to its character, 

X(r ), the derivation of x (R) for most classes is straightforward. 

However the operator involves rotation through 120° and the 

derivation of x(C^), which is not so clear, is now outlined:

The operation displaces all but the two metal atoms and so the 

submatrix for each metal atom is:-

2C3 X y z

x' COS# sin# 0

y' -sin# cos# 0
z ’ 0 0 1

d = 120°; cos# = —

The character of any matrix is the sum of the leading diagonal and 

so in this case X(C^) = 0. Thus the total representation is given 

by:-

E 2C^ 30, ^h 233 ^-v

S n 51 0 -1 3 0 7

T includes translational (F. ) and rotational (F )3N trans rot
descriptions which must be subtracted to give the vibrational 

représentâtion:-

"3h E 2C3 ^ "2 ^h 233 ^-v

^3N 31 0 -1 3 0 7

^trans 3 0 -1 1 -2 1

^rot 3 0 -1 -1 2 -1

^vib 43 0 1 3 0 7

This is clearly a reducible representation which gives the 

following irreducible representations:-
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^vib = ' + 2 2̂ * + + 2A y  + + ?E”

Since Â ' and A^” vibrations are both infrared- and Raman- inactive 

they will not be considered further.

A description of the stretching vibrations may be derived by 

using the vectors generated by the linear distortion of the inter­

atomic bonds (Figure A3.1) as follows:

0.\
0

M
X

c X
y

M

0
/

0

\

Figure A3.1: Linear distortion vectors for the anion

E 2C3 3^2 ^h 2S3 ^-V

^Kco) 6 0 0 0 0 2

^v(MC) 6 0 0 0 0 2

rv(MX) 6 0 0 0 0 2

These representations reduce to give:-

K̂(CO) = + E' + Ag" + E"
^.(MC) = + E' + Ag" + E"

+ S' + Az" + E"

(1)
(2)
(3)

For the ô(MCO) bending modes it is necessary to define two 

orthogonal angular distortion vectors for each MCO group 

(Figure A3.2).
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M
X

X-

M

0

Figure A3*2: Angular distortion vectors for the anion

E 2C3 3C2 ^h 2S3

5̂ (MCO) 12 0 0 0 0 0

^ô(MCO) follows:-

â(MCO) = A/ + 2E. + Ag" + 2E" ik)

Independent descriptions for the skeletal deformations ô(XMX), 

5(CMC) and 5(CMX) are difficult to ascertain, however an 

approximate representation of the ô(XMX) vibrations may be 

distinguished by considering the [M^Cp-X)^] unit in isolation 

(Figure A3.3 ):-
X

 O : z   —

Figure A3.3: The [M^(/i-X)^]unit

The vibrational representation for this unit follows the same 

reasoning as for the complete molecule:-
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^3h ■ ■ ■ E 2C3 5^2 % 2S3 ^^v

^3N 15 0 -1 3 0 3

^trans 3 0 -1 1 -2 1

rrot 3 0 -1 -1 2 -1

rvib 9 0 1 3 0 3

’"vib = 2*1 ' + 2E' + A^" + E”

This description includes the (3) representation already

derived and so subtraction of these gives:-

(5)

If the vibrations accounted for in representations (1) - (3) are 

subtracted from the total then the remainder gives the

skeletal vibrations 6(CMC) and 5(CMX):-

ô(CMC)
rô(CMX)

= A. * + 2E* + A^" + 2E"

3. The CXM(CO)^] Unit : Symmetry

t ^
0.

0
Ic

M

X

FigureA3.4: The [XM(CO)^] unit

An overall vibrational representation of the [XM(CO)^] unit may be 

derived as described in the preceding section by considering the 

effect of the symmetry operators on the 3 Cartesian coordinates
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associated with each of the 12 atoms, thus :-

E
^2 2 -d

S n 36 4 -4 8 4

rtrans 3 1 -1 1 1

^rot 3 1 -1 -1 -1

^vib 30 2 -2 8 4

Reduction of gives the following result:

= 7Â  + + 4B^ + 2B^ + 8Evib

and E modes are both infrared and Raman active, B̂  and B^ modes 

are Raman active only whilst the A^ mode is formally inactive.

The vectors generated by the linear distortion of the CO and MO 

bonds give rise to the following descriptions for i'(CO), i/(MC) 

and i/(MX):-

C4v E 2 0 ^ ^ 2
2(T

V 2 " d

( t o t )
1 1 3 3 7 3

^y(CO) 3 1 1 3 1

^y(MC) 3 1 1 3 1

^y(MX) 1 1 1 1 1

Tbese representations reduce to give:-

^V(CO) = 2 Â  + + E
- 2A^ + + E

^1

As pointed out previously the ô(MGO) vibrations are described by 

pairs of orthogonal angular distortion vectors (e.g. see Figure A3.2), 

Thus the reducible representation for the MCO deformations is
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given by:-

