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(iv)
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 £§£;[MX(CO)3L2]_ where M = Mo or W,

X =Cl, Br or T and I? = 1, 10-phenanthroline or 2, 2'-bipyridine
from the corresponding gigf[M(CO)qu] 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 iggf[M(CO)BLZ(MeCN)].
Reaction of the anions with various allyl halides resulted in high
yields of the nB—allyl complexes [Xn3~RCBHh)MX(CO)2L2]. The

significance of these observations for the mechanism of the allyl

oxidative-addition reaction is discussed.

Reactions between Mn(co)5x and Et, NX (X = C1, Br) in boiling
chloroform and between Re(CO)SX and Et)NX (X =c1, Br, I) in
boiling decalin are described in Chapter 3. The final products are
the compounds Eth[ME(CO)G(M—X)B]' Vibrational spectroscopic
results indicate that -the anions possess confacial bi-octahedral
geometry with three bridging halogen atoms. The anions did not

3

react with allyl halides to give n~-allyl derivatives.

Details of the preparation of |Kn1—CBH5)Re(CO)5] from [Re(CO)5]—
and its photo-decarbonylation to |Kn3—CBH5)Re(CO)4] are presented
in Chapter 4. Both allyl complexes have been characterised using
1H NMR, mass spectrometry and particularly liguid-phase infrared
and Raman spectroscopies. Although the vibrations of the Re(CO)5

unit in the 71—a11y1 compound can be assigned in terms of C#v



(v)

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

invalid for the nB-allyl compound whose vibrational spectrum

requires discussion in terms of the overall CS symmetry. The nq—

3

and y”- allyl internal modes are discussed in terms of Cs symmetry.

For comparative purposes the methyl derivatives [MeRe(CO)5]
'26D.) have also been synthesised and their

3

mass and vibrational spectra studied.

_ 2 13
(Me = CH;, ~CHy,

In Chapter 5 some carbonyl substitution reactions of

[(UB—CBHS)M(CO)4] (M = Mn, Re) are reported. The use of thermal

or photolytic methods has allowed the synthesis of the complexes

3 _ _ n .
[(m —CBH5)M(CO)3L], (M=Mn, L= PPhB, AsPhB, PCyB, PBu., PMePha),

- _ 3 _ _
M=Re, L= PPhB) and [(n -03H5)M(co)2L2], (M = Mn, L = PMePh

i = =
P(OMe)B, P(OEt)B, 2Ph,PCH, PPh. M=Re, L= PPhB). These

21

complexes are considered to possess pseudo-octahedral structures,

the carbonyl ligands being facial in the tricarbonyls and cis in

the dicarbonyls. The 1H NMR spectra are characteristic of
symmetrical nB—allyl species and show strong 1H—B’]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 tle complex L(nB—CBHs)Mn(CO)z{P(OMe)3}2]. The crystals are
monoclinic with a = 18.618(11), b = 9.218(7), ¢ = 10.607(11) &,

B = 102.1(1)°, Z = 4 and space group P21/é. 1742 independent
reflections above background have been collected and refined to

R = 0.059. Considering the n3-a11y1 group to occupy two coordination
sites, the metal has a distorted octahedral environment being bonded
to two mutually trans- phosphorus atoms 2.175(5), 2.219(5) %, twé>£éé}
carbonyl groups 1.75(2), 1.83(2) 2 and a-n3—a11y1 ligand with Mn-C

2.223(17), 2.1%a4), 2.229(13) 2.



(vi)

Appendices 1 - 5 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 parameters associated with the crystal structure

determination.
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CHAPTER ONE

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

1'5 617

and participate in the isomerisation )
9-11 12,13

and dienes

oxidationg, hydrogenatio and carbonylation reactions

of unsaturated organic compounds. There are several review

articles concerning the use of allyl-metal systems in organic

1,2,5,14,15 and, together with many subsequent

10,11,16=20

chemistry
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
some of their unusual intrinsic propertiesz']“25 and the challenge
presented by, for example, the theory of allyl-metal bonding26"32
and the interpretation of often complicated spectroscopic

33-42

features

To date most of the considerable chemicgl effort has been applied
to allyl complexes of the later transition metals. In particular
those of the nickel triad have received much attention aithough
recently there has been a shift of emphasis to the iron grouphB.

In contrast the chemistry of allyl derivatives of the early

transition metals has been chparatively 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 ALLYI~METAL COMPOUNDS

Nomenclature

The naming of compounds in this work will follow the rules laid
down by the 1970 TUPAC Commission on the Nomenclature of
Inorganic Compoundshh, with due regard given to more recent
trends generally adopted by authors. In particula;, the
nomenclature for metal complexes involving unsaturated organic
ligands has -changed several times over thé past fifteen years
and various notations for allyl-metal systems may be encountered
in the literature. Probably'the earliest was the o~ and 7~
representation, the fofmer denoting a single localiséd carbon-~
metal bond and-the latter a multicentred delocalised system.

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

45 introduced the 'hapto’

In order to designate structure, Cotton
(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,n. In cases where some, but not all,
ligand atoms are involved in bonding,locant designators may

be inserted preceedingn. A simple example will serve to

clarify the situation.



3

Notation-for the butenylcarbonylcobalt complexes

c g
Co(CO)), Co (co)3
Early: tetracarbonyl- tricarbonyl-
g-crotylcobalt m-crotylcobalt
Cotton: h-2-butenyl h-2-butenyl
) tetracarbonylcobalt tricarbonylcobalt
- TUPAC: (1-n-2-butenyl) (1-3-n-2butenyl)
tetracarbonylcobalt(I)  tricarbonylcobalt(I)
n1-2-butenyl n3-2-butonyl
tetracarbonylcobalt - tricarbonylcobalt
Acceptable
alternatives®
o-2-butenyl
tetracarbonylcobalt

Note: A recent comment in the literature46 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) n3-allyl; a multicentred delocalised bond system is formed

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

(ii) nq-allyl; a formal o-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;z-allyl; the allyl group is simultaneously
bonded to two metal centres, thereby acting as a bridging ligand.

- [Pt@u—CBHs)acac]247 and I:(173-C3H5)(;/.-CBHS)Cr:IZLl'8

(iv) ionic allyl; e.g. CBHSNaqg. 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 designatedo-=m-allyls. - This is

to indicate that both types of interaction may be present,

3

however they aré best thought of as unsymmetrical n~ -systems.

€ege [P%Cl(03—2-MeCBHA)PPh3]50 (Figure 1.1)

CH

A Va
A

Figure 1.1: The structure of[PtCl(ﬂB-E-MeC,HL)Pth]
~ T
Very recently some17éallyl complexes of nickel sulphide clusters,
3 . 2k 51
[ CBH5)6N1683] and [(ﬂ 03H5)2Nl (C7HSS )J” ', have been
reported which may represent a new structural type but as yet no

confirmation of structure is available.
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The majority of simple allyl-metal compounds are either n3— or n1—
bonded and accordingly these are treated in more detail subsequently.
In addition there are a great many more complicated systems in

3

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

given at the end of this section.

Symmetrical.n3-allyl-meta1 bonding

3-allyl—metal systems the allyl group is frequently symmetrically

In
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 giveh in Table 1.1 The plane
of the 2l1lyl 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 [(773-03

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

H5)Pd01]2 dimer using the

Figure 1.2: Schematic drawing of the -[(nB-C,H,:)PdCIJ,, dimer
P A

The allyl anion has three delocalised wm-molecular orbitals, ¢1,

28,62
‘/’2’ *#3,

pz-orbitals remaining after the o- framework has been constructed63

resulting from a linear combination of the carbon

EFigure1.3, overleaf). Convention dictates that the n3-allyl
group contributes one unit to the oxidation number of the metal*.
Thus the allyl anion is formally a four electron domor. In this
case ¢1 and ¢2 are both doubly filled molecular orbitals, each
capable of donating two electrons to vacant metal orbitals of
suitable symmetry and energy. Theoretically the vacant ¢3
orbital is available for back bonding from the metal, providing

the same requirements are fulfilled.

*
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

-

\ Antibonding
0 3 _

¥ = (o, + ¢5 - /24,)

Non-bonding

Bonding

V=B 40+ [20)

Figure 1.3: The T-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.k.

From experimental observations, particularly on the allylpalladium
IIl59-61 , 64

syste , it is evidently a poor approximation to regard



¢/1+d ¢2+dxy

yz

Figure 1.4: Possible orientations for allyl-transition metal

bonding interactions

(I: x= 90° IT: x = 180°)
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either af 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 = 180O and

X = 900. This accounts for the observed 'allyl tilt' which is

common to most allyl-metal systems.

Semi-quantitative calculations of overlap integrals for several

26,29,30,65

.allyl-metal systems have been carried out and where
these include maximisation of overlap as a function of X, fair
agreemeﬁt between experiment and theory is found. In some cases
the agreement between observed and calanlated values is very good
indeed e.ge. for[(nB—CBHs)Pd01]2,X(obs.) = 108°, 111.5° and

X (calc.) = 102°-114°26

The discussion so far has paid little attention to possible d- Y 3
interactions and indeed most workers consider these to be of

small significance. This is in.accordance with the view previously
noted that the éllyl ligand is an electron donor. However some
author527 conclude that metal- ¢3 electron transfer is of some
importance in rationalising the observed 'allyl tilt', whilst
others compare its importance with back bonding in ferrocene66.

It is clear that the bonding in n3

-allyl-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).

ﬂq-Allyl-metal bonding

Using valence-bond terminology, one terminal carbon atom of an
isolated allyl group is sp3 hybridised, whilst the remaining two

2 . .
atoms are sp hybrids linked by a localised double bond. For



11

bondingAconsiderationé the nj-allyl ligand may be treated as a
simple alkyl substituent. Consequently bonding invalvés,overlap
of a carbon sp3 orbital with suitable metal orbitals resulting in
the creation of a formal ¢-bond which allows free rotation of the
allyl group about the carbon-metal axis. w-Interactions are

also symmetry allowed and have been invoked to describe the bond-
ing in some fluoroalkyl compounds67. However such interactions
are not imﬁortant for simple alkyl ligands68. Thus the n1-a11yl

ligand contributes one electron to the valence shell of the metal

and zero to the oxidation number.

Since the metal-carbon eg-interaction does not fundamentally
perturb the ligand (c.f. n3-allyl analogues) it should retain
the major features of an uncoordinated allyl group, such as the
3

sp2 and sp” bond angles and the variation in carbon-carbon bond
lengths. Two examﬁles where solid state structures containing
ﬂ1—ally1 ligands have been determined are:

1 69 .

-C_H_)Pt(P Cl Fi e 1e and
[(175 LB )P (Pn,), 11 trigare 1.5)

1 70 .
n-=C n -C_H_)Nb(CS « Th nf that th bon-

¢ 5H'b-)( 3 5) ( 2)] ese confirm that the carbo

" carbon bond lengths are appreciably different and, even in the

solid state, the allyl (CC=C) angle is close to the ideal value.

1f31

Figure 1.5: The skeletal structure of[(ﬂT—C,H:)Pt(PPh,)q01]
=5 g
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3

v1-Allyl;metal derivatives are not as common as their n’ =
counterparts although the few studies undertaken indicate that
transition metal-carbon o-bonds are thermodynamically stable.

For example the Pt-CHj bond dissociation energy in
[(v5-05H5)Pt(CH3)3] is 164 KJmol™ ' /" and for Ti-CH, in
SH)TL(CE),] ca. 250 KJmol™ | 7°. The inherent instability

of most n1-allyl—metal systems is attributed to the many pathways

[(’75-0

available for kinetic decomposition, such as homolytic metal-

carbon fission and B-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, CsEs. Clearly the C_H. unit can be multiply substituted,

O38s
part of a cyclic system or even contain hetero-atoms and so
the bonding in such systems may be considerably modified.
However 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:

Multiply substituted v3-allyl systems:

: 5_ 3 '
(i) Complexes of the type [(n 05H5)Mo(co)2(v CEéC(COaR JCHR)],
(R = Me, Ph),(R' = H, Me, Et) were the products of a novel
reaction between the s-bonded acetylene compounds

5

Cn C .
at ambient temperatures73.

(ii)

Hs)Mb(CO)3(01-CH C=CR)] and alcohols, R'CH or water

3

This unusual sulphur-substituted »”-allylmanganese complex
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was formed by the alkyiation, reduction and ring opening of
diphenylcylcopropenethione on treatment with.[Mm(CO)5]_ and CH?I
in aqueous methanolzz.

(iii)

Pt(acac)

The platinum complex above has a complicated,temperature dependant,
NMR spectrum indicating fluxional behaviour which results in the
equivalence of carbon atoms 1 - 4 on the NMR time scale74. The
corresponding palladium complexes show three independent types of
fluxional behaviour over the temperature range -40°C to +60°C.

(iv) Complex NMR spectra are a common feature of multiply substituted
allyl systems as in the example below where a crystal structure

75

determination was needed to confirm the spectral results-~.

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 attaiﬁing 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 foliowing examples

are given in order of increasing ring size:

(i) Three membered ring systems such as

t-Bu t=Bu Ph

Ni o(c:o)2

© ©)

are readily synthesised from trisubstituted cyclopropenyl

t-Bu Ph
|

halides76'78.
(ii) Two examples of four membered rings containing an n3—
bonded moiety are79’80:

Me Ph

4 Fh

Me <&, 0]
N MeO
Me Co(CO)3 Ph  Pd(acac)

The latter example exists in equilibrium with another isomeric
form involving a ring opened butadienyl structure.

81,82

(iii) Five membered rings €ele

S

(CO)BF'ef-——--Fe(CO)B

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,
+
Fe(CO)3 which is formed by protonation of the

83

corresponding cyclohexadiene complex in strongly acid medium ~ and

Rh(PF3)3 which is prepared by the insertion of

1;3-cyclohexadiene into the metal hydrogen bond in HRh(PF3)4 84,

are very commoll.

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

3

are usually very reactive. For example the »”-bonded complex (a)

is formed by nucleophilic attack by CN on the cycloheptadienyl-

rutheniumtricarbonyl cation, a reaction which is easily reversed

+ 85

on treatment with Ph_C « The iridium complex (b)86 is a

3

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 73—allyl type structure on

87

the basis of infrared and variable temperature NMR results '.