"4v E 2C^ Cg 2 ( t
V ^^d

r
Ô(MCO) 10 0 -2 0 0

^5(MC0) = + Ag + By + Bg + 3E

Figure A3.5 shows four of the eight vectors for the carbon-metal- 

carbon deformation^ ô(CMC):-

0
.0

0

Figure A3*5î Vectors for the 5(CMC) vibrations

These vectors give rise to the reducible representation:

"4v E 2C^ "2

^Ô(CMC) 8 0 0 2 2

^5(CMC) “ * ® 2 + 2E

However in this reduction one of the Â  modes corresponds to an

impossible vibration (i.e. all angles increasing simultaneously)
228and is therefore redundant •

Finally the remaining E mode in must be due to the CMX 

deformation:-

^ 6(CMX) " ^
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4. The Tf -Allyl Group; Syimnetry

H

E".,
H 0

' " I I I , y

H

H

Figure A3-6 : The V - a l l y l  group with plane

The total representation for the -q -allyl group is as follows

cs E ĥ

^3N 24 6
rtrans 3 1
r ^rot 3 -1

rvib 18 6

On reduction:- F ., = 12A* + 6 A "VID

The representation of the stretching vibrations, obtained in the 

usual way, reduces as follows:-

c E <Ts h

F ̂str 7 3 = 6A’ + A"

Since A’ modes are symmetric and A" modes are asymmetric with 

respect to the <r^ plane the stretching descriptions follow by 

inspectionr-

u ( = C H ^ ) 2A»

i/C-CĤ -) A» + A"

c (=CE- ) A'

y(C=C) A»

V(C-C) A'
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The symmetric deformations are described by the vectors illustrated 

in FigureA3*7 (n.b. some redundancies are inevitable because all 

the angles cannot be deformed independently)

c E O',s h

r 3 3sym

Figure A3.7: A representation for the symmetric deformations

Thus:- r = 5A' sym

Approximate descriptions of these modes are:-

Ô(scissors)(sCH^) A'

pCrockOfsCE^) 

p(rock)(=CH- )

A’

A'

5(scissors)(-CH2-) A’ 

Ô(in-plane)(C-C=C) A’

The remaining vibrations are described by the vectors shown in 

Figure A3.8.

+

C E (T.s h

r 6 -4asym

Figure A3.8 : A representation for the asymmetric deformations

Thus:- r = A’ + 3A" asym

Again only approximate descriptions of these vibrations can be 

suggested as follows:-
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P(twist)(=CH2 ) 

p(wag)(=CH2 ) 

p(wag)(-CH^-)

P(twist)(-CH2“) 

p(rock)(-CH2) 

7r(oiit-of-plane ) (CCHC)

A"

A"

A'

A"

A”

A"

5 . The V -Ally1-Metal System; Symmetry

Figure A3.9: The n^-allyl group with plane

H

The total representation for the planar allyl group alone is:-

cs E %
F3N 24 2

^trans 3 1
F ^rot 3 -1

Fvib 18 2

On reduction:- F = 10A' + 8A” vib

These modes may be represented by appropriate vectors in much the 

same manner as the preceding rj -allyl system thus arriving at the 

approximate descriptions of the vibrations given in Table 1.4.

If the metal atom is included in F^^ then the vibrational 

description becomes:- F^^^ = 12A’ + 9A" Clearly this description
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now includes the three ally1-metal vibrations v^(A*) and

*'̂ (A”) (depicted on page 2 5).

6. The CH^M Unit; Symmetry

M- - »x

Figure A3.10: The CH^M unit
1/

A total representation of the unit shown in Figure A3.10 and its 

subsequent reduction according to the usual procedure is summarised 

in the table below

E 2C3

r 3N . 15 0 3

trans 3 0 1

r  ^rot 3 0 -1

r vib 9 0 3

(CH^) 3 0 1

r y (MO) 1 1 1

r def 5 -1 1

On reduction:-

(CHj) = + E

'̂ def - + 2E
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APPENDIX 4
TEE SOLUTION OF SEGULAP EQUATIONS

The procedure for the derivation of secular equations which

describe the relationships between vibrational frequencies and

sets of stretching and interaction parameters is treated in detail 
232 233in several texts ’ • In this appendix the equations are

stated and the mathematical manipulations necessary for their 

solution are presented.

n.b. throughout the following discussion:

= 5 .8 9 1 5 X icr7(w^)2

fx = (M(C) + M(0))/(M(C) X M(0)) = 0.1457583

1. Fac-Tricarbonyls: C_ Symmetry

M K

0 ^1
\ 0

2A* :

A”

- x/m

-  \/jX +

=  0

Figure A4.1: Parameters and secular equations for fac-CM(CO)^L^X]

Let X(A'^)/p

X(A")//u

and K .

X,

Y,

Z,

Thus:(K^ - X)(K - X + K^) - 2K^, = 0

(K̂  - Y)(K^ - Y + K^) - 2lf, = 0

(1)

(2)

(3)
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Substitute in (l) and (2) for and ,:

(K̂  - X)(Z + 2K^ - X) - 2K^/a^ = 0 (4)

(Kg - T)(Z + 2K^ - T) - 2K^/a^ = 0 (5 )

Subtract (5) from (4):

K^CY - X) + Y(Z + 2K^ - Y) - X(Z + 2K^ - X) = 0 (6 )

Rearranging:

(Y - X)K_ + (Y - X)(Z + 2K ) - Y^ + X^ = 0

(Y - X)K^ + (Y - X)(Z + 2K^) - (Y - X)(Y + X) = 0

Thus: = X + Y - Z - 2K^ (?)