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

(i) Novel diaza—nB-allyl complexes such as,

Mn(CO)l+ (Ar = Ph, p-tolyl)

were obtained in a photodecarbonylation reaction of the cyclic

188,

carbamsyl complexes f(CO)4ﬁnCO.N(Ar)C(Phjﬁ(Ar)

(ii)

: CHC1
//
CH? %\ Pdacl
. \ \

0 2

The above complex is an example of an oxo—vB-allyl complex which
was prepared in 93% yield from the reaction between diazoacetone
and [(PhCN),PdCL,] 89,

(iii) Silicon analogues of nB-allyl complexes represent the first
90

examples of stable 'doubly bonded siliconf compounds €elo

Fe(co)3(sme3)

(iv) The complex [(BSE,)Pt(PPh;),] contains the B3H72— ion which

is isoelectronic with C_H_ and the authors claim that it is a

35
r-borallyl analogue of [(CBHB)Pt(PPhB)Cllon the basis that they

91

undergo similar reactions” .
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SPECTROSCOPIC CHARACTERISATION OF ALLYI~METAL COMPOUNDS

Proton NMR Spectroscopy

OT-Allyl-metal complexes:

An uq-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 s-bonds). These are

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

EHb)  H(e)
::>C ::=:(3<:: M
H(a) /
G EG)

Figure 1.6: The vq-allyl group

Chemical shift ranges for the different protons are typically

H(a), H(b), 6 = 3.5-5.03 H(c), & = 5.5-6.5 and H(x), & = 1.5-3.0 ppm.
Providing simple first order splitting rules apply and the molecule
is not fluxional, an ABCXé pattern, similar to that found for the
allyl halides92, is expected for such compounds. This type of
spectrum for example is observed for [(vq-CBHE)Mn(CO)5]93:

H(a) = 4.92 (d, 17 Hz), H(b) = 4.68 (4, 10 Hz), H(c) = 6.15 (m),
2H(x) = 1.85 (4, 9 Hz) and [(n5-c5H5>(71-03H5)Nb(csa)]94:

H(a), H(b) = 4.5 (m), H(c) = 5.90 (m), 2H(x) = 2.73 (4, 8 Hz),

(ppm relative to TMS).

There are however examples of 71-a11yl compounds where the 1H NMR
spectrum is considerably simplified and corresponds to an AX4 spin
system. For example the room temperature spectrum of

[(V1-CBHS)Ti(Et2N)3]95, H(a) = H(b) = 2H(x) = 6.45 (4, 11 Hz),
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H(c) = 3.1 (quintet, 11 Hz). It is likely that the equivalence

of the terminal protons is the result of a rapid ”1_'”3_,”1

exchange process. Indeed this seems certain for the

1 96
[ (% —CBHs)Pd(PPhMeZ)Lzl, systems”" (L, = 0,CCH,N; S,Cle,, ),
where NMR measurements over a range of temperature clearly show
the presence of both vl-and vg-species.
7

-Allyl-metal complexes:

Whereas the 71—a11y1 group has four inequivalent hydrogen atoms, a

static, symmetrical v3

-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)

HQ\\‘ //,,\\\ //,H(m )

|

H(x) H(x')

Figure 1.7: The symmetrical vB-allyl group

Again the first order rules are applicable and an AMM'XX' pattern
is expected. However the coupling constants J(MX) and J(MX'),
being small, are only detected in high resolution studies and so

the majority of symmetrlcal n3

-allyl spectra can be ass1gned to an
AMEXé spin system. Indeed it was the observation of such a
spectrum that first demonstrated the symmetrical nature of the

3

. 3 97 3 198
7”-allyl-metal bond in [( -0355)00(00)3] and [(7 -c3H5)Mn(co)4] .

3

Comparison of #~“-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 nB-allyl complexes are typically in the
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ranges 9-14 Hz (anti), 5—’!0 Hz (syn), 0-2 Hz (gem) and although
lower than those of alkenes, the sequence of relative values

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

H(b) H(c) J(ac) trans = 11-20 Hz
N .

c——=cC J(bc) cis = 6-14 Hz
/
H(a) J(ab) gem = 0-3.5 Hz

Figure 1.8: Typical 1H—coupling constants in alkenes’”

Added confidence to the assignments is gained if the experimentally
measured syn-, anti-, geminal and long distance coupling constants
are compared with values obtained from theoretical calculations1oo’101.
The observed and calculated results are usually in close agreement.

A diagram of an AM2Xé spectrum with typical chemical shift values

is given in Figure 1.9.

Assignment H(a) H(m) H(x)
Intensity ratio 1 : 2 : 2
Typical § values (6.5-14) (5=2)  (4-1)

(ppm vs. TMS)

Figure 1.9: Diagram of an AM.X_ 73-allyl NMR spectrum
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As with n1-allyl complexes the Tmo® spectra of some y3-allyl

104

complexes (e.g.[Zr(”B-CBHB)hJ and [Th(ﬂB—CBHs)Alq) are sometimes

misleadingly simple and an AXu 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 AX4 spectrum may be 'frozen out' to give the expected
AMéXé pattern. For example the coalescence temperature for
[Zr(73-03H5)4] is about -40°C'? and for fTh(v3-03H5)4] about 50°C’.
The hafnium complex [Hf(qB_CEHB)kl displays an AXQ spectrum even at

-7200 indicating that the activation energy for the dynamic

process in this compound is very 10w105’106.

As a result of substitution e.g. [(7°-1-MeC Hﬁ)Co(CO)3]1O7,

3
]108

stereoisomerism e.g. [(75-05H5)('73-03H'5)MO(CO)2 , or fluxional

processes involving intramolecular rearrangements e.g.

[(PPhB)2012Rh(ﬂ3-2-Me03H4)]109 and intermolecular rearrangements
110

€eSe [(n3—04H7)PdCI]2 s the NMR spectra of n3-ally1 compounds

may be considerably more complex than expected. Fluxional

3

behaviour amongst n“-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

3

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

widely accepted mechanism is the 7 —1?-”9 movement, which is

depicted in Figure 1.10 for the [(v3—2-MeCBHﬁ)Rh012(PPh3)2]systemqog.
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From the preceding discussion it is clear that 1H NMR spectroscopy
is a very powerful technique for the study of allyl-metal complexes
of all types. The information gained, particularly by variable
temperature measuéements 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.

1H 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

During the past ten years the use of 130 NMR spectroscopy for the

study of organometallic compounds has greatly increased, with the
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103

advent of more sensitive and widely available spectrometers ~.

However, with the exception of perhaps palladium complexe536’104’11o,

3

relatively little data has been obtained for 7 -allyl-transition

metal systems. Nevertheless 130 chemical shifts of 03—a11y1

ligands11,36,39,104,111-113

can be quite characteristic. The
terminal carbons C(1) and C(3) have shifts in the range 35-80 ppm
(relative to TMS) and the central carbon C(2) resonance falls in the
range 90-140 ppm (Table 1.2), reflecting the electron distribution
within the allyl group. Thus C(1) and C(3) possess more electron
density than c{2), which is deshielded and found at lower field.

This is consistent with the donation of m-electron density into the

allyl- ¢2 orbital which has a nodal plane containing C(2)39’112.
Table 1.2: Selected ~C NMR Data
Compound Ref 130 Chemical Shift
(ppm; TMS = 0) -
c(1) c() c(3)
[(v3-2-Me03H4)Ed(PEtZPh)zl[BF4] 36 71.0  136.3  71.0
3 ST -
[( -CBHS)Pd01]2 104  63.2 111.9 63.2
3 .
[(nB- 335)Pd3r32 - 104 65.2 111.3 65.2
[(vB-CBB;)_)PdI]2 | . 104 68,0 110.2 68.0
[ —CBHE)Pd(PPhB)Cl] 104k 62,0 118.7 9.4
[(?3-1-Me03H#)NiBr]2 112 71.2 105.6 L49.6
3 P
[ -CBHB)Mn(CO)éK01-Pr)3PL2] 11 U3.0  93.3 43.0
[('73-1-Et03H4)Mn(CO)4] ' 39 37.0  92.7 710
3
[ —CBEB)MO(CO)Z{P(OMe)B}zcl] 113 76.0 11k 76,0

[(03-2-Me03H4)Mo(CO)2{P(OMe)3EFl] 113 75.4  130.0 75.4

13

C Chemical shifts appear to be sensitive to substitution in the

104,112

trans-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<(Cl<acac <C5H5. The few H - C coupling constants

39,112

measured fall in the range 155-165 Hz which is typical of

sp2 hybridised carbon atoms.

Vibrational Spectroscopy

Partiél data for allyl vibrations, particularly between 1650-
1300 cm-1’has been reported for many allylftranSition metal
complexesqq4. It is in this region that vibrational spectroscopy
is of greatest value in determining whether the allyl group is ;—
or 7°- bonded. Some typical results giving v(C=C) for q1-allyl
complexes and the highest band in the 1510-1370 cm-1 region for

3

p”=complexes appear in Table 1.3.

Table 1.3: Cﬁéfé@%efiéfiﬁAf&equen01es (Eﬁ.id‘fbf v1 and nz-allyl
Groups in Some Tran51t10n Metal Complexes
Compound e e e e 7].1.-a,]_],yl ;73-al]_y]_ Ref
1 .
(7 '~C,E ) Ti{N(EL) )} 5] 1602 95
5_ 3 1 :
(r7-CoB),, (7= CoH, ), (n =C5B )Zr, €11 1599,1588 1533 115
(¢ 55:),V] ‘ 1520 115
[(71 -C }15) ('-c HB)Nb(CS )] 1605 ok
i 51{5)2(: - 3)5{5)1\1':31 1480 116
CBHS)(v -03H5)W(CO)3] 1609 117
5 3
(&7~ CoB5) 7~ C5H )W (o), ] 1476 117
[(n1-c HB)Mn(CO) ] 1617 118

[(v -c H JRu(CO). c:1] 1462 119




2k

The n1-b§nded complexeé have a characteristically strong infrared
and‘Raman active band attributed to »(C=C) (A!), whereas the
spectra of n3- derivatives contain no such band. Their vibrational
spectra do however show three moderate intensity bands between
1510-1370 cm-q which may be assigned, although not unambiguously,

to the w(cCC) (a"), 5a(ca'2) (a") and 68(011'2) (A') modes.

The vibrational spectra of several 73-allyl complexes have been

studied in detail 0120126

and with only minor differences in
specific assignments, overall agreement is good. TFor an 03-
allyl group of Cs symmetry group theory predicts eighteen normal

modes of vibration (10A' 4 8A") (Table 1.4).

Table 1.4: Numbers and Symmetries of Normal Modes for an n3-A11y1

Group

Vibrational mode® CS Symmetry species

v(CH) A

v (CH,) 2A' 4+ 2a"
5 (CH,) A' 4+ AM
= (CH) At

scE) v .

v (cce) A' 4 A"
p, (CH,) A 4+ AV
e (CH,) A' 4+ AT
e, (CE,) A' + A"

3 (cce) A

asymbols used are conventional127

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

metal skeletal vibrations (Figure 1.711), 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 [(vB-CBHS)PdCIJ2 based upon

frequency shifts observed in 104Pd and 11oPd isotopically labelled

.12k
species ~ ',
f T ! 1
C C
c o c7 g
}
M M
A' symmetry stretch A" symmetry tilt
! “
O Cs
T xg RECEESNS,
| | =
M M
A' symmetry tilt A" symmetry torsion

Figure 1.11: na-Allyl-metal skeletal vibrations

Of the 71-allyl transition metal complexes reaéonably complete

vibrational data have been reported only forBﬁ1-C3H5)Mn(CO)5]128

(Table 1.5). The assignments are similar to those of q1—allyl
129

derivatives of main group elements ~“. For comparison the

vibrational spectra, together with proposed assignments arising

from allyl modes, for [(nq-CBHE)Mn(CO)5]129 and [(vB-C HS)Mn(CO)q]qo

3

are presented in Table 1.5 overleaf.
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Table 1.5: Vibrational Frequencies (cm—1) and Assignments Proposed

for Allyl Modes in [(71-C,H,:)Mn(CO),:] and [(v3-C7H=)Mn(CO)L+J
- 7 7 PP 7

1 128 3 Lo
((n -03H5>Mn<co)5] [ -03H5)Mn(00)4]
Frequencya Assignment Frequencya Assignment
3085 A' v(CH) 3078 AT v(CHZ)
3000 Al v(CHZ) 3025 A' v(CH)
2975 Al v(CHé) 2973 Al V(CHé)
2934 an V(CHZ) 2964 A v(CHa)
2865 A V(CH2) - 2948 A V(CH2)
(o]
1617 A' v(C=C) 1503 An aa(C'Hz)
1465 \ 1462 Al 6S(CH2)
1448 a 1397 A"y (cee)®
Lar @ &
1405 23 1214 A' m(CH)
{ + 8% : |
1382 =Y 1143 A" §(CH)
T R
1297 5 1017 A' v (cce)
Q . S
/
1204 1007 At pt(CHZ)
1080 X 980 Ju pt(CHZ)
1032 R g_og 920 | Al pw(CHa)
Q T
o7 | A ce3 g (o)
8 Y 88 AN
989 O é" 7 e, (CH,)
920 8 & 77k A" p (CH)
¥l r 2
752 g 520 A' s(cce)
882 Ar v(CC) L12 A
b allyl-Mn
- A s (cce) 387 A
b modes
- A' v(MC) 227 A

?recorded in CClu solutionss bspecific 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 of several isoleptic nB—allyl complexes have been reported

106,130 and these compounds seem to follow straightforward

3

fragmentation patterns. However when the # “-allyl unit is present

130~-135

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 03H5 and
other ligands (e.g. CO, halogen136). Decomposiﬁion of the C3H5
unit by loss of CH? or Hé 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 nB—allyl-
metal complexes131’132’134’136. For example the most abundant ion
in the mass spectrum of [(ns-C5H5)(n3-C3H5)Ru(CO)] was

[(CgE, Ra(CE;) T 136,

PREPARATION OF ALLYI~TRANSITION METAL COMPOUNDS

ﬂq-Allyl Complexes

The main routes to nq-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 71-derivatives may be subject to easy decomposition

3

to 77=-allyl compoundse.
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(i) Grignard reactionss
This method represents one of the most used routes for g-alkyl

complexes which has been adapted for the synthesis of n1-allyls oo
[(R,N);TiBr] + allylvgcl — [(v1-allyl)Ti(R2N)3] + MgBrC1%?

(ii) Synthesis using anionic metal species:

Treatment of suitable anionic transition metal complexes with allyl
halides under controlled con?itions often leads to the formation of
an n1-allyl complex e.g.

-[Mn(CO)S]- + allle'——*[(nq-allyl)Mn(co)E] L x 93,118

[Ru(CO).Cp]™ + allylX —=[( -allyl)Ru(c0).Cpl + X~ 122
2 2

2[00 (@)1 + allylX — [ '-allyl)Co (M ] + [ co(am) X" ™7
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 nq-allyl complexes €.gZe

5 5 1 138
[ -c5H5)Fe(co)2H] + CHECHCHCHZ—-[(’I -05H5)(71 -C4H7)Fe(CO)2]
3

. 1 .
(iv) 7”- to » - conversions:

Such conversions are usually accompanied by the coordination of

a simple molecule such as 502 or 082 to the metal e.g.

5 3 5 1 ok
(@ 'CBHB)(" - Hs)N'b] + CS, —[(r7-C.H_)(» -03H5)Nb(052)]

G5 55

3 . 1 i 139
[(n —0355)Rh(PPh3)2012] + 80, ((y 03H5)Rh(PPh3)2(s02)c12}

2

nB-Allyl Complexes

The number of qB-allyl-transition metal complexes is very large and
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consequenfly their methods of preparation are many and diverse.
However several generally applicable syntheses can be distinguished,
some of which involve nq— complexes already describgd as inter-
mediates which may or may not be isolable. In addition there are
specific reactions which lead, sometimes unexpectedly, to the
isolation of nz-allyl complexes, some examples of which are given
at the end of this section.