Combining (4) and (?):

(Y - Z - 2K )(Z + 2K - X) - 2K^/ô^ = 0 C c c

Rearranging:

(4 + 2/5)K^ - 2(X + Y - 2Z)K + (X - Z)(Y - Z) = 0 (8 )c c

Equation (8 ) is a quadratic in K̂ , the solution of which is given by;

K = 2(X + Ï - 2Z) - y[2(X + Y - 2Z)]^ - 4(4 + 2/5)(X - Z)(T - Z)

2(4 + 2/ 5)

The remaining constants follow:

K. = K + ZI c

K_ = X  + Y -  Z - 2 K c
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220In the method of Dalton et al. the value of Ô is estimated from 

maximum orbital overlap considerations and is calculated from the 

equation:

5 = (X + Y - 2Z)/ 2(X - Y)

Also a 'best fit* solution may be obtained by an iterative 

procedure where 5 is varied between certain limits. Alternatively 

the problem may be reduced to that of the C-K approximation by 

putting K̂ , = K̂ , thus making 6 s 1.

2. Square Pyramidal Pentacarbonyls: 0^^ Symmetry

K
K. (ax)

K. K

Figure A4.2: Force field for square pyramidal CM(CO)^]

Using three infrared frequencies to fix five parameters (Figure A4.2)

results in an undetermined force field with two degrees of freedom.

These are removed by imposing the two constraints of the Cotton-

Kraihanzel method, namely:-

K = K , = K. c c ' 1

K. = 2K t c

In this case the secular equations are:-

2A^:

2K.1

2K.1
Kp + 4%1 - \ / n

=  0



212

=1= = X//1 (redundant)

E : - 2K. = 1 \ / f i

Let;
\ (1 / "  = W

V t* = T

\ (2 )/" = z

rearranging the secular determinants gives :

(K^ - +  4K^ - W) - 4K_Z = 0 (1)

(K̂  - Z)(K2 + 4K^ - Z) - 4K^^ = 0 (2)

= Y + 2K_ (3)

Subtraction of (2) from (l) and substitution of (3) gives the result

= W + Z - Y - 6K_ (4)

may be eliminated from (l) and (2 ) by multiplying each by the 

other's coefficients of and subtracting thus:-

(K^ + 4K^ - W)(Z)(K^ + 4K^ - Z) + 4K^^(K^ + 4K^ - W)

- (K̂  + 4K^ - Z)(W)(K_ + 4K^ - W) - 4K^^(K2 + 4K^ - Z) = 0

Substituting (3) for gives

(6K^ - W + Y)(Z)(6K - Z + Y) + 4K^^(6K^ - W + Y)

- (6K - Z + Y)(W)(6K - W + Y) - 4K^^(6K^ - Z + Y) = 0

Expanding:

(36k,^Z - 3 6 k . + 4K.^Z - 4K.^W) + (-6K.Z^ + 6K.YZ + 6K.YZ + 6K.W^ 1 1  1 1 1 1 1 1

-6K.YW - 6K.YW) + (WZ^ - YZ^ + Y^Z - W^Z + W^Y - Y^W) = 0
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Eearra aging and factorising (Z - W) gives

- 6K^(W + Z - 2Y) + (Y - W)(Y - Z) = 0 (5 ),

a quadratic equation in which may be solved to give two roots, 

only one of which is likely to make 'chemical sense'.

If the mode is detected then a further check is obtained by 

calculating its position using and thus:-

(calc) = /(Y + 2K. )/x
I X

5 .8 9 1 5 X 10"?

The three C-K force constants are summarised below:-

K^ = 6 (W + Z - 2Y) - V C 6 (W + Z - 2Y)]2 - l60(Y - W)(Y - Z)
80

K̂  = W + Z - Y - 6K^

K^ = Y + 2K_
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APPENDIX 5 

COMPUTER PROGRAMMES

1. Force Constant Calculation for Tricarbonyls of Fac-C Symmetry

1
2
3
4
5

6 
7

3 
9 

10 
11 
12 
13 
1 4
15
16  
1 7 
13
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37  
33  
39

5J03 0CC3DLP5W

t h i s  PRUGRAM CALCULATES C-K FORCE CONSTANTS FOR TRI CA  
CS SYMMETRY USI NG THE MAX ORq I TAL OVERLAP APPROXI MATI ON  

THE A'  MODE I S REPRESENTED CY V ( 1 )
i y m m e t r y  u s i n g  t h e  max  URQI TAL OVE
THE A'  MODE I S REPRESENTED CY V(1
THE A* MODE I S REPRESENTED CY V( 2
THE A" MODE I S REPRESENTED BY V (3