(i) Use of anionic metal species:

The use of anionic tfansition metal complexes for the synthesis of
novel organometallic species is widely exploited and several

140-143

reviews demonstrate the versdility of such compounds. Allyl

compounds are no exception and the route has been successfully
employed to produce many such derivatives under mild conditions93,

118,132,144-1496

fCr(CO)B(bipy)Cl]_ + allylCl —
[(n3-a11y1)0r(co)2(bipy)01] +C1- + colH5

[w(co)q(acac)]' + a11y1x-—-[(n3_a11y1)w(co)2(acac)x]"+ 200147

- 3 - 148
[00(00)4] + 03F51-—*-[(v -03F5)Co(co)33 + I +CO

[V(c0),, (diars)]” + a11y101-—-[(n3-a11y1)v(co)3(diars)J +Cl™ + co'9

(ii) Oxidative addition reactions:

Oxidative addition reactions occur when the addition of aille to'A
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.

50 151

y a concerted insertion reaction y a

152

atom bearing halogen1

and initial coordination of the C=C to the
53

metal as the rate determining step1 « The above anionic reactions

radical chain process

are particular examples of oxidative additions but this type of

reaction is frequently employed to produce neutral nB-allyl
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complexes €ege

[Mo(CO)LI_(phen)] + allylX —[(n 3-allyJ.)Mo(co)2 (phen)X ] + 20015[+

[W(CO)B(MeCN)B] + allylX — [(n3-a11y1)w(co)2(MeCN)2x] + MeCN + co78

[Ir(co)(PPhMe2)2c1] + allylX — [(n3-a11y1)1r(co)(PPhMe2)201] + X 27

(iii) Grignard reactions:
A1yl magnesium halides often react with transition metal halides
to give n3-ally1 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, + 2allylNgCl — [(773—ally1)2Ni] + 2MgBrCl12?

L0n°-CgH Mo (17-21151)C1 1, + allyl¥gcl —
[(’76‘C6H6)M0 (TIB-allyl)zj + 3@012156,157

’
c:rc13 + 3allylMgBr — [(v3-a11y1)3<:r] + MgClEr + Mghr, + MgCl,

These reactions may be regarded as a transfer of the allyl moiety
from a main group metal to a transition metal with halide eXpulsione.

A similar type of reaction has been reported using allyl-tin

reagents158’159 €eBe

Re (CO)GEr + allylSnMe; — [(vB-allyl)Re(CO),_{_] + BrSnMe_ + CO.

3 3

A mechanism involving the coordination of the C=C bond has been
proposed and is illustrated in Figur; 1.12 overleaf.

(iv) Reactions of conjugated dienes:

nB-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.ge

[(v6-06H6)(n4-04H6)(v3-03?.5 MoTt 4+ B —

[(n 6-C6H6) (773-1—Me03H,+) (& 3-03115 Mo 127
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[(01-C6H5‘)Mn(00)5] + G H, — [(n3-1-C6H.5CO-3-MeCBH3)Mn(CO),_Pf60’161

[HNi{P(OMe)B} 4]” + CH, — [(nB-’I-MeCBHLl_)Ni{P(OMe)B }3]" + P(OMe )3162

In the second example studies using 1,1,4,l-tetradeuterobutadiene
reveal that a 1-4 hydrogen shift occurs to give rise to the

observed product [(7)3—1-C6H5CO—3—CD3.CDCHCH)Mn(CO)h]

/CH\
CH—3SnMe_ + Re(CO)5Br

cx, : ; .
Me S \:‘\CHE
) ) \ﬁH
RN I /\Cﬂz ~Me ;Sufr N ! g/ CHL,
e | o oo | oo
co co

Figure 1.12: Proposed mechanism for the reaction between

Re(CO)_Br and allylSnMe.
Py -

(v) loss of HX from simple alkene complexes:

[(772-03H6)Pd012] ,— [(n3-c3H5)Pd01] o+ 2uc1 163

(vi) ligand exchange:

There are many examples where ligand exchange in previously

prepared n3-a11yl complexes affords new compounds’”+6 15, 164, 165e. ge

[(ﬂB-GSHE)Mo(CO)z (bipy)CL] + TLSCGFg —>

[(723-031{5)Mo(CO)2(bipy)(SC6F5)] s Mt

3 = —
[((n”-CcH) MoZ(CO)L}(#-Cl)B] + 2CHN

3752
3 - 165
2L(n -0335)Mo(co)2(05H5N)2¢] + Cl
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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-
166,167 168

carbon solvents or by vaporisation and cocondensation €e8e

Pd (powder) + 2allylBr — [(7I3-allyl)PdBr]2166

Ni(atoms) + alller-——-[(vs-allyl)NiBr]2168

3

e 1 .
(viii) 7 to »~ conversions:

There are many examples reported in the literature in which, by

3

various methods, an 01-allyl group may be converted to an 7 “-allyl
group, with expulsion of another ligand e.g.

hv
or heat

[(7"-C,H,)4n(CO),] [0 %-0,8, Mn(c0), ] + 093:118

5 1 5 3 169
(& -05H5)2(7) -CBHS)ZWJ + HFF —[(y -C5H5)2(v —CBHB)W'JPFé + C5Hg

5 1 hv 5 3 132
[(n -0535)07 ‘C3H5)R“(C°)2]—’[(” -c5H5)(n -cBHE)m(co)] + CO

(ix) Specific reactions:
i 3 170
)\\Fe(CO)B + HCL —s [(n-=2 Me0334)Fe(CO)301]

3 171
D—CO—Mn(CO)5 + PPh3 —s[(7 -CBHB)Mn(CO)B(PPhB)] + 3C0

3 . 3 . 172
[(» —03H5)2N1] + Fe2(00)9 + 2I2——2[(v - 3H5)Fe(CO)3I] + NiI, + 3C0

2[(n"=C 8, Mo (0), Br] 25
7 3 A n 173
L(n -C7H7)(rl -C7H7)M02(CO)2(M-OCH3)3] + 2C0

CyH,/BtOH -

N:.Cl2 + 04H6 + 2PPh3 + Zn

> 1 - :
[ -CBHB)MO (CO)B(” ~CH,0=CH)] +50330H —_— 3 i,
[(n —C5H5)Mo(co)2(v —Z-CH300203H4)]

3 .
[(» —CL}H.7)N1(PPh3 )2][Zn013]

’fg(cozm

CH !

2 1

@ re — | —Jazt e 175

(co), B R (co) R

A\

CHPh
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EHPt(PPhB)z(CO)][0104] + CH,=CHCE,NH, —

[(’73- BHE)Pt(PPhB)ZI[ClO’{-]-i- co + NH3176

e _— 3 177
[HRh(PF3)4] + CH,=C=CH, [ CBHS)Rh(PFB)BJ + PF

3
5 Y
0 ‘_ééL__* 0 178
rot.
c : ;
(CO)zcr-‘———-l (€O~}

]

/,
/,
/,

Snniig

ATLYL, 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.ge. [cr(C3H5>3] to those containing a wide
variety of mixed ligands. The majority of such complexes obey the
eighteen electron rule and often form stable crystélline solidse.
In cases where this is not so, the compounds formed are exceedingly
reactive, for example, a solution of trisallylchromium (formally
15e) absorbs carbonrmonoxide at one atmosphere pressure even at
—60°C,ileading eventually to the complete expulsion of allyl
ligands, thus£

3 1
[(03H5%pr3 + 600 —=Cr(C0)g + 3C.H,

A11yl complexes of the Group VI 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

35
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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 allyls in the references cited below.

Isoleptic Allyl Compounds

As weii as [Cr(CBHS)B]complexes of the type [(”3-03H5)4M] (M =‘Mo,W)’l

y1248:198 291 into this

48,198

3 =
and [(7 -CBHB)CMACBHB)Mla (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 1.73).

Figure 1.1%: A diagrammatic representation of the structure of

Q],198

Allyl Carbonyl Complexes

Many of the known allyl complexes of Group VI transition metals also
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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may contain a variety of bidentate nitrogen donors53’145-147’154’

164,165,170, 181-187 3k4,35,42,113,

, phosphorus or arsenic donors

188-192 25,146,147,173,192,193

, and oxygen donors , in conjunction
with halides, pseudo halides, monodentate lewis bases, carboxylates

etc.

Figure 1.14: The allyldicarbonyl unit in a pseudo octahedral

environment

)W (S0E, ) (CO), (phem) 1",

164
a

Typical examples are [(ﬂ3-03

[(nB-CBHB)Mb(AsPhB)(00)2(bipy)][BF4] nd

[(UB-CBHB)MD(NCS)(CO)Z(bipy)lqaa. In the latter example a single
crystal X-ray structure determination has confirmed the above
stereochemistry for the CBH,)_M(CO)2 unit. This fac-arrangement of

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

least ten other complexes, for exampleIIVB-CBHS)MO(00)2(sa1a1)py]218

and C(VB- HS)MoCl(CO)a(dppe)]190 and has been proposed for many

€5
mmM,mmasUPJ;QMM@E@MQf&(X=m,h,Dmnme

basis of spectroscopic data. Many complexes of this type are

prepared from [(73- Hé)MoX(CO)z(MeCN)ZJ by a simple ligand

C
3
displacement reaction. However the complex

[("3_03H5)Mb01(00)2{P(OMe)B}Z], which was readily prepared by this

route, adopts an unusual pentagonal bipyramidal structure52

(Figure 1.15, overleaf).
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o aa

Figure 1.15: The structure of C(UB—CBEI_E)MOCI(CO),,{P(OMe)7},,]

Some of the first examples of anionic complexes containing the
CBHSMO(CO)2 unit were prepared by the reaction of allyl halides with
the parent f-diketonate tetracarbonyl anions [M(CO)q(diket)]_ 47

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

AsPhy, [(n3-03H5)w01(co)2(hfacac)] and Bt N E(»73-c:LlLH7)Moc:1(co)2 (acac)].
Recent X~-ray studies have again confirmed the presence of the usual
allyldicarbon&l stereochemistry (Figure 1.1%) in the related

25
compounds [(vB-CBHB)Mo(py)(CO)Z(acac)] and

3 193
CCn —CBHE)W(OECCFB)(CO)E(CHBOCHéCHéOCHz)] .

Although less common, there are several examples of allylcarbonyl
complexes containing other than two carbonyl groups. An interesting
example is provided by the compound
E(vz5-<:5115)(173-<:3H5)Mo(co)(1\10>:l[1@>F6]19LP for which variable

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

1

Mo_\* A
oc _— W oc T~ /’;\\
ON / / /B

Three carbonyl groups and a monodentate carboxylate ligand are

present in ‘1”3'C3HE)M001(CO)3(Ozcchﬂé)]- and related qomplexesqq7,

whilst tricarbonyl complexes containing a 'monohapto' allyl group

are also known e-g.E(v5-c5ﬂs)(v1-0355)M(co)3], o = Mo, w)281195,

Irradiation of cyclohexane solutions of hexacarbonyltungsten and
allyl halides with ultra violet light yields unstable complexes of
the formilae [(r°- 585 )W, (C0)(CL ] and[(v3-03as)wx(co)4] x = Br,1)"%.
Infrared spectral results suggest that the latter must contain a
EEETM(CO)q moiety although variable temperature NMR spectra

indicate the presence of isomers resulting from conformational

changes about the allyl group. Several compounds containing the

ions [(n3_0335)2Mb2(co)#x3]‘ (X = CL,Br) have been isolated'!7’ 165

197 and the presence of triply bridging halogens postulated. This

feature has been confirmed for

[(vB—CBES)Mb(CO)a(MeCN)B][(WB-CBHB)aMbZ(CO)A(#—CI)BJ by an X-ray

crystal structure determinationaq.

Allyl Complexes with Carbocyclic Ligands

Examples of CGroup VI 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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which represents a system in which the allyl moiety may be n1-,n2-,
3 199

or 7”-= bonded

[&r°-C H5)(’7 ~C,H, )Mo (NO) (c0)1* Acetme [&°-C H5)(rl -C HS)MoI(NO)]

(1) (III)
[S,0MMe ;1" [s,CiMe,]”

L v
O
N\ —
Mo N CHCF s>CNM€'2 IR s—Mo—-8
% ON/ / 2 ON/ Ys_) ChiMe,
CE,
(11) (V)

The complex (I) reacts with [SchMeZ]- giving (II), which contains
a substituted qa—allyl group, probably derived from (I) by direct
_nﬁcleophilic attack of the dithiocarbamate at a terminal allylic

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

3

expelled and the 77 -bonded group is retained in the resulting

complex (III). This complex may subsequently be treated with
(SZCNMEZJ— to afford (IV) in which the allyl group is forced to
adopt the monohapto configuration by the polyhapto dithiocarbamate

group. Structures (II) and (IV) have been confirmed by X-ray
199

analysis .

Other typical examples which contain the allyl ligand in conjunction

with carbocyclic ligands are [(V6-C6H )(”B—CBHB) Mol and derivatives

169

156,157 5
thereof and [(# -05H5)2M(17 03H5)2], (M Mo, W) The

latter may easily be protonated by dilute aqueous HPF6 to give the
3

corresponding n~”-allyl complexes[(ns-CBHB)2M(73—0335XWEF6] 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
of these are manganese compounds. The first nq-allyl manganese
complexes were prepared in 1958200 by the reaction of the
pentacarbonylmanganate (I) anion with allyl halides. Their
subsequent decarbonylation, achieved either by heating at 80°C or

3

by u.v. Iirradiation, afforded the corresponding »

93,118

-allyl complexes

according to the equation: -

N »
Na[Mn(CO)S 1+ C3H501 —[( —CBHS)Mn(CO)B] + NaCl

80°¢
or hv

2
L(» -CBHS)Mn(co)4] + CO

39,40,102,128,212,215

Snce that timerreports of similar carbonyl-

manganese compounds such as [(1?-R03Hﬁ)Mn(CO)5],(R = 1-Me, 2-Me,

1nm%,Lm,uafﬁam[@1Mﬁﬁmwmg,m=Emi¢w”,

)212

(R = 1-FC6H£, 2_FC6Hﬁ have appeared sporadically, including

some mentioned in patent5201a-d.

Until very recently the only reported ligand substituted n3-a11y1-
manganese complex was [(UB-C H_)Mn(CO) (PPh3)1171 which was

35 3
produced by a concomitant decarbonylation and ring opening process
in the reaction between PPh, and the cyclopropyl derivative, as

>
follows:

3
[:>»—CO-Mn(CO)5 + PPhB-—-u[(v -CBHS)Mn(CO)B(PPhB)] + 3C0

A rather similar ring opening reaction.22 yielded the first qB-allyl

manganese complex containing a sulphur donor ligand thus:



age. MeOH
+ EMn(co)5]' —_—

I
m m e

Whilst this work was in progress a report appeared in which the
preparation of the derivatives [(n3-CBHs)Mn(co)4_n(PR3)n], (R = OMe,
n=2,3; R=Et, Oi-Pr, n = 2), by partial substitution of CO,

was described11. A1l 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(I) - Mn(III)
couple, involving the intervention of an nq—allylmanganese(III)
complex and ligand dissociation, was proposed to account for the

3

catalytic activity but rapid 77 - & nq- interconversion could not

be observed spectroscopically.

Allylrhenium compounds are restricted to the isoleptic derivative
[(nB-CBHB)QReZIZB and a few allylrheniumcarbonyl complexes*. The
former complex was first synthesised in 1977 b& the reaction of
rhenium pentachloride with excess allylmagnesiumchloride. Its

structure was subsequently determined by a single crystal X-ray

*with the exception of an early, unsubstantiated report217 of the

complex:
Re

Q -—-c//ﬁ\\b

VAR
CHBO \_-_00033
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study216 (Figure 1.16).

Figure 1.16: The structure of tetra—n3-allyldirhenium

In contrast to the Cr and W compounds of the same stoichiome’cryl+ ’

198, [(73-63Hs)4Reé]has a highly symmetrical structure (Dah) 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 6f-antibonding character which effectively
cancels out the corresponding Re-Re 8-bonding component. Thus,

with two strong =- 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 qj-allylpentacarbonyl—

132 and

rhenium complexes [(yq-CBHS)Re(CO)sl
[(n1-1,1—Me203H3)Re(éC)5]215 from the reactions of Na[Re(C0);] with
the appropriate allyl halide. However these compounds were at best

only impure and poorly characterised.

Compounds such as [(n3-2-Me03H4)Re(co)4] and [(n3-1-Ph03H4)Re(co)4]

as well as the unsubsfituted.nz-allyltetracarbonyl and corresponding

8,159

manganese complexes, were also obtained15 from the reactions of

Re(CO)SX (X = C1, Br) with the appropriate n1-ally1trimethyltin



k2

reagents, [(R03H4)Sn(01%)3], (Figure 1.12). However, full infrared
and NMR spectral data were not given. In addition.[KnB—CBHERe(CO)4]
was produced, although less effectively, from ReZ(CO)1O and

Lon'- 585)50(CE;),] in refluxing diglyme (a reaction time of 100 h

was required).

Addendum

In June 1979 whilst this script was in preparation a preliminary
219

commnication

-

appeared which reported the preparation of
-allyltetracarbonylmanganese from the reaction of dimanganese
decacarbonyl with allylchloride'by phase transfer catalysis. The
samé techﬁique.was also employed to obtain the triphenylphosphine
substituted derivative [(r;3-c:3H5)Mn(co)3(1>1>113)]171 which the

authors erroneously claimed to be a new compound.
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CHAPTER TWO

ANTONIC TRICARBONYL DERIVATIVES OF MOLYBDENUM AND TUNGSTEN

AND THEIR REACTIONS WITH ALLYL HALIDES




lily o

TNTRODUCTION

Highly nucleophilic carbonylmetallate anions are known to react with

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

146,147,221-223

n3-allyl halides y including some previously

L5

unobtainable chromium compound51 , have been prepared by this _

method.

The anionic tricarbonyl derivatives [MX(CO)BLZJ- M = Mo, W;

X= halide; L2

(eq 2.1), are the precursors for the facile synthesis of a series

= bipy; phen), first prepared from [M(CO)Bcht]224

3 3
of n“-allyl complexes, [(y -CBHE)MX(CO)2L2]
rM(co)Bchth— L, +X — [MX(CO)BLZJ + cht 2.1

A more convenient route to these anions was subsequently found1

(eq 2.2), but full experimental details were not given.

[M(CO),_i.bipy]+ X — [MX(CO)Bbipy]- + 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

3

synthesis of several n~ -allyl derivatives is illustrated.

EXPERIMENTAL

Details of physical techniques, solvents and starting materials

appear in appendices 1 and 2.

Preparation of [MX(CO),L.) salts
g

These complexes were prepared by the direct reaction of cis-

[M(co)4L23 (M = Mo, W L, = bipy, phen) with Ph,PX or Et,NX

(X=2Cl, Br or I) in CHBCN/%oluene or CH?CN/kylene mixtures.
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Typical procedures for one molybdenum and one tungsten complex are
given below and individual details of reaction conditiomns, yields

and elemental analyses for each complex prepared by this route are

presented in Table 2.1.

thPfMoCi(CO)7phen]: [Mo(CO)hphen](O.388 g/1 mmol) was reacted with
L o .

Ph4PCI (0.562 g/1.5 mmol) in refluxing 4:1 to}uene/écetonitrile
(4o cm3) for 1 he On cooling, the product was filtered off, washed

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

Et, NIWI(CO), bipy]: [W(CO)4bipyj(O.452 g/1 mmol) was heated with
.l 4

finely divided Et)NI (1.29 g/5 mmol) in refluxing 8:1 xylene/

acetonitrile (40 cm3) 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 93%.

Preparation of [(VB-RC,Hh)MX(CO)ﬁLh] complexes ¢
I 2 o [“tmay <4

The complex R4ZUMX(CO)3L2] (1 mmol) 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 ié.zgggg, The complex
[(ﬂ3-2-Me03H4)WCI(CO)Zbipy] crystallised only slowly and the reaction
mixture was allowed to stand at OOC for 72 h prior to filtration.

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

Preparation of [(n3—cyclohexenyl)MoBr(CO)ﬂbipyg;

PhAP[MoBr(CO)Bbipy] (0.38 g/0.5 mmol) was added to a deoxygenated
solution of 3-bromocyclohexene (0.81 g/5 mmol) in chloroform (5 cm3)
at -1500. The product was filtered off, washed with dichloromethane

and dried in vacuo. Yield 42%. The corresponding 1,710-phenanthroline
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3

anion reacted in a similar manner, but the n~“-cyclohexenyl

derivative so formed was easily oxidised and could not be prepared

in an analytically pure state.

RESULTS AND DISCUSSION

(MX.(CO),L.]" tricarbonyl anions
o &

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 gig:[M(CO)uLEJ as one of
the decomposition products. With the exception of all but the very
unstable jiodo-molybdenum complexes, the compounds could be stored
indefinitely in sealed, nitrogen filled ampoules. For example, a
two-year-old sample of Pth[WBr(CO)Bbipy] reacted smoothly with
allyl bromide to give [(ﬂ3—03H5)WBr(CO)2bipy] in 90% yield. The
complexes were at most sparingly soluble in non-coordinating
solvents, such as CHCl3 and CHéCla, and were immediately solvolysed
by coordinating solvents, as demonstrated by infrared measurements
and by the NMR spectrum of thN[MoCI(CO)3bipy] 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 spegtroscopic

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

Complexes of stoichiometry [MX(CO)312:], where L, is a bidentate
ligand, may exist in either of two isomeric forms (Figure 2.1).
The facial arrangement allows w-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 = -bonding effects, ﬁLe
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 w-acceptors, (e.g. phosphines

225)

and phosphites where other factors such as steric hindrance

become important.

co -.CO

oc\ | /L | o?
’////’

oC L - X

\M/II'
P

X €0

fac-isomer mer-isomer

Figure 2.1: Facial and meridional tricarbonyl isomers

Complexes of this type belong té the point group Cs aﬁd group theory
(Appendix 3) predicts that both isomers should give rise to three
infrared active v(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 absofptions are
predicted whereas one weak and two strong bands are expected for the
1atter229' For example the compound [MnBr(CO)B{P(OMe)ZPh}EJis a
rare example where both the fac- and mer- isomers have been
isolated. The fac-isomer has three strong »(CO) bands at 2045,
1975, 1927 cm—’l whereas the mer-isomer has a weak band at 2052 and
strong bands at 1972, 1929 cm-q. These structural assignments were

23

originally based upon infrared data 0 but subsequently confirmed
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by single crystal X~-ray diffraction studiesqu.

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

2
Thus when complexes I, II, III, XII,and XIV, for example, were

characteristic of [M(CHBCN)(CO)BIQ], (M = Mo, W and L. = bipy, phen).

dissolved in acetonitrile the infrared spectra were identical,
within experimental error, to that reported for EMo(CH?CN)(CO)Bphen]

which has bands at 1910 and 1787 cm”" in the v(CO) region 225,
PPhy, (M0C1(CO) ;phen] + CH;CN —= [Mo(CH;CN)(CO) phen] + PbyPCL 2.3

If the spectra were recorded within seconds of dissolution, or in
acetomtrile saturated with halide ions which retarded the solvolytic
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 Me4N[MoI(CO)3bipy] and
I:l\li(phen)s'JI:Mo(SH)(CO)Bbipy:lz‘ZLF fac- to mer- isomerisation occurred
on dissolution in acetonitrile. Since there was no evidence of

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

gnd 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.220.
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Table 2.2: Selected Infrared and Force Constant Data for the

Carbonyl Anions [MX(CO0),L.J"
o

Complex V(MX? v(C0)% (em™ ) Carbonyl force cgnstants
(cm ') (mdyne/Angstrom)
LA U Kc K, Xk, K,
I 227 1880 1765 1742 0.59 0.60 12.9 13.4
IT 146 1886 1751br 0.50 0.70 12.9 13.4
ITI 1884 1764 17h42 0.60 0.63 12.9 13.5
v . 227 1887 1769 1748 0659 0462 12.9 13.5
v 153 1886 1772 1751 0.57 0.60 13.0 13.5
VI 1884 1763 1740 0.61 0.63 12.8 13.5
VII 234 1874 1764 1743 0.55 0.57 12.8 13.4
1880 1760 1743°  0.56 0.62 12.8 13.4
VIII 147 1874 1743br c 048 0.68 12.8 13.2
1880 1766 1745 0.57 0459 12.9 13.4
X 1875 1746br 047 0.67 12.8 13.3
X 230 1877 1763 1743 0.56 0.59 12.8 13.4
XTI 158 1867 1753 1736C 0,54 0.60 12.7 13.3
1879 1758 1742 0.56 0463 12.8 13.4
XII 229 1879 1763 1719 0.74 0.60 12.7 13.4
XIIT 222 1884 1766 1737 0.45 0.64 13.2 13.7
XTIV 129 1900 1778br 0,60 0.6k 12.6 13,2
1892 1771 1751°  0.59 0.63 13.0 13.6
Xv 129 1899 1756br 0,51 0.72 12.7 13.2
XVI 127 1870 1747 1726 0.64 0.62 12.8 13.5

1881 1762 1752°  0.51 0462 12.9 13.k4
XViz 125 1877 1737br 0.53 0.75 13.0 13.5

® Recorded on Nujol mulls unless otherwise stated

b 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—ELaYM(CO)Bj derivatives,

where L. = bipy or phen and Y = monodentate Lewis base and

2
w220,225

M= Mo or , the assignment A?1>A'2> A" has been used in

such calculations, resulting in axial »(CO) force constants Kaf
greater than equatorial »(CO) force constants K1, as expected from
simple w-bonding considerations. However for some manganese
complexes gigrﬁMnX(CO)3L2] containing an electronegative halide
becomés lafger than Ké and the A" mode has been

1
assigned to the band at intermediate frequency220’234’236. Since

ligand X, K

the anionic Group VI complexes under consideration are isoelebtronic
with neutral Group VII derivatives of the same stoichiometry, both
assignments were thoughf worthy of consideration and consequently
force constants were also calculated based on the alternative band

order A'4y >A"> A% (Table 2.3).

Table 2e3: Force Constant Data for Alternative Assignments for

iE_'g,,Nﬂlloczl(co)zphenj (XTT) and Et, N[MoI(CO)_ phen] (XIV)
1 T ~

Complex AsSignménts =~ Force Comstants = Delta
1 "

Ay AL, A K K, K K K /K.,

XII 1879 1763 1719 0.7k 0.60 12.7 13.4  1.22

1879 1719 1763 027 0482 12.8 1341 0.33

XTIV 1892 1771 1751 0.59 0.63 13.0 13.6 0.93
1892 1751 1771 038 0473 13,0 13.4 0.51

These calculations yielded »(CO) force comstants of a similar
magnitude to those given in Table 2.2 with Ké:>K1, but with

widely divergent interaction constants (delta = KC/KE‘, 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 K1 or Ké 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 constant234.
This was attributed to 'direct ligand-ligand donation' via a

mechanism illustrated in Figure 2.2.

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 VI elementse.

The effect of back-donation of the increased charge on the central
atom of the anions into carbon-2mr-orbitals results in a significant
decrease of the »(CO) force constants compared with many neutral

fésj[MY(CO)BIQ] specieszzo’zzs’238

« TFor example the values of K1
and Ké for the anions are in the ranges 12.6 - 13.0 and 13.2 - 13.7
respectively, whereas for [Mo{(PhO%?}(CO)Bbipy] K{ = 13.9, Ké = 14.6

and for [W(PhBP)(CO)Bphen] K, = 134, K, = 14.2 220.

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

complexes in this series are illustrated in Figure 2.3. Apart from



5k

H ¥ | | T
1200 800 Loo

E3

2000 1600 1200 800 Loo
] i | 1 [ 1 1 [l [l [ L]

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

A. Ph, P(MoCL(CO)_ bipy] B. Et, NOWI(CO) phen]
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(p = bands due to Ph,P'; n = bands due to Et,N'.)

the three very strong v (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 Ph,+P+ and
Et4N+. No bands due to »(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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confidently assigned to v(MX) because the v(MBr)/u(MCi) and
v(MI)/v(MCLl) frequency ratios found were extremely close to the
expected values of 0.67 and 0.53 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 v(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 corfesponding halopentacarbonyl anions EMX(CO)SJ- 239.
For example in EMoX(CO)5]-v(MoCl) = 248 cm” | and v(MoBr) = 165 em”
whereas for the anions [MoX(CO)Bphen]- prepared in this work
»(MoCL) = 229 cm | and »(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.

A11yl derivatives [@TB-allyl)MX(CO)ﬁénl

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 n3-allyl—metal(II)
derivatives (Table 2.4). This route is particularly useful for the
tungsten analogues which are éifficult 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

154,197

molybdenum complexes , due to the slow kinetics and competing

reactions of the tungsten intermediates. Under the same conditions
3

n”~cyclohexenyl derivatives, and particularly those of 1,10-

phenanthroline, were always contaminated with other products. Using
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the available infrared evidence these impurities were tentatively

identified as an exo-species, probably CMoOBrBPhen] which has

v(MoO) at 968 cem™ 240, and a dihalotricarbqnyl product, probably

1 241

[MoBrZ(CO)BbiPY], having v(CO) bands at 2060, 1985, 1930 cm_
The occurence of such products was probably due to small amounts
of free bromine produced in the starting material by the fission
of the very labile carbon-bromine bond during the reaction.

In order to prepare an analytically pure sample of
[(n3-06Hé)MoBr(CO)2bipy] a change of solvent and a lower reaction
temperature were necessary. The colours of the complexes ranged
from brick-red [073-C6H§)M0Br(00)2bi§y] through maroon

[013-2-Me0354)MbCl(co)zphenito black [ﬁ?B-CBHB)WI(CO)zbipy].