REAL I N T K C 9 ) , K ( 9 ) I L ( 9 ) V ( 9 )
1 1 = 0 . 1  4503

.WHITE J W 

TRI CARBONYLS OF

M = 0 . 1 4 5 83
F = 5 . 8 9 1 5 / ( 1 0 . 0 * * 7 )
W R I T E ( 6 , 6 0 n )
f o r m a t (1 H I , T 1 0 , ' S AMP L E ' , T 2 2 , • V ( 1 ) ' , T 3 3 , ' V ( 2 )  ' , T 4 4 , ' V ( 3 )  ' , T66 , ' K d ) 

2 ' , T 7 7 , ' K ( Z ) ' , T 3 6 , ' I N T X ( 1 ) ' , 7 9 6 , ' I N T K ( 2 ) ' , T 1 0 7 , • DEL I A ' )
U R I T E ( 6 , 6 1 0)
PORMATMI I  . TP P .  ' FRFOUFNCY IN WAVENUyBERS 1 / CM'  , T71 , ' Ml  LLI DYNES PER

600

U R I T E ( 6 , 6 1 0)
610  FORMATdl l  , T 2 2 ,  ' FREQUENCY 

2 ANGSTROM U N I T ' , / )
READ/ !
DO 80 1 = 1 , N 
R C A D , V ( 1 ) , V ( 2 ) , Y ( 3 )
L d ) = F * V d ) * V d )
L C 2 ) = F * V ( 2 ) * V ( 2 )
L C 3 ) = F * Y ( 3 ) * V ( 3 )
D = ( L ( 1 ) * L ( 2 ) - 2 , C * L ( 3 ) ) / ( ( L d ) - L ( 2 ) ) * S O R T ( 2 , 0 ) ) 
A = 4 . 0 + 2 . 0 / ( D * D )
3 = 2 , 0 * ( L ( 2 ) * L ( 1 ) - 2 . 0 * L ( 3 ) ) /H 
C = ( L d ) - L ( 3 ) ) * ( L ( 2 ) - L ( 3 ) ) / ( M * M )
E = B * B - 4 , 0 * A * C  
I F ( C ) 7 0 . 7 2 , 7 2
l N T K d ) - ( D * S Q R T ( E ) ) / ( 2 , 0 * A )  .
I N T K ( 2 ) = ( B - S Q R T ( E ) ) / ( 2 , 0 * A )
GOTO 7 5 .

70 U R I T E ( 6 , 7 1 0 )  I 
710 F O R H A T d H O , • FOR S A MP L E ' , I 2 , ' I N T K ( 2 )  IS NON REAL' )  

P R I N T , E  
I N T K C 1 ) = 0 . 0  
I N T K ( 2 ) = 0 . 0  

75 c o n t i n u e
I N T K ( 3 ) = I N T K ( 1 ) / o  
I N T K ( 4 ) = I M T K ( 2 ) / D  

. K d ) s L ( 3 ) / M + I N T K d )
K ( 2 ) s ( L ( 2 ) + L d ) - L ( 3 ) ) / M - 2 . 0 * i MTK( 1)

3 ) = L ( 3 ) / M * I N T K ( 2 )
4 ) s ( L ( 2 ) * L d ) - L ( 3 ) ) / M - 2 . 0 * I N T K ( 2 )

K( 3 )
K ( 4 )  .
WRI T E(6 

30 u R I T £ ( 6 , .  „ 
700 FORUATd HO 

STOP 
END

) s ( L ( 2 ) * L d ) - L ( 3 ) ) / M - 2 . 0 * I N T K ( 2 )
TE ( 6 , 7 0 0 )  I , y d ) , V ( 2 ) , V ( 3 ) , K d ) , K ( 2 ) , l N T K d ) , I N T K ( 3 ) , D  
T £ ( 6 , 7 0 0 ) I , V d ) , V ( 2 ) , V < 3 ) , K ( 3 ) , x < 4 ) , I N T K C 2 ) , I M T K ( 4 ) , D  
! l A T d H 0 , T l 2 ,  I 2 , 2 X , 3 ( 4 X ,  F 7 . 1 )  , T 6 0 ,  2 ( 4X,  F7 . 3  ) , 2 ( 4 X ,  f 6 . 3  ) , 4 X , F 5 . 2 )
'P
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2. Force Constant Calculation for Pentacarbonyls of C,̂ __ Symmetry

s j u D  oc c : d l p 7 w w h i t e  j w -

C PRUGHAH F O R  G4Y PEHTAC AF.SONY i S RM(CQ)5 CY TiiE C-K llETHOD
C THE A1 (i ) mO'jE i s  REPRESENTED SY V ( 1)
C THE C l ( 1 )  nuCE IS REPRESENTED CY Y( 2 )
C THE £ MODE IS REPRESENTED BY V ( 3)
C THE A 1 ( 2 )  MODE IS REPRESENTED CY V( 4 )
C THE 31 l:UOE IS ReCUnDAMT in t h i s  CALCULATION 5UT IS US£0 TO CHeCk y ( 2 )