Only complexes XVIITI and XIX were sufficiently soluble for NMR
measurements and good spectra were obtained only in liquid sulphur
dioxide at-57°C. The results are summarised in Table 2.5. The
spectra are in accord with the presence of a symmetrically bound
nB-allyl groub with equivalence of the two syn- and of the two

anti- protons. The pronounced upfield4shift of the allyl-methyl
group is no doubt caused by the shielding effect of the aromatic
rings. The shift is greatest for the 1,10-phenanthroline complex
and in the closely related compound t(ﬂB-E-MeCBHq)Mb(NCS)(CO)2phen]
the allyl—methyl grouﬁ has been shown to lay over the plane of the
aromatic ligand181. The NMR spectra in the aromatic region are also
indicative of a highly symmetriéal structure. Thus the complexes
display an NMR pattern, in this region, which is very similar to

the uncoordinated ligands (phen: 8.70 (d), 8.20 (d4), 7.80 (q),

7.25 (s); bipy: 8.65 (d), 8.40 (d), 7.75 (t), 7.20 (m);6ppm, relative
to TS in CDClB) although a general downfield shift of approximately

O.4t ppm is noteworthy.
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The low solubilities of the remaining complexes in Table 2.4 in
suitable NMR solvents precluded their full characterisation. -
However the absence of an uncoordinated C=C stretch in their soi&d
state infrared spectra and their general spectroscopic similarity
to complexes XVIII and XIX and to other complexes of this

181,182

stoichiometry with known structures indicated they were -

also members of the n3-allyl series.

As expected for cis-dicarbonyls the most prominent feature of the
infrared spectra of these compounds were two very strong bands, of
apbroximately equal intensity, in the »(CO) region separated by
about 80 cm_q. Some of the tungsten compounds had more complex
infrared spectra in this region (Table 2.4) and as suggested

154

previously , 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 802 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 802 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 [(nB-CBHs)Mb(py)(CO)z(acac)] which
exists in both forms A and B in solution but is exclusively of

25

structure B in the solid state™.

Al - . B. A
allyl allyl

Figure 2.5: Geometrical isomers for [(VB-CBE;)MX(CO)QQQJ complexes
T [ Auay'ah
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Figure 2.6: The solid state infrared spectra (Nujol 2400-400 cm_1)

" A. [(773-2-Mec.,H,, )MoC1(C0)_bipy]
PP A o [

B. [(n 3-2-Mec,H,, )MoCL(CO). phen ]
P =

Other bands between 2400-400 cm-1 in the infrared spectra (Figure 2.6)
could be assigned to modes typical of the coordinated aromatic
ligands. Fofiexample, all the 1,10-phenanthroline complexes had
medium-strong bands at approximately 1510, 14320, 1150, 850 and

730 em™ ! and all the bipyridyl complexes had similar intensity

bands at about 1600, 1450, 1320, 1170 (d) and 780 cm_1} 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 n3—ally1-metal(II) compounds had more complex far-infrared
'spectra than the corresponding tricarbonyl anions and consequently
the v(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
with data on analogous ditertiary phosphine derivatives189 and the
ratios »(MCL) : »(MBr) and v(MCL) : v(MI) correlate closely with
those of the bareﬁt anions. The major features in the far-infrared
spectra of three representative 1,10-phenanthroline complexes are
tabulated, together with those of [M(CO)Ll_phen]242 for comparison,
in Table 2.6. In addition to ¥(MX) vibrations, bands due to v (MN),
s(cMc), 6 (CMN), 6 (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 1,10-phenanthroline and the complexes

[M(CO),_l_phenlal+2 (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.

Phll_P[MoCl(CO)Bbipﬂ + CgHBr —

E(n3-03H5)Moc:L(co)2bipy]+ Ph, PEr + CO 2.4

Bt LI_N[MoBr(CO)Bbipy] + C3H5C:L —_—

[(ﬂB-CBHs)MoBr(CO)zbipy] + Et,NCL + CO 2.5
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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.-é.h
had a strong v(MoCl) absorption at 278 cm-1 and no band in the

170 — region due to v(MoBr). Two mechanisms A and B which allow

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

EM(CO)3L23- + CH,=CHCE,Y

A - CO
LG 2—YCHECE=C‘H2 )Mx(co)asz' [(n 1-CHE=CHCH2 )MX(CO)3L2]
fast - ' fast_—7< CO

3
(& —CBHS)MX(CO)zLZJ

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 - [IrX(CO)(PR;),] systems®’. This type of mechanism
is further supported by detailed kinetic studies in which the
reaction of allyl bromide with [Mo(CO)kphen] afforded the product
[(03-c3H5)MoBr(co)2phen] in accordance with the first order rate
law: -d[Mo(CO)hphen]/Ht = Kq[Mo(CO)uphen]243. 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 o-bonded intermediate. Attempts to isolate a related
o-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 invthe v (CO) regi;ﬁ
of their infrared spectra. For example in the reaction between
[MoI(CO)Bphen]— and CBHsBr, 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 e#change was demonstrated when a pure sample of
[(ﬂB-CBHB)MbI(CO)zphen] was stirred with a ten-fold excess of Br
in acetone. The H(CO) band positions for the bromide and iodide
products (Table 2.#) 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.
[ b | ;
| | T=0 J | T = 21
| 1 |
Hn | I
| | | |
I |

|
I | _ _
] i
P | | T =72
! | T = 2.5 I |
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I I
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1945 1873 1925 1833 »(CO) cm”

Figure 2.7: Solid.state infrared spectra of [07B-CEE;)MOI(CO)qpheﬁVBr-
J T

reaction mixtures - variation with time (T)(n)
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Because of the highly nucleophilic nature of the metal carboﬁyl-
anions, their reaction with allyl halides provides an extremely
useful route for the synthesis of n3-allyl-metal complexes. Fo;
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(CO)BLZJ- (M = Mo, W; X =Cl, Br, I; L, = bipy, phen) was
aqcomplished using only minor changes in the basic method. It
therefore seems ﬁrobable that this route could be extended to
produce many different anions and consequently a wide variety of

substituted qB—allyl complexes of the Group VI transition metals.
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CHAPTER THREE

THE PREPARATION AND CHARACTERISATION OF

TRI- u —HATLOGENOHEXACARBONYLDIMETAILATE(I) ANIONS

OF MANGANESE AND RHENTUM
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INTRODUCTION

As the reaction between allyl halides and various anionic transition

3

metal species provides a facile route to n”-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(-I) anion is known to react with allyl
93,118

chloride y 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

are of two types, either cis—[M(CO)HXY]f where M = Mn.mo’211 or

208,24k, 245

M = Re , X and Y are various combinations of Cl, Br, 1

atoms, or ;a_g-cRe<co)3x3]2- (X = 1, Br, 1)208:244-246

The
stereochemistry about the metal in these complexes has been
unequivocally established by infrared spectroscopy in the v(CO)

and v (MX) regions. Thus the former type has four strong v(CO)
-bands (3A' + A") and the latter two (A1 + E for 03v symmetry) or
three (2A' + A" for lower symmetries), and two medium intensity
v(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 [Mz(co)sx?JZ' (M=1Mn, X=Cl, Br, T3 M = Re, X = T)211 24
have been assigned metal-metal bonded structures (A in Figure 3.1).
The types [Re,(CO)X,YI” (X=Y=Cl, Br, T; X = C1, ¥ = gy )2t 245

)246

and [Re,(00) X, 1% (X = €1, 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.

(% (a é) X X Y co
. ocC X (80) ocC X
X——}&-——}g{—-X \\\Ré///'\\\Ré// \\\Ré/// \\\Ré//co
AVANEEE"4 I 7 I g g
C? %& % co CO co co
oc (9 Cco | X 6{0) Cco CO
co oC X co ocC X co
X—\M/—MLX \Re/ \Re/ \Re/ \Re/

/ 0 oc’// ‘\\‘x/// \\\co Y“/// \\\30/// \\\Co
§

co co X co CO

(4) ‘ (B) (c)

Figure 3%.1: Possible structures for binuclear halogenocarbonyl

anions of manganese or rhenium

Recent reports have indicated that the tri- u-halogeno anions

[M2(CO)6(#-X)3]- may also be prepared. Thus EtLI_N[Mna(CO)6(/1-Cl)3]
2k

was isolated as the product of a photochemical reaction between
MnZ(CO) 4o and EtLFNCl in chloroform. The bromo-analogue was formed
in a similar manner but éould not be separated from other products
produced simultaneously. ZX-ray diffraction studies on species of

6
the formulae [ (7 —arene)ReB(CO)gl% ], (arene = C6H5Me, X = Br;

01)248 and [HPOR][Rez(CO)6X3] (POR = octaethyl-

arene = ?6Me6, X =
Br)249’

porphine, X = Clj POR = mesoporphine IX dimethylester, X =
250

, have shown that they also contain triply-bridged anions

(Figure 3.2), The former type therefore also contain
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[(06-arene)Re(CO)3]+ cations.

oc*\ M
//// X

M///
N7\

N

X

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

[M (CO) (u-X).]~
_— O o

Thusrapart from Et4N[Mn2(CO)6(p-Cl)3] which was obtained at best in
19% yield froﬁ chloroform and in only 1% yigld from'diglyme247, all
other pure complexes containing such anions also invalve 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 Et4N+ 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—theoreticél 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 Et, N[Mn_(c0), (u-x)_.], (X = C1, Br)
" [ A%, Py

(a) The reactions between Mn(CO)SX (2 mmol) and Et,NX (1 mmol)-
were allowed to proceed for 5 h in refluxing chloroform (30 c 3).
After cooling, the pure products were filtered off, washed with a.
little ethanol and water and dried in vacuo. Samples could be

recrystallised from acetone-diethyl ether as orange needles although

this resulted in.a considerable reduction in yield.

(b) Bt N[Mn,(CO)g(u- X);], (X = CL, Br) could also be obtained from
the decomposition of EtANEMn(CO)ulein refluxing chloroform.

However separation of the desired products from EtuNX also formed

in the decomposition, by washing with copious amounts of water and
subsequent recrystaliisation from acetone-diethyl ether, reduced

the yield to below 10%.

Preparation of Et,N[Re.(CO0), (u-X)_J], (X = Cl1, Br, I)
L [ J s

The reactions between Re(CO)5X (2 mmol) and Bt NX (1 mmol) were
carried out in refluxing decalin (30 cm3) for 18 h. The resulting
grey solids were filtered off and washed with light petroleum

(4O - 60) before dissolution in anhydrous dichloromethane (80 cm3).
The dichloromethane solutions were then filtered and the volume of
the filtrates reduced to ca. 10 cm3 to afford colourless crystalline

products which were recrystallised from further dichloromethane and

dried in 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 EthN[MnZ(CO)6X3] (X = C1, Br) were obtained initiaily
by decomposition of EtuN[Mn(CO)4Xé] in boiling chloroform (eg. 3.7).
Subsequently analytically pure thNEMZ(CO)6X33 (M = Mn, X = C1, Brj
M= Re, X = Cl, Br, I) were obtained in high yield by the thermal

reactions between M(CO)EX and Et,NX in a 2 : 1 molar ratio (eqe3.2).

2Et,+N[Mn_(CO)4X2]-—oEthN[Mna(CO)éXBJ + Bt NX + 2C0 34

o2

\N

2M(CO)5X + Bty NX ——EtLPN[MZ(CO)6X3] + 4co

Attempts to prepare Et;NLMna(CO)6IBJ 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 EthN[MnZ(CO)6I3]
is associated with the incompatibility of three bulky iodine-

bridges linking two small manganese atoms.

The progress of the M(CO)EX‘- Et,NX reactions was monitored by
examining changes in the infrared spectra in the v(CO) region at
various intervals. In addition to bands associated with the
starting materials M(CO)5.X and the final products [MZ(CO)6X3J_, the
predicted four bands assigned to the C,_ anions [M(CO)4X2]- were

detected during the reaction, as shown in Figure 3.3.

Since the products Et4N[Mn2(CO)6X3] (X = €1, Br) were originally
obtained by decomposition of Et4N[Mn2(CO)4X2] in refluxing
chloroform, and the latter anions could be detected spectroscopically
in the M(CO)5 - EtuNX reaction mixtures, the reactions employing
M(CO)5X must also proceed via [M(CO)4X2]-. The reaction may

possibly involve the bis- u-halogeno anions [M2(00)7X3]_ formed

by the rapid combination of [M(CO)4X2]— with further M(CO)EX before

finally affording the complexes [Mé(CO)6Xérés shown in the reaction
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Figure 3.3: Infrared spectra (v(CO) region in CHCL.) at various
7

intervals during the Et, NBr/Mn(CO)_Br reaction
. ! /

KEY: peaks due to : s, starting material Mn(CO)5Br
*, intermediate [Mn(CO)hBrZ]_
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sequence of Figure 3.4. Other anions such as [M(CO)3X3]2_ and
[M2(CO)6X4]2— are unlikely to be involved as intermediates as
insufficient halide ion is present in the reaction mixture to

generate them.

co co _, " co X -

X \M/ H(C0)X \/ |/

oC

\._/

oC

CO X - 00

\/\/CO_I . OC\}[///{\M/CO
7NN o NN

0 CO

Figure 3.4: Possible mechanism for the formation of theusz(CO)5§§]- o

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
decomposéd almost immediately in acetonitrilé 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 result
of decomposition, a gradual time dependent increase in the
conductance of the complexes in acetonitrile and nitromethane
solutions was noticeable and attempts to obtain Onsager plots

(A vs. &) for the anions was thwarted. However of these two
solvents a slower decomposition rate was found in nitromethane, so
conductance measurements on '10-3 M solutions were made in this
solvent at 25°C, the reading being taken as rapidly as possible
after solution preparation. The results obtained-in this way
(Table 3.1) are in good agreement with expectations for uni-valent
electrolytes in nitromethane, (75 - 95 S cm2 mol™ " for 107> M

251).

solutions

The decomposition of these anions in coordinating solvents such as
acetonitrile is not unexpected Qhen viewed in the light of known

solvolytic reactions of halogenocarbonyl manganese or rhenium

complexes2 012921253 gee for example eqs. 3.3 - 3.6.
[Re(00) ;1% + MeCN— [Re(CO) X, (MeON)] ™ + X~ 5.3
[Re,(C0)X,]%" + 2MeCN—» 2[Re (CO),X, (MeCN)]™ 3.0
2[Mn(CO)5.X] + 2MeCN —= [Mn, (CO) X, (MeCN),] + LCO 3.5
Re(CO)5X + 3MeCN + AgPF, —=

[Re(CO)B(MeCN)BIPF6] + AgX + 2CO 3.6

In order to discover more about the solvolysis process the
decomposition of thN[Rez(CO)6Br3; in acetontrile solution was
briefly studied by monitoring changes in the infrared v(CO) region,
with time (Figure 3.5). Initially the two major v(CO) bands at
2023 and 1907 cm” | due to the [Rez(CO)6Br3]- anion were predominant,

but after only ten minutes there appeared to be approximately equal
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Figure 3.5: Infrared spectra ( v(CO) region) of EthN[Req(CO)sBra]

in acetontrile solution A, 1 miny B, 3 min; C, 10 minj

D, 1h; E, 4 hy F, 18 h.

gquantities of the anion and a new speéies having v (CO) bands at
2039 1934 and 1882 em™ . After about four hours, an equilbrium
was reached in which the v (CO) bands due to the new species were

the dominant feature of the spectrum. These band positions were
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in good agreement with literature values254 for [Re(CO)BBr(MeCN)EJ
( »(cO) = 2039, 1916, 1896 cm-q; Mujol mull) so presumably EthﬁBr

is liberated (eqge. 3.7).
Et4N[Re2(CO)6Br3] + 4MeCN——2[Re(CO)33r(MeC'N)2] + Et)NBr 3.7

The time dependence of the infrared spectral changes of all the
other anions dissolved in acetonitrile followed similar trendé and,

253

in 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
Et4N[Mn2(CO)GBr3] contained only three strong bands of the
decomposition product at 2042, 1954 and 1932 cm (cef. 2043, 1957
and 1934 cm reportedasu for the complex [Mn(CO)BBr(MeCN)EJ);
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 164 and 223 for
the chloro- and bromo- derivatives respectively. The formula
weights of these complexes are 514 and 648 respectively and these
results, which are approximately one-third of the formula weight
(3 x5 =171 and ¥+ x 648 = 216) are consistent with the presence

of at least three particles in solution, and not two as expected

for Et,_FN[Mna(CO)6(u -X)BJ.

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 anofher, Et4NX. 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

publishedzl'l'l7 electronic spectrum of Et4N[Mn2(CO)6C13] recorded in

acetonitrile seems of doubtful value. Indeed attempts to

1

reproduce the results quoted (46 930 cm ', e = 41 500 and 26 730

1, e = 2 720) were unsuccessful. It was found in fact that the

cm
electronic spectra of the manganese complexes were dependent on
both concentration and time. The following values were recorded
for ’10-3 M solutions soon after dissolution and probably represent

the solvolysed species. Equ[MnZ(CO)6Cl3j: N oy = 232 nm

276 nm (26 600 cm-1), e

(43 100 cm 1), e = 13 9303 xmax 1 970

and for thN[MnZ(CO)éBrBJ: A 229 nm (43 700 cm-1), e = 12 L60;

max

Npaxe = 386 nm (25 900 cm-1), e = 1 220. Both species also

exhibited a weak shoulder in the region of 330 mm (30 300 cm-q).

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-1 are presented in Table 3.3. The results are consistent
with the presence of a confacial bi-octahedral anion of D3h 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

EthNCRea(CO)6(u-Br)3]was obtained.

The vibrational representations for an isolated EME(CO)6(“-X)3]-
anion of D3h 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:

—_ 1 ] 1" 1 "
I‘vib = 6A1 + 2A2' + 8E' + 2A1 + 5A2 + 7E
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This gives the following irreducible representations:

— 1 1 " 11t -
IL(CO) = A1 + E' + A2 + E

_ 1 1 1 11
PV(MC) = A1 + B + A2 + K

ry(m) = A1' + Ef + A2" + E"
- 1" 11
Fé(MCO) = A"+ 2B' + AV + 2B i
FB(XM )
C } A' + 2B + AZ" + 2E"
r
s(cMec)

In D311 symmetry, A1' and E" modes are only Raman-active, E' modes
are both infrared- and Raman- active, A2” modes are only infrared-
active, whilst A2' and Aq" modes are inactive. The vibrational

spectrum of solid EtuN[Rea(CO)6(u-Br)3] 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 v(CO) bands are straightforward. Thus a
strong, sharp band at 2020 cm™ | is infrared-active only and is
therefore the A2" 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.k4).
The two remaining v (CO) vibrations of Et4N[Re2(CO)6(u-Br)BJ which
appear at 2040 and 1951 cm” | in the Raman spectrum only are
assigned to Aq' 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 Aq' mode is assigned, by analogy with other fac-tricarbonyl

255-257

species , to the highest energy band because it involves the

similtaneous distortion of all six CO groups.
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Table 3.2: Vibrational Spectra of Solid Et,N[Re._(CO), (u-Br).] (em™ )
Ll [N O v

Infrared Raman® Proposed Assignments
2040 ms Aq' h
2020 vs A2"
1951 m B . v (CO)
1915 sh 1909 ms
1904 vs 1902 ms E' )
1890 sh 1891 ms
671 m A" )
62 P 642 vu B!
629 s 631 vw E' 3 5(MCO)
565 w il
554 vw B
520 vs A,]'
512 sh En
v (MC)
506 s 508 ms B
1"
Los s A2
1
212 m A1
190 vs A2"
v (MBr)
170 vs 170 m ) B
not observed E"
123 m A&'
& (BrMBr)
117 s 117 ms Et

2 Other low-energy Raman bands: 110, 104, 98, 91 and 85 cm-‘I

b A" mode may be coincident, (see text).
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Assignments in the 680 - 480 e region (Tables 3.2 and'3.3) ére
less obvious although the &(MCO) and v(MC) vibrations do seem to
fall into well defined frequency regions. It is generally agré;d
for other fac-tricarbonyl species such as [M(CO)B(U6-arene)]

O = Cr, Mo, WZPP12 ang [Mn(CO)B(ns-C5HAR)] (R = H, Me)*?7,
that the 6 (MCO) modes absorb at higher energies than v (MC) modes.
Group theory predicts three infrared-active §(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 cﬁanging from manganese to

rhenium, which is known to substantially shift the highest

frequency &(MCO) infrared-active band in, for example,

260-262 + 263

(o)1 278429, qucco) X and [M(CO),(MeCN),]
(M = Mn, Re). The magnitude of these shifts are typically about
50 ca” ! to lower frequency but for the remaining &(MCO) bands
this effect is much less apparent and may even be reversed?G?.
Therefore if the A" 5(MCO) mode found at 680 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 &§(MCO) infrared
bands would be observed for rhenium anions.. Inspection of the
infrared spectra shows that the highest energy 6(ReCO) bands are
indeed somewhat broader than the §(MnCO) bands of intermediate
energy. The E' &(ReCO) modes at 642 and 629 e in
EtAN[Rez(CO)6(u-Br)3] are easily assigned because of their
correspondence in the infrared and Raman spectra. The remaining
three bands, which appear at 671, 565 and 554 cm | in the Raman
spectrum only, must therefore be the Aq' and 2E" §(ReCO) modes,
the Aq' 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

of closely similar frequency at approximately 500 cm-1. In Tables
3.2 and 3.3 these are assigned to the E' and A" »(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 A2" mode undetected. However a solution infrared
spectrum (recorded in dichloromethane in 1 mm KBr cells) of
EtAN[ﬁe2(00)6(p-Br)3] in the 6.(ReCO) and ¥(ReC) region also

shows four bands (647, 633, 509, 501 cm—q) thereby supporting these
assignments. Two very strong bands, both only Raman-active, at 520
and 512 cu” | in the spectrum of EtuN[ReZ(CO)6(#—Br)3] are assigned

A,' and E" v(MC) modes respectively.

Apart from the absence of the E" Raman-active V(ReBr) band of
EthN[ReZ(CO)6 (#—Br)3], the v(ReBr) and & (BrReBr) 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 v (MBr)/ v (MCl) and v(MI)/»(MC1)
ratios of 0.67 - 0.74 an@ 0.55 - 0.58 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
similar frequency to such bands observeld‘26l"L for the neutral

carbonyl halides, [M2(00)8(u-X)2] (M = Mn, Re; X = C1, Br, I).
Cege [Mna(CO)S(p-Cl)aj s v(MnCl) -1

29% and 243 cm .

[Mn2(00)8(u-Br)2] s v(MnBr) = 216 and 186 cm .

288 and 240 cm .

[ReZ(CO)g(#-Cl)Z] s v(ReCl)

[ReZ(CO)s(y-Br)EJ y(ReBr) = 198 and 171 cm .

“-e

163 and 142 cm .

[Re, (CO)g(w=I),] 5 v(ReI)
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The infrared spectrum of EtuN[Mna(CO)6(#-Cl)3] 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 5y analogy with the vibrational analysis of

thN[Re2(00)6Cu-Br)3].

el i

i

3000 L 20 | 1600 . -1200 800 Loo

Figure 3.7: Solid state infrared spectrum of the complex

Et,N[an(CO)é(#-Cl)ZJ (3200 - 400 cm™ )

Thus the complexes all display two strong v(CO) bands (A2" + BY)

in their solution spectra (Table 3.4). In the solid state four

or five bands (2A2" + 3E') assigned to §(MCO) and »(MC) and three
halogen sensitive bands below 300 cm_1, v(MX) and &(XMX) (Aa"-+2E')a
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, 1445, 1390, 1300, 1160, 1050, 990 and 780 cm @ in
addition to those tabulated which, by comparison with the known?65

spectra of tetraethylammonium halides, may be assigned to

vibrations of the Et4N+ 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(CO)6CM-X)3]

for Group VII anions (M = Mn, X = N, NCOZ66; M = Re, X = H, EtO,

3
i—PI'0267; M=Re, X= OH, Meo, Etoa n—BuO, t—BuO, CY0268’269).

They are also isostructural and isoelectronic with the Group VI

mbm[%@@éwmﬁ}(M Cr, Mo, W X = F, Cl, Br, I, OH, SCN,

270
Nz, Et0O

with allyl halides according to eq. 3.8.

and M = Mo, W3 X = C1°7), which are known>> to react

[EtAN]3[w2(CO)6(p-Cl)3] + 2C5HCL + LMeCN —

2[(ﬂ3-03H5)W(CO)Z(MeCN)ZCIJ + 2CO + 3Et4N01 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°C), toluene
(bp 111°C), diglyme (bp 162°C) and dekalin (bp 187°C) as well as
pure allyl chloride (bp 45°C) 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 EtuN[Rez(CO)6(u-I)3]

and allyl bromide (eg. 3.9).
allylBr
Et, N[Re, (CO) (u=T).] 7;;&%5;-£m4N[Re2(co)6(ﬂ-Br)33 3.9

After only 15 minutes at 70°C the product, isolated in 100% yield,
contained only bridging bromines, as indicated by changes in the
v(CO) and v(ReX) regions of the infrared spectrum. The Group VII
anions also failed to react with allyl halides dissdlved 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-u-halogeno anions are unreactive towards allyl halides, wif%
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 o-donors

such as MeCN occurs rapidly.
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CHAPTER FOUR

ﬂq-ALLYLPH\ITACARBONYL- ) n5 - ALLYLTETRACARBONYL~ AND

PENTACARBONYIMETHYI~ RHENIUM(I)
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INTRODUCTION

The synthesis of [:('n’l—CBH5

Na[Mn(CO)5] and its subsequent decarbonylation to

)Mn(CO)SJ from allyl chloride and

[(nB-CBHE)Mn(CO)qj exemplifies a classic piece of organometallic
93,118

chemistry . However, as previously noted, the chemistry of

Group VII transition metal-allyl complexes is generally very
limited and in particular there is only one previous reference132
to the corresponding n1—allyl-rhenium complex. This reports the

isolation of [(nq— )Re(CO)SJ,in a rather impure state, after

C.H
35
the chromatographic work-up of the reaction between allyl chloride
and Na[Re(CO)5]. The yield being only ca. 10%. Since
decarbonylation of this nq-allyl complex was evidently not a useful

132, the nB—allyl complex has been

route to [( 3-03H5)Re(co)4]
1r>repa;.r'ed’|58’,]59 by reacting [(01-03H5)Sn(CH3)3] with either
Re(CO)BBr in refluxing tetrahydrofuran or with Rez(CO),]O in
diglyme at 15000 for 100 h. A mechanism was proposed on the basis
of spectroscopic observations which does not require the involve-

ment of [(nq_C Hé)Re(CO)BJ as an intermediate (see pages 30 - 31).

3

It is shown in this work that contrary to previous belief pure

samples of [(ﬂq-C3

90% yield from the reaction of allyl chloride with Na[Re(CO)5]

Hs)Re(CO)53 can easily be prepared in at least

and this complex can be conveniently photodecarbonylated to give
[("3-0355)R6(00)4] in very reasonable yields (ca. 55%). The
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 [CHzRe(CO)BJ and the isotopically
labelled analogues [CDBRe(CO)SJ and [1BCH3Re(CO)5] were

synthesised for comparative purposes. Since only partial infrared
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229,272,273 a detailed

data was available for these compounds
vibrational analysis was carried out. These results, which are

essentially complementary to those of the nq-allyl complex, are

presented at the end of this chapter.

EXPERTMENTAL

Preparation of [(7'-C.H_)Re(C0)_]
o 7

In order to obtain good yields it is necessary to meaintain
strictly anaerobic conditions throughout the preparation and
manipulation of this complex. A solution of Na[Re(CO)5] was
prepared by stirring a solution of ReE(CO>1O (0.326 g/0.5 mmol)
in nitrogen saturated anhydrous tetrahydrofuran (10 cmB) with
0.5% sodium amalgam (2 cm3) at 0°C for 1 h, under dry nitrogen.
After removal of the excess amalgam through a stopcock, allyl
chloride (1.0 cm3) saturated with dry nitrogen, was added. A
colourless precipitate of sodium chloride formed quickly, and
after 5 min all the [Re(CO)sj— had been consumed (as shown by the
absence of anion »(CO) infrared bands). Removal of solvent (15 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 08H505Re: C, 26.23 H, 1.37%).

Preparation of [(vB-CTH_)Re(CO)uJ
5 t

A solution of [071—03H5)Re(00)53 (0.260 g/0.7 mmol) in anhydrous
n-pentane (75 cm3) 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 »(CO)
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infrared bands of the pentacarbonyl and the growth of bands
ascribed to the tetracarbonyl together with weaker bands due to
Rez(CO)1O . Prolonged irradiation caused no further change.
Removal of the solvent (15 mm/20°C) followed by two vacuum
sublimations on to a cold finger filled with solid CO2 gave the
product as fine colourless crystals. (Yield: 0.132 g, 55%;

m.p. 32°C. Analysis found: C, 24.0; H, 1.38. Calc. for C B0, Re:
C, 24.8; H, 1.49%). Recrystallisation of the residue from carbon-

tetrachloride afforded pure Re2(CO)1O. Yield 37%.

Preparation of [CH.Re(C0).J, [2CH Re(c0).J and [CD,Re (C0)J

A solution of ReE(CO)1O (0.652 g/1 mmol) in tetrahydrofuran was
converted to Na[Re(CO)5J using the same procedure as described
previously for the preparation of [(ﬂq—Csﬂs)Re(CO)5]. Methyl iodide
(1 cm3/W6 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
(15 mm/?OOC) and the colourless product twice sublimed on to a
solid CO,-cooled finger. (Yield: 0.400 g, 59%; m.p. 124°C). The
deuterated and 130— isotopically-substituted analogues were
prepared in exactly the same manner using CDBI (1 cm3/15.6 mmol)
or 'CE;I (0.3 cu’/4.8 miol) in place of CE;T. (Vields:

[cD,Re (CO)J5 0.469 g, 72% m.p. 117°C and [130H3Re(00)5]; 0.421 g,

62%; m.p. 122°C).

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 NafRe(CO)5] and allyl chloride had previously

22

been stated =% to give a low yield of impure an-C )Re(CO)sj

H
375
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 [(ﬂq-CBHE)Re(GO)5J.