1 REAL I N T K d )  , K ( 9 ) , L (9 5 » M, V (? ) , Oil K ( 9)
2 4 = 0 . 1 4 5 7 5 2 3
3 F = 5 . 3 9 1 5 / ( 1 0 . 0 * * 7 )
4 G=F/M .
5 w:; i t e ( 6 , 6 0 0 )
6 600 FORMAT(1 H I , T 1 0 , ' S A M P L E ' , T 2 2 , ' V ( 1 ) • , T 3 3 ' V ( 2 ) • , T 

l T ü 2 ,  ' C H E C K ( v C ) )  ' , T81 , ' K( 1  ) ' , T 9 2 ,  ' K ( 2 )  ' , T10Q,  '
7 v ; n i TE ( 6 , u 1 0 )
3 610 FORMnTCI 1I0#T26» ' f r e q u e n c y  IN WAVe n UMBe RS 1/ CM'  

1 ANGSTROM C M I T ' , / )
9 REAOfN _ .

10 OJ 10 1 = 1 , N
1 1 R E A D . V ( i ) , Y ( 2 >  f V ( 3 ) , V ( 4 )
12 w=G*y ( 1 ) * v ( i )
13 Y = G * Y (3 Î * V ( 3 )14 Z = G * V ( 4 ) * V ( 4)
15 A = 4 G. 0
16 Q= 6 . 0 * ( W4 . Z - 2 . 0 * Y )
17 C = ( Y - W ) * ( Y - Z )13 D = 3 * 0 - ^ , 0 * A * C
1 9 I F ( D ) 2 0 , 3 0 , Z 0
20 30 l NTi ; (1 ) = ( B* S o RT(D)  ) /  ( 2 . 0 * A )
21 i : ;Tr . ( 2)  = ( B-SQRT( D)  ) /  ( 2 . o * A )
22 K(1 ) = W * 2 - Y - 6 . 0 * I , H T K ( 1  )
23 K ( 2 ) = Y + 2 . 0 * I N T K ( 1 )
24 K ( 3 ) = W * 2 - Y - 6 . 0 * I N T K ( 2 )
25 K ( A ) = y + 2 , C * i m TK( 2 )
26 n = ( C Y * 2 . 0 * I N T K ( 1 ) ) ) / G
27 S = ( ( Y * 2 . 0 * I N T K ( 2 ) ) ) / G
23 I F (R)  5 0 , 6 0 , 6 0
29 60 CHK(1>=SORT(R)
30 GO TO 30
31 50 U R l T E ( 6 , v 4 0 ) I
32 640 FuRMATd HO , ' FOR S  AMP L E  ' , I 2 , ’ C H K ( 1)  IS NON REAL
33 80 c o n t i n u e
34 I F ( S ) 9 0 , 7 0 , 7 0
35 70 Cl i K( 2 ) =S0nT( S)
36 GO TO 100
37 90 UR I T E ( 6 , 6 5 Q ? I

f o r h a t ( i h o , ' FOR s a h p l : ' , i 2 / * c h k C2) i s  non Real33 65030 100 CONTINUE
40 GO TO 40
41 20 U R I T E ( 6 l 6 2 0 ) I
42 62 0 Fü RHa t ( Î I 10 ,  ' FOR. s a m p l e '» 12 f ’ INTK i s  NON RgAL ' )
^3 40 c o n t i n u e44 W  RI T  E ( 6 , u 3 0 ) I , V ( 1 ) , V ( 2 ) , Y ( 3 ) , V ( 4 ) , C H K( 1 ) , K( 1 ) , i
45 10 WRl TE( o i 63r i )  I , Y d  ) , V ( 2 )  , Y ( 3 )  , V ( 4 )  , CHK(2)  , K ( 3 ) , 1
4(j 630 FORMAT(1; | 0 , T12,  l 2 , 2 x , 5 ( 4 % ,  p7.1 ) , T 7 7 , 2 ( 4 x , F 7 . 3 )
47 STOP
43 END
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APPENDIX 6

CALCULATED AND OBSERVED STPÜCTUPE FACTORS AND THEPMAL PARAMETERS

; #  ̂  ̂  ̂ I I f  I I i i i i ^ f  I l i i i l i

c cscr)mvrucf:*^9^r>mc:#"GB\C'CCDe%o^wmso;&ro5mrjeM;)mv%cr)iccto^vK.^o^'n*\.

f i l l  ^  M ^ l l l l l l l l

(\!v^ioo»Ok^#"(vmcD^cosm*^cD(v(DN^N.w*^#*OBif)m^5esce(vvinmv5)BmN.^oio»h^@r) r)r5POin*^r>cv-*®»o^cv«or>€p<vfor>rîrvO‘-v»*eoor5^KfwKr5cv70fvvr>»-*evfvr5»-^rîK.co^*«B 
I t  I f — t I  ̂ I -#*»:# I I ** # I I i i t i ^

-̂ ^̂•.4̂cvcvjtMCMCNiCN:csjrvcMCSj<vcNjCNiCvcs(Cv:(vcvCNirucv;f\jfNj<Mf\jCücvcvrjcvcora»̂f*̂ rîr̂ r)r̂ nr̂ ronr5