In addition to the established method of sodium amalgam cleavage

of metal-metal bonds, the use of reagents such as ILi [(C,H.)_,BH]

253
274,275 276 277 as

, potassium hydride and sodium-potassium alloy
explored for this purpose. However, only the alloy is effective
in producing fRe(CO)BJ- 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 Re2(CO)10132’277’278 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(CO)5]-
was achieved after 1 h at o°c. Solutions of [Re(CO)s]- prepared
by this method are red-orange in colour and as well as strong
v(CO) infrared bands at 1911, 186k, 1835 cm™ | they also displayed
weak v(CO) bands at 1969, 1920, 1885 cm_1, indicating the presence

]2- 277,278
9

of a coloured impurity, possibly [Rea(CO) . Extension
of the reaction time caused the concentration of [Re(CO)5]_ to

slowly decline.

[(nq-CBHS)Re(CO)s] is a pale yellow, very air semsitive 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 nq-allyl complex can be stored at

2
room temperature in sealed ampoules under nitrogen for several

months without visible signs of decomposition.

It had been suggested previously132 that Ian—CBHS)Re(CO)B] could
not be decarbonylated to give [KnB—CBHS)Re(CO)4]. The evidence

3-allyl complex can be

now presented however, shows that the 7»
prepared in acceptable yield by photochemical decarbonylation of
[(nq-CBHS)Re(CO)BJ. It is much more stable to atmospheric
oxidation than its nq- 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 o°c. Using the conditions described in the
experimental section, the above decarbonylation appears to be in
competition with allyl cleavage as ReZ(CO)1O is also produced,
presumably by coupling of Re(CO); radicals. The ratio of yields
of [(nB-CBHE)Re(CO)#] to Rez(CO),IO oﬁtained from the photochemical
reaction decreases if the temperature is allowed to rise. This
suggests that the competing reactiﬁn is a thermal one and that
strict control of temperatufe is reéuired in order to optimise the

3

yield of the required #~-allyl complex.

Attempts to widen the scope of the method to include substituted
allyl ligands were less successful, only small quantities of

7>

-allyl complexes being isolated. The following were identified
only by their infrared spectra in n—pentane:[Kﬂ3-2-MeCBH4)Re(CO)4],

[(n3-1-Me03H4)Re(co)4] and [(773-1-PhC3H,+)Re(CO)4], all of which
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have v(CO) bands at approximately 2090 s, 1995 vs, 1980 vs, and
1960 vs (cm™'). No intermediate nq-allyl complexes were isolated

owing to their general instability.

The methyl complexes [CHBRe(CO)s:],z'B’Z'?9 [1BCH3Re(CO)5] and

~

[CDBRe(CO)EJ were prepared by a similar method to [(nq-CBHs)Re(CO)EJ.

A1l are air-stable, colourless solids which sublime readily at

room temperature.

TH MMR Results

(a) [(nq-C,H;)Re(CO):]
5= 5=

The NMR spectrum of [(n'-c )Re(CO)sj, recorded in CDCl. under

H
35 3
low resolution, is of the expected ABCX2 type. It is illustrated

in Figure 4.1 and although similar to that reported previously132

™S
CHCl3 ‘
: I —
L W SR S T S S &

Figure 4.1: Ty R spectrum of [(ﬂq-C,H:)Re(CO):] in CDCl, solution
e - ~

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
obtained are in good agreement with expectations for an nq-bonded

allyl group (see page 17).

(b) [(nB-C,HE)Re(CO),,]
P n

The 'H NMR spectrum of [(nB—CBHs)Re(CO)4] obtained in CDCl3 is

3-allyl group, giving a simple

indicative of a symmetrical n
AMM'XX' type of spectrum with spectroscopic equivalence of the
syn- and anti- protons. The coupling constants and chemical
shifts fall within the ranges.ekpected for a typical Ua—allyl
group (these are given on page 19). fhe spectrum, which is
illustrated together with assignments and coupling constants in

41,280 results obtained in

Figure 4.3, agrees well with previous
solution in chloroform. The 1H NMR spectrum of [(nB-CBHE)Re(CO)4]
has also been measured in a nematic liquid crystal phase41 and
from a consideration of dipolar coupling constants it was

concluded that the protons of the n3—allyl group do not all lie in

one plane.

(¢) Pentacarbonylmethyl rhenium

The unlabelled pentacarbonylmethyl rhenium exhibited the expected
281 sharp singlet upfield from TS at -0.20 ppm. The 1H NMR
spectrum of the corresponding 130 labelled complex consisted of a
doublet,J(qBCH) = 128 Hz, centred around a minor peak due to the
120 isotope at -0.20 ppm. The ratio of the integrals of the major
and minor peaks indicated that the isotopic purity of the 13C

labelled complex was greater than 90%.
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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
by the isotopic ratio 187Re : 185Re =1 : 0,60 (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
the molecular ion282 as follows: (i) léés of carbonyl groups;

(ii) loss of the allyl or methyl group; (iii) loss of ligand
fragments whilst still attached to fhenium. 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))+J+ from either

[LRe(CO)4]+ or [Re(CO)5]+).

(a) n1-Allylpentacarbonylrhenium(I)

Table 4.1 shows that for [(nq-CBHB)Re(CO)5] the molecular ion is

present in relatively high abundance in the mass spectrum. This

may be contrasted with, for example, [(ns-CSHB)(nq-CBHB)Ru(CO)2]132

283

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 CO. In this respect the
spectrum resembles those of Re(CO)EX (x = c1, 1)281+ where initial

loss of CO or X are competing processes. As expected,

decarbonylation of the n1—allyl pentacarbonyl, to give a
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Table 4.1: The Mass Spectrum of [(nq—C,H:)Re(CO):]
2 2

n/e Relative Intensity Ion

268 28 [(C,H_)Re(co)_]*

366 16 3% &

340 81 [(C.H_)Re(cO), 7"

312 50 [(C,B_)Re(c0),1*

310 33 32 3

284 L6 ) + .
Sgg 122 [(CBHS Re(co)2] + [(CBHB)Re(CO)zl
223 13 [(C,H_)Re(CO)]* + [(C,H,)Re(cO)]*
2 3 C_H_ )Re(C + [(C.H,)Re

ros > 35 33

ot 2 (C,H.)Re]* JRel?

226 52 [(C.E_)Re]™ + [(C.E,)Re

188 3 [ReH]"

186 2

327 25 [Re(co)5]+

325 22

299 €5 [Re(C0),1"

297 37

271 61 [Re(CO)3]+

269 37

243 20 [Re(CO)2]+

241 13

215 11 [Re(c0)]*

213 8

187 22 [Re]™

185 13

Metastable supported transitions (Calc. position in parentheses):

268 » 3403 m* = 314.0(314.1) 227 = 2993 m* = 273.0(273.4)
266 - 3383 m* = 312.0(312.1) 225 = 297; m* = 271.0(271.4)
340 = 312; m* = 286.0(286.3)
238 » 310; m* = 284.0(284.3)
312 + 2845 m* = 258.0(258.5)
310 = 282; m* = 256.5(256.5)
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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 (12eV) both the molecular ion M' and
M~ CO]+ were present in approximately equal abundance, presumably
reflecting the stability of [OrB-CBHS)Re(CO)qj with respect to

1
[(q -CBHS)Re(CO)5].

Evaluation of the rhenium isotopic patterns indicates that the
peak at m/e 282 (base peak) is associated with both the ions

+ + . +
[(CBHS)Re(CO)z] and [(CBHz)Re(CO)z] « The ions [(CBHj)Re(CO)X]
(x =2, 1, 0) are of high abundance in the mass spectrum and may
arise by the elimination of the relatively common neutral Hé

fragment132 or by simultaneous loss of 2H and CO possibly as

formaldehyde HCHOth. The abundance of such ions can be explained

3

by their formulation as n~-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 [CnB-CBHs)Rh(u—Cl)]2131,

134

[(”5‘0535)("1'03115)‘“00)3]132 and [(n°- Hs)(n3-03H5)Mo(co)2] .

c
5
For the latter two complexes the most abundant metal-containing

ions were [(nE-C5H5)(CBH3)M]+°

(b) n3—Allylietracarbonylrhenium(I)

The mass spectrum of [(nB-CBHE)Re(CO)A] run using similar

operating conditions as employed for the nq—complex is given in
Table 4.2. The molecular ion [(CBHB)Re(CO)4]+ is the second most
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 5 -allyl, all the [Re(C0) 1" ions (x = b, 3, 2, 1) are of
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Table 4.2: The Mass Spectrum of [(vB-CTHE)Re(CO)h]
o +

m/e Relative Intensity Ion

340 65 [(C,H.)Re(c0), 1"

338 39 35 b

212 28 [(C.H.)Re(cO),J*

310 19 52 3

284 I . .
ggé 122 [(csz)Re(co)ZJ + [(03H3)Re(co)2]
256 14 N .
254 3k [(C3H5)Re(CO)] + [(CBHB)Re(CO)]
252 15

e 0 [(c,E-)Re]* + [(C,H,)Re]"

226 4o C.H_)Re]™ + [(C.H,)Re

22k 3h 35 33

188 3 [ReH1"

186 2

299 2 [Re(c0), 1"

297 1

271 6 [Re(CO)B]'l'

269 L

243 6 [Re(CO)2]+

2k L

215 3 [Re(cO)]?t

213 2

187 1 (Rel™

185 7

Metastable supported transitions:

240 - 3125 m* = 286.5(286.3) 282 - 254s m* = 229(228.8)
338 - 3103 m* = 284.2(284.3) 280 - 2523 m* = 227(226.8)
312 - 2843 m* = 258.5(258.5)

310 - 282; m* = 256.5(256.5)

low relative abundance.

prominent.

Again cyclopropenyl-rhenium ions are

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 654 and at
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m/e [654 - n(28)] (n = 1 - 10) associated with the formation of

[ReZ(CO)X]+ (x = 10 - 0), in the spectrometer, (m/e for 187Re

isotope). In accordance with previous proposa15132’282’285,

pyrolysis within the spectrometer may be responsible for the

formation of the dinuclear species. Similarly, for example,

attempts to obtain the mass spectrum of [(n5—C5
132

gave only the spectrum of ferrocene .

HS)FnB—CBHS)Fe(CO)]

(¢) Methyl, 13C—methyl and d,-methyl pentacarbonyl rhenium
P

The ﬁass spectra of the three pentacarbonylmethylrhenium derivatives
(Table 4.3) are closely similar. Small variations in abundances

may be attributable to factors which are difficult to controlZoZ,
such as changes in sample pressure and temperature. The general
features of the spectra can therefore be discussed together, using
the abbreviation CH% for the 12CH3, 13CHB or CD3 groups as

appropriate.

Clearly loss of CO groups with retention of the methyl moiety for
these pentacarbonyl derivatives is not a favoured process, the ions
[CH%Re(CO)x]+(x =4, 3, 2, 1, 0) being of relatively low abundance.
In contrast, initial cleavage of the methyl group with subsequent
loss of CO groups is a major fragmentation pathway and is well
supported by the observation of the appropriate metastable ions
(foot of Table 4.3). Other major ions in the two mass spectra atre
derived by fragmentation of the methyl group whilst still attached
to rhenium, by loss of one, two or three hydrogen (or deuterium)
atoms. The ease with which this occurs depends upon the relative
energies of ['CH%Re(CO)n]+ and[CH%_xRe(CO)n]+ (x =1 = 3) as well
282

as upon the neutral fragment released « Evidently, under the

conditions prevailing in the mass spectrometer, the !'metalo-carbyne!
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ions, [HC*Re(CO)_T" and [DCRe(CO)_J* (x = 4, 3, 2, 1, 0), formed
by loss of Hé (or D2) are relatively stable, as indicated by their
high abundance. Indeed a measure of their stability is that the
ions [HC*Re(C0),]" and [DCRe(C0),]" all 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 [Re023+. Weak peaks at

m/e 216 and 188 in the spectrum of [CH%Re(CO)é]are attributed to
[HRe (CO)]" and [HRe]+, an assignment which is confirmed by
comparison with [CDBRe(CO)BJ, where the same peaks occur but

shifted to omne higher mass unit.

Vibrational Spectra

3-allyl complexzso,

Apart from a list of v(CO) frequencies for the 7
vibrational spectroscopic data were not available for either
allylrhenium species. In view of this, fairly extensive infrared

and Raman data were obtained for both the n1— and n3- allyl

compounds. Since [(nq—CBHB)Re(CO)B] is a liquid at room temperature
and [(nB-CBHE)Re(CO)L}J has a melting point of 32°C, liquid phase
spectra of these molecules with Raman polarisation measurements

wefe 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 - 4O cm-1

and although Raman polarisation
measurements were limited by lack of solubility, reasonably complete

assignments could be made.

(a) n1-Allylpentacarbonylrhenium

Because [(nq-CBHS)Re(CO)s] is very air-semsitive 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. ILiquid film
spectra, however, showed signs of decomposition more quickly and
at least two samples were requirea to cover the region L4OOO - 200

-1 . .
cm during a twelve minute scan.

The vibrational spectra of only a few n1—allyl compounds have been

examined, however useful information is available for

286 287

[(nq-C H.),M) (M = Si or Sn) and the allyl
35k

288

halides . Of most interest from a comparative point of view is

1
y [(n —CBHS)EHg]

the reported 128 spectrum of [(nq_ )Mn(CO)S] (Table 1.5)

G585

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 [(n1—CBH5)Re(CO)5]
the local symmetry of the Re(co)5 unit is C,  and that of the

ellyl group is C_. Tables 4.4 and 4.8 1list the numbers and
symmetries of the normal modes for the Re(CO)BX unit (X = bonded

C of the nq-allyl group) and for the allyl group respectively.

Table 4.4: Vibrations of an XRe(CO). Unit in C)y i Symme try
o L

Vibrational Cy,, Symmetry _ A Raman(R) or Infrared(IR)
Mode Species Activitya

v (CO) \ 2A, + B, + E 4R(2 pol) + 3IR

v (ReC) 2h, + B, + E LR(2 pol) + 3IR

v (ReX) A, 1R(pol) + 1IR

d(ReCO) Ay + A, + 131 + B, + 2E 6R(1 pol) + LIR

8(CReC) A+ B +B, +2E SR(1 pol) + 3IR

6 (CReX) E 1R + 1IR

a . .
A2 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 »(CO) region

The »(CO) bands are listed in Table 4.5. The assignments are in
line with those reported for other L_M'(CO)5 systems in that the
frequencies decrease in the order A, (eq) > B, >E> A, (ax)

(Figure L4.4).

$
R XKD

L

L L L

A, (eq) . B, E A, (ax)

Figure 4.4: Normal v»(CO) modes of IM(CO)_ in C), pSymmetry
9 T

In the infrared spectrum the band intensities decrease in the
expected'z‘29 order E>A, (ax) D> A, (eq) >>B’I’ the B, mode being
formally infrared-inactive. Its appearance is indicative of a
small perturbation from Cll-v symmetry due to the presence of the
allyl group23 3. The intensity order in the Raman spectrum is
A, (eq) > B, > A (ax) >> E, thus bands which are strong in the
infrared are weak in the Raman and vice-versa. Both A, (eq) and
A1 (ax) bands are polarised thereby confirming their assignments.