® ( \ f r ) ^ ^ N . h 0 v c \ j , * s o c D N ^ r ) v f n r v * ^ ® # » ( V " ^ v ( n $ O N . ® 0 ' 5 ^ ( v m v # f > ^ ^ i n v ; ^ c \ ; - ^ s o k 0 C N % n
 ̂̂  ̂  ̂   ̂̂  ̂  M ^ l f i l l l l l t   ̂ mm mm ̂  *"* mm m»  ̂mm | | | |

l i i i i i  i f i t i i i

^  iT c^^c\ jCNj*^oj ’v s ^ » o  r> vN^cv-^cvcy( \^cvrs.^v( \ ; r^  t m <o «o %r t
t i l l  r I t w icv--fo*-i I I I  — I I I -# I — n I •••*

I I  I I I  I

C ® ^ 0 I O w f \ : V % C K ) N ^ V C ^ ® ^ K . ^ s . ^ « C N . ® O » ( \ l O K < O ' « C * ^ V V % O O ^ ® V ( \ f ( C C D f s D ( n i O ( \ f ^ r n < D ( \ f  
— C3 r ^oDCvj c\ j «^r ^cy<\ »r >v v  rv fo m o  lo in ^ r ^ c ^ o œ ^ r s . i r > c s ) U D « o ^ % o c v

CNJ  ̂ mm -mm mm ̂  ^

® 5 ®  S S ® 9 ®  ® ^

O ’ S K « ^ c v f 0 ^ t f 3 « o < c c \ i ® s ^  ( \ ; N v # o ® ® r \ ; v i o N L n v r ) r u ^ ® o % c c N i o K ) v f 3 C \ ) # ^ ® ^ f v r o v * 9 i e N . ®
mm ,## ̂  ̂  111  ̂mm mm ̂  #W w w ̂  WM « ^ l l t f l l l l l

I I I  I t t t l l l

w w ' ) h s . # n B i N . m N ® * # » x v v m m K . % o ^ D K ) f v c c m ® r ) N « ^ ® ^ N . j 9 i o f v ^ r ) h < m t ^ # ^ 0 ' W K v i o r > % o r T e D  fV’ — trscvcv̂ o-rcir i K)(vvr:e^r)vr;Af\if\.icr:r)vcv*"*
I i ^ t - * i i i  I I I I I  t<*̂  It  I I  I I I I I  I i l l

r]r:vvvwvm?*?vvvvvvvxn(CK:f)mmir:inir#)mu';^<cic#^«c^$c%c^«ccK.NN»^K.f\.N

^•^r)0CMrvr)^«MOtcv*«sO'Gfv(v^^ec^®tnv^CMCMsio^v)OteD«oo«-«N.^cv®r>vfnr>9^o^^s «omhŝ h'.v m (Amr)N.pNp0JK:(v*^O:N.o^f>"#mruvmfvi r ^ i  mm % ev -# I I II t I e ^ r t t  i ii mm % i i iI I I  I I I
#o (V B m -# mmô cv»^<oif5cw^«ocvccrvr)«fOiontfiB«®

BBSBBBBSSBCBSCSBGBSSBGGBBGSCBBBGBSBGBBBGBeBSBBBBBS® 
c BSGG ĈMWcvwccevwcvcvcgcjevcvcvf̂ nrsp̂ p̂ frrïmfnfor;
(Y V  c  c  (V V  ® ^  (\i p? V  IT c  N o- G — c s ; r : ^ t f : c rs . t g—» c v n m ® K . c a  G (v n  v  ® » * c v n ^ K .  fc o G ^ c v r :
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o  o  CO CO Q  ®  mmso O C V f O  —  K .  O  <0 ®  ^  CM —  CO ( Y f )  ®  " V ®  ®  O* V  ^  <0 ^ ^ 0 » r s . r > f O ( Y ' Ou. #4 P3 -# (\f (\f _*(\f ̂  ̂  ̂  tC t Oi *# S3 ^  ̂  fO (Y V  G  (Y n  " 1 ^ < O P 1 C O P 1 ^ { \ I  PO^CNj*^tf>
I I I I I  9 t I I  » « »  * " * T T ^  r t 9 r i

o  fs. s  V  B ®  fOPslO ^  m  Q  "V ®  O O t O C \ J K . O !  B P s c o c v i o r u ^ P 7 < c r i P i ® " ^ ? 3 c u r u ^
mm {H mm mm M V fY ** *0
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I I I — I I I  l l l l l  I I I I I I I I I I I I  t

mtvBtvm—®®B9B9®®mvp)®v — — t^cvc-®—®a—®aoiB9VN.p.9XCv®m®®p)p;v V P )  —  B f x ® ® ® P ) p ) C V C V  —  —  —  V t V t V t V P ) V P ) ® ® P I ® V —  — —  —  —  V  ®  tv C V t V - C V — c v v c v -

® ® n ® ® ® ® ® n ® ® ® ® ® ® ® ® ® « « « « o « « < o « « « « t t « « K . ^ i » h v i s . N . i v i x i > s K . » ^ i > . i ^ ® ®

««®VP)CV — — CVP)V®«9 — cv-OC»v«VPltV—S —tV ® V ® ® ls .99 *® «VP ) fU  — — CVV®«V — 
I I I I I I I  — — — I I I I I I I  l l l l l l l l  I I

U ® 0 0 > ® v « v t v — P)P)®P)P)®9tVO>— »B 9 9 B f s .« C V —tV®VP)9Pv« —^lvak.fv®9C»®(VCV®k. t v ® p )  —  c v m  — V  ® ® ® c v  — c v p : t v -  v — v  ®  r v r v P : — p ) — t v m c v p : f x ® t v  —  —  v  —  cv —  —  —  —  v c v t v -
I t I I I I  I I I  I I I I I  I I  I I I I

c  O C V V 9 C V 9 — p . « c v B v e ' t v ® s ® s c v r > . » ^ C ' p w V f v ® P ) o > v æ i v ® t v n e — v ® ® ® ® t v p >  —  —  v c v ou. e v ® p ) — t v f s . — v ® ® c v f v — p ) P ) p )  -  —  V — p ) ® c v r v p ) — p) c v c D t v P i a a r v - — v — tv —  —  t v t v ® t v t v  —

9  o i v ® ® p ) c v  —  s — c v P ) v n F s . ® 9 S - f V P ) ® v ® c v B a i r < . ® ® ® t v  —  —  c v n v ® ® p . s s c v v p ) r v  —  sI I I I I I I I  — — — — — — — — — I I I I I I I  — — — — — — —lllll lllll
o i r v — t V P ) P > ® 0' ' C 9 l < . P ) S t V C V — — S ® S a i s V 9 9 n — K . t v — e p > s — 0 t V S I s . r v 0 9 S S ® 9i V C V C V
—  —  V ® ® — P ) ® ® P ) P , ® P ) ® t V V -  r V C V P , ( V ® ® V ( V V — ® ® 0 < - V —  9 ® C V 9 ® - C V V V P )  —  I  V  —  —

I — I I  I I I  I I I  I I  I I I  I I I I I I I

—  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  c v c v t v e v  t v c v c v e v  tv c v c v c v c v t v t v c v c v c v t v t v c \ ; c v t \ ; c u f v t v e v p ! P ) p : p ;

PTtV — B —tVP:V®®I^X9BCVp;vN®®VtV — B 9 X I ^ ® V P , t V B - t V P ) V ® ® ^ . B 9 —tVV®®CVB
I I I  — — — — — — I I I I I I I  —I I I I I I I  t i l l



220

a<or)p)®'AP)vp.S9>o>v®9>av— <ovcvav®<os'Cxs — cvcvvp)— fv — V — — cvv— ®fvfjrv — — — — p)— — — — cv — 
t i l l  1 1 1  l l l l l »  I

0 > 9 > 9 0 < C t 9 9 0 > 0 > O i 9 0 i 9 9 0 > 9 9 9 > 0 < 0 > 0 > 0 ) 9 > 9 S S S 8 S  

— — C V t \ I C V C V t N l t V C \ i t \ ; C V C V P 5 P » r ) P » P ) P > P ) P J V V V V S ®  — —  —

o i ®  — s a p ) 9 ® s p i — c v a < v s p . c v ® c v s a a ' O P > a o ® o t s  i K c v v m — p)cu —  — cv®P*— cv i v — ®cv»— cvcv — p» — cv® 
I I I  I I  I I I I  I I I

a s s ® o o ® a s a ® ® ® a s a o > 9 9 0 k e ^ o i 9 9 0 i o > 9 9 o i
p , v v v v v v v v v v w ® » ® « s s ® ® s ®  —  — — —  —— —  —
®99®®VP>CV—CVV^®VP>— SVtVSCUV — SrvVPI—S 

l l l l l l l l  I I I I — II — — I I I I
I I I

® ® o v a s p )  —  cv® — 9 — vPY®rv<o— ®S9®cvvoino>i09 cv— P)CVCVCVP)lv - —  VPICVCVV— (V— ANCV— P)PICV — — —  — — 
I I I I I I I  I I I I I

® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® 0 ® ® ® ® ® Q ® O 0

cvcvcvcvcvcuevcvcvcvcvfvevcvev<vcvp>p»p»pjp»p»p»p»p»p»p»p>p)
tv — S 9 a ® ® v p ) c v - 8 — v ® ® ^ ( v — Pv®®vp)cv— ®(vP)v 
III II
— 9 8 ® — 9 XV®8 Pv t V8 ®P> VS®S — — 8P)S9^tVP)®CV 
Pîtvcvp; — — — V — fvfVXP) — — P)— — v v « —— — ®rpcv-tVP". 

I I I I I I I  — l l l l l  I I f i l l  r

N . p . p < . ^ p . r v 8 ® ® ® a ® 8 a ® ® ® ® 8 8 8 ® ® 0 o a 8 ® ® a  

« ® ® ® ® « K S E 8 C 8 S 8  — — — — — — —  — — —  —  — — —  —  <V
® ® P l — 8 — C V « V C V S f V V ® P > e V P . « ® P 5 C V — 8 — t V P > ® ®  I V P )
I I I I — I I I  — — I I I I I I  —

I I I  I

® r v 9 v v c v ® s ® i ^ ® v ® 8 — ®9r>.a— 9 — — n — 8Sr>.®P>. — — p.p>mcv— cv— PÏ — CUP»-evtv®p»«v-cvtvPitvcv - — vtv 
I I  I I I I  I I I I I I I  I

PjP)®CV®— S X 9 P I — f^9rs9rv«SV®— ® — — 9r«.®®fV9®— 9 ® 9 ® — cv- V9P)lv®»v®X® 
9 — V — 9 . V  — p ; c v — — — P! V<P)  — V V C V ® » x  — V C V ® P ; P Î ®  — V C V V C V — P)CV — V — t V V P ) — P I V  — 
• i l l  I I I I I I  I I I  I I  I I I I  I I I  I I I I I

CVCVCVCVCVCVCVCVtVCVCVCVCVCVCVCVCVCVtVP>P)P;P)P)PJP5PSP)P)P;P)P)P>P5
— — tv p) V ® ®— C V P > V W P s . » 9  8 V C V  —  8 9 « P « . ® ® P J t V  — 8 C V P » W ® t v B P » — 8  8 ®  ®  

— — — — — l l l l l l l l  — — — I I I
I I I I I I I

8P)VP)®®tVV9®V8—9N.9 9®—®9tvmvVP)P)P)8®8P)v9 p)_— — 8P)®r^cvcvcvp)cvp>® — vcvnvK) — —  P)P)p>tv-®®ivv®
I I I  l l l l l  l l l l l  — I T 7

® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® i v i > ^ i x . i > v r v l ^ i v p . i ^ i

V V V V ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® ® P ^ C \ ^ f < . 8 8 8 8 8 8 8 8 8
8 9 8 ®  -  —  C V P ) V ® ® r x 9 ® h . . ® m t V  — 8 — ® K > t V  — V 8 B ® V C V 8 C V ®  
— • I I I  I I I I I I I  I I I —— I I I »



221

ANISOTROPIC AND ISOTROPIC THERMAL PARAMETERS

ANISOTROPIC IN THE FORM £XP(»2*PI*Pl*(Ui1 *(*STAR*H)**2 +,,,, 
,,,U23*0STAR*CSTAR*K*L * i.ftî)
ISOTROPIC EXP(-8*PI«PI*U*(3IN(THETA)/LAMB0A)**2)

ALL VALUES *1000

ATOM U l K O R  U) U22 U33 U23 Ü13 U12

MN 33 1) 54( 2) 37( 1) 0( 1) 5( 1) - K 1)
PCI) 40 2) 62( 3) 49( 3) •8( 2) 10( 2) -4 ( 2)
P(2) 42 2) 75( 3) 42( 2) •4 ( 2) 7( 2) 3( 2)
0(1) 32 5) 89 { 8) 8t( 8) "18( 5) 8( 4) 8( 5)
0(2) 59 6) 96( n 41( 5) 0( 5) 13( 5) - I K 5)
0(3) 74 6) 60( 6) 74( 8) -23 ( 5) I K 5) 2( 5)
0(4) 45 5) 109( 7) 66( 6) -29 ( 8) 16( 5) -6( 5)
0(5) 90 6) 71( 5) 74( 6) -4 ( 8) 10( 8) 24( 8)
0(6) 68 6) U K 7) 38( 5) •13( 5) I K 5) •4 ( 8)
C(l) 42 7) 129( 9) 85( 8) -10( 8) 19( 7) 13( 7)
C(2) 81 8) 134( 9) 59( 7) 15( 8) 23( 7) -27 ( 8)
C(3) 114 8) 63( 8) 107( 8) 7( 8) 32( 8) 14( 8)
C(4) 79 8) 161 ( 9) 82 ( 8) • 36 ( 8) 37( 7) I K 8)
C(3) 105 8) 92 ( 8) 108( 9) 9( 8) •20 ( 8) 3l( 8)
C(6) 71 8) 130( 9) 70( 8) •13( 8) •7( 7) -14( 8)
C(7) 36 6) 67( 7) 45( 7) 1( 7) 9( 8) 6( 7)
0(7) 81 6) 67( 8) 117( 7) 5( 6) 35( 8) •16 ( 8)
C(8) 53 7) 58 ( 7) 80 ( 7) 6( 7) 19( 8) 0( 6)
0(8) 78 6) 109C 7) 53( 8) 19 ( 8) -16( 8) 25 ( 8)

C(12) 60 7) 54 ( 7) 76( 8) • I K 7) 12C 7) "21 ( 7)

C(13) 40 6) 7l( 8) 38( 7) -16( 7) 0( 8) -26( 6)

C(14) 37 7) 65( 8) 46C 7) 0( 8) •6( 8) -5( 6)
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