A weak band at 1943 cm_"| is attributed to the 13C satellite of the

A, (ax) mode. The observed ratio V(1ZCO)/V(BCO) (0.978) is very



113
close to the expected value of 0.977233.

Table 4.5: Vibrational Spectra of [(n1—C3§;)Re(CO):] in the
Y o~

Carbonyl Region

Infrared Raman Infrared Raman Assignment
(pentane)  (benzene) (1iquid) (1iquid)

2131 w 2127 vs, pol 2%29 s 2127 vs, pol Aq(eq)
2050 w 2052 s, dp 2050 m, sh - 2051 s, dp B,

2020 vs 2020 vw 2020 vs, vbr 2020 v E

1986 s 1972 m, pol 1970 vs 1970 m, pol Aq(ax)
1943 v (1>co)

These results confirm the view that the local symmetry approach is

justified since if C._ symmetry were more appropriate (pairs of

av
equatorial CO groups being perturbed by allyl) five v(CO) bands
should be observed in both the infrared and Raman spectra

(BA,l + B, + B, 3 pol). Alternatively if the molecule possessed
overall C_ 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 Chv local symmetry.

The solution v(CO) frequencies were used to calculate simple
Cotton-Kraihanzel (CK) force constants (Appendices 4 and 5) and
the values obtained were: X__, 16.093 Keq’ 17.07; K;» 0.29 mdyne 27,
Using literature v(CO) frequencies128 the CK force constants for

1
[(n -CBHB)Mn(CO)SJ were also calculated (Kéx’ 164203 Keq’.16’88’
K, 0.24 mdyne 2 NYand for comparison use of the v (CO) frequencies
of the methyl compounds (Table 4.16 and reference 289) gave CK
force constants as follows: ECHBRe(CO)BJ (Kéx, 16.083 Keq, 17.0L;

- .
K;» 0.30 mdyne ) and [CHBMn(CO)é] (K_» 16.135 K 16.83;
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K 0e25). The Kéx values are marginally lower and K.eq and Ki
values marginally higher for the rhenium compounds when like pairs
are considered, but the variations, although consistent, are
within the experimental error of the method and are therefore
barely significant. The results suggest that the manganese and
rhenium atoms in these compounds show very similar m-acceptor and
o-donor capacities and that the s-bonding abilities of the methyl
and 01-ally1 groups and their inductive effects are indistinguish-
able (c.f. pages 10 and 11). Finally it is noticeable that

" although the A1(eq), E and A1(ax) v(CO) frequencies alter by +21,
46 and -8 cm” | on changing from E(nq-CBH5)Mn(CO)5] to
[(n1-03H5)Re(CO)53, the B, frequency only changes by + cm .

This is in line with the expectation that the B1 mode should be

insensitive to changes in the mass of the metal atom26o.

(ii) The 5(ReCO) and v(ReC) region

The §(ReCO) and v(ReC) vibrations are expected to lie in the 700 -

230-292 .1d the former generally, but not invariably,

293

appear at the higher frequencies « One of the problems in

300 o™ ! region

assigning such vibrations is that extensive mixing.of modes of the
same symmetry will occur owing to the small frequency differences
between §(MCO) and v(MC) fundamentalszgq. As an assignment aid it
is well known that §(MCO) bands are normally much more intense in
the infrared than in the Raman, the reverse being true of v(MC)
bands. Thus, in contrast to the v(CO) region, assignment of §(MCO)
and v(MC) vibrations is not so obvious, frequently leading to
uncertain and sometimes ambiguous results. However the method of
symmetry correlation between these vibrations and those of an

appropriate metal carbonyl, for which the assignments are

unequivocal, has often been successfully applied. For example,
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the §(MCO) and v(MC) vibrations of Mn(CO)BBr were assigned by

290

correlation with Cr(co)6 and those of [M(CO)5(PH3)] by

correlation with M(CO); (M = Cr, Mo, W)2??, The derivation of

correlation tables for the species of a group and its subgroups is

226,232,296

treated in detail in several texts and the correlation

required in this case, namely that between Oh and qu symmetries,

_is given in Table L4.6.

Table 4.6: Correlation Between the O, and ChV Groups via the

Intermediate D, . Group

Ry

Oh > Imh — qu
_r Ag A

A2g B1g B1

Eg A1g + qu A,I + B1
T1g Aag + Eg A2 + E
ng B2g + Eg B2 + E
A'Iu A1u A2

Aoy Bru B

Eu A1u * B1u AZ * B2
T1u Aau + Eu A1 + E
T2u B2u + Eu B1 + E

258

The well documented spectrum of [Re(CO)é]+ was chosen for

symmetry correlation with [(ﬂq—CBHE)Re(CO)sl although that of
W(CO)6 297,298 could equally well have been used. Assignments
for the Re(CO)5X unit (X = bonded C of the nq-allyl group) based

on this correlation are proposed in Table 4.7.
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Table 4.7: Assignment of §(ReCO) and v(ReC) Bands (em™) of

[(ﬂq—CjH:)Re(CO):] and Symmetry Correlation with
oy 4

[Re(CO)6]+

+ 1
[Re(cO),] [(n -CBHB)Re(CO)5]
Frequency Assignment Assignment Infrared Raman
(oh) (c4 ) (1iquid) (1iquid)
V .
584 T 6(Reco)----.A1 600 vs 603 w
E 585 vs 590 vw
522 'I'Zu 3(ReCO) —» E 531 ms 533 vw
B, | 522 vw
486 ng 5 (ReCO) — B, 505 vw 503 vw
Ly A18 v (ReC) -—-—a-A1(eq) 465 w, sh 463 vs, pol
L26 Eg v (ReC) ™A, (ax) Lh6 ms 445 ms, pol?
B1 420 w, sh 430 m, dp?
356 T,, Y (ReC) —>E 373 vs>
A, V(ReX)b 370 s, pol?
354 T 6(ReCO) —» A inactive
- 18 2
E 350 m

& may be accidentally degenerate bands, see text

b X = bonded C of nq-allyl group

Using the assignment of the infrared active T, 3 (ReCO) mode of
[Re(CO)6]+ to a band at 584 cm—1, it follows that the two highest
energy very strong infrared bands of [(ﬂ1-CBH5)Re(CO)5] are the
A, +E 6 (ReCO) vibrations. The A, band is too weak in the Raman
spectrum for a polarisation measurement. The B,I and B2 6 (ReCO)
vibrations should be Raman-active only and are assigned to weak

bands at 522 and 503 cm-q. The weakness of B1 is expected since
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it correlates with the formally inactive T, 5 (ReCO) mode of
[Re(CO)6]+. The two remaining bands assigned to §(ReCO)
vibrations are the E modes which are, as expected, of high
intensity in the infrared but at best very weak in the Raman. Ome
of these bands at 531 cm_1 correlates with T2u 8 (ReCO) and the
other which appears at the very low frequency of 350 cm-1 is in

Line with the T, mode of [Re(C0)T" found at 35k —_

The symmetry correlation method also allows a sensible assignment
of the »(ReC) modes of the nq-allyl complex. Thus the.A1g mode
of [Re(C0)(T" at 441 e | correlates with the A (eq) mode of the
C4v allyl, and can readily be assigned to a very strong, polarised
Raman band at 463 cm"/I which appears only as a weak shoulder in
the infrared spectrum. The A1(ax) mode is assigned to a medium
intensity Raman and infrared band at 445 cm-q. The polarisation
of this band could not be.accurately measured owing to the
closeness of the very intense Aq(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 intensity of Aq(eq) the B, mode, which is assigned to
a band at 430 cn” ', and the A (ax) band are only clearly visible
in parallel polarisation resulting in uncertain polarisation
measurements. Similar behaviour was noted for the Eg v (MC) modes

+ 258

of [Re(CO)6] and M(CO)6 (M = Cr, Mo and W), which correlate

with A1(ax) and B1 modes of t(nq—CBHS)Re(CO)s]. Using the

assignments for [Re(CO)6]+ and correlating Eg(Raman)-—--B,l and
Tqu(infrared)-*-E, the remaining E mode should occur as a strong
infrared band but a weak Raman band at lower energy than B1. The

only remaining very strong infrared band is found at 373 cm-1 and
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so 1s assigned accordingly. 'waever the Raman spectrum also
contains a strong polarised band at 370 cm-1 which cannot be
assigned to the E v(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 [(ns-csﬂs)(n1-0335)w(co)33 at 353 cm” | was assigned to v(WX)
it seems likely that one other band that is expected in this
region is the v(Re-X) mode (X = bonded C of 1ﬂ-ally1) and so this

is assigned to the strong polarised Raman band at 370 cm™ ' A

further difficulty arises in that previous worker5286’?87 have
for [(ﬂ1-C3H5)ASi] and for [(ﬂ1-03H5)2Hg] assigned a band in this
region to an A"(CC=C) out-of-plane deformation. However no such

assignment is made for [(n1-03H5)Re(CO)5] and some comments on

this point are made below.

In the reported 20 spectrum of [(nq-CBHs)Mn(co)BJ all the observed
bands in the 700 - 300 cm_1 region were assigned to A1 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-lI

is listed as coincident with an infrared band at 456 cm™ | and
assigned to A1(ax) v(MnC) whereas these are more likely associated
with Aq(ax) and E v(MnC) modes respectively. The energy order of
the v (MnC) bands is given as E>A,‘ (ax))A,] (eq) which does not
agree with the order proposed above for the analogous nq-allyl-
rhenium complex. Finally although the assignment of the two
highest energy §(MnCO) to A,I + 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) 7'=Allyl vibrations

A simple group theoretical treatment of the ﬂq—CBHS unit in Cs
symmetry showé that eighteen normal modes of vibration are
expected for an isolated nq—allyl group (8 atoms). The derivation
of these modes appears in Appendix 3 and approximate descriptions

of the vibrations, together with the CS symmetry labels so

obtained, are listed in Table 4.8.

Table 4.8: Vibrations of an Isolated 7'-Allyl Group in C_ Symmetry

Vibrational Cs Syﬁmetry Vibrational ' CS Symmetry
Mode? Speciesb Mode® Species
1 1 1 n
V(CHé)v1nyl 2A pw(CHé)v1nyl A
v(CH)vinyl Al 6r(CH)vinyl in-plane A!
V(CHé)methylene A + AT BS(CHé)methylene Al
v(C=C) Al e, (CH, Jmethylene A
"
v(CC) Al Pt(CHé)methylene A
. 1 "
5S(CH2)v1nyl A pr(CHé)methylene A
pr(CHé)vinyl At 4 (CC=C)in plane Al
pt(CHé)vinyl A 7T (CCH=C)out-of-plane A"

a A1l modes infrared and Raman active

P A' polarised in the Raman

Previously286 nineteen normal modes of vibration have been
ascribed to the allyl group, including 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 m(CCH=C) deformation or more simply as a skeletal
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deformation288. 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
[(nq-CBHs)Re(CO)5] have been assigned using the reported spectra

of [(n1-03H5)4M] (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 u(CHZ)
stretching vibrations associated with the vinyl part of the allyl

99,286,288 and

group give rise to the highest energy fundamentals
are assigned to medium intensity bands at 3078, 2987 and 2964 cm_q.
Two medium intensity bands of lower energy are assigned to the
v(CHé)methylene asymmetric and symmetric stretches at 2915 and
2855 cm-’I respectively. The v(C=C) stretch is easily assigned to
an intense sharp feature at 1616 cm_q, in close agreement with
many other n1-a11yl-meta1 compounds (page 23). The observation

of this band is a simple diagnostic test for the presence of an

nq-bonded allyl group.

By analogy with the allyl halides288 and vinyl and methylene

99,286

groups in many other chemical environments , the methylene

and vinyl scissors deformations are assigned to medium intensity
bands at 1434 and 1398 om™ respectively. Two rocking

deformations of the CH and CH2 groups are found at 1295 and 1095

cm-1 respectively. The latter is very strong in the Raman

spectrum (1099 cm-q) and corresponds with a similar very strong

er(CHé) band in [Sn(n1—03H5)41 at 1094 e 286. The methylene

wagging vibration is expected to give rise to a sharp, medium to



Table 4.9: Allyl Vibrations of [(n =C_H:)Re(CO). ]
wa 7
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Frequency (™) Assignment
Infrared Raman Description Symmétry
3078 m 3075 vw, br va(CHé)vinyl Al
2989 w 2987 m v (CH)vinyl Al
2964 m VS(CHé)vinyl Al
2925 m va(CHé)methylene AN
2854 w 2855 m VS(CHé)methylene Al
1616 s 1617 s v(C=C) Ar
14324 m 1430 vw 6S(Cﬂé)methylene Al
1398 m 1397 m 5 (CE,Jvinyl At
1295 m 1293 m Br(CH)Vinyl A
1200 ms 1202 w pw(CHé)methylene At
1095 m 1099 vs | pr(CHé)vinyl Al
1037 ms 1041 vw Pt(CHé)methylene AN
991 ms pt(CHé)vinyl An
954 ms 961 w v(CC) A
875 s 874 w PW(CHé)vinyl AN
755 m 752 w pr(CHé)methylene AT
678 ms 678 m, pol 5 (CC=C)in-plane Al
637 w 1 (CCH=C)out-of-plane A

strong infrared band between 1200 and 1180 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 —

respectively.

In the

. . 1 . . .
allyl halides, [Si(n -03H5)4] and [Sn(n -C3H5)4] the vinyl twisting

mode occurs consistently within the range 995 - 980 cm-1

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-’I in the infrared
spectrum of [(n1-CBH5)Re(CO)5] is assigned to the p_(CH,) vinyl

mode.

The v (CC) stretch is assigned to a medium-strong infrared band at
95k om” ' rather than to the weaker band at 933 cm | which is
believed to originate from an overtone of the A, v (ReC) vibration
at 465 cm-q. The corresponding v(CC) band in [Sn(nq—CBHS)u]
occurs at 930 cm” . This leaves strong infrared bands with weak
Raman counterparts at 875 and 755 cm-/l to be assigned to the vinyl
(CHé) wag and the methylene (CHé) rocking mode. The latter
vibrations occur over a widé frequency range (800 - 720 cm_q)

depending on the nature of the compound286. The (CC=C) in-plane

deformation is assigned to a medium intensity band at 678 cm_q,
polarised in the Raman spectrum. Strong, polarised Raman bands at
678 and 670 cm” | were similarly assigned for [Si(n1—03H5)4] and
[Sn(n1—03H5)4] respectively. Finally the m(CCH=C) skeletal
deformation is assigned to the only remaining band above the §(ReCO)

region at 637 e .

(iv) Overtone and combination vibrations

The above three sections account for all the major features in the
vibrational spectra of [(nq-CBHB)Re(CO)BJ. The remaining weak or
very weak peaks are listed in Table 4.710 and their possible origin

as overtones or combinations of the fundamental vibrations is

suggested.



123

Table 4.10: Overtones and Combinations

Observed Frequency (em 1) Possible Origin
Infrared Raman

3027 w 3033 vw 1616 + 1434
2911 m 2909 vw 1616 + 1295
2823 w 1434 4+ 1398
2565 w 1970 + 600, 2129 + 430
2500 w | : : 2129 + 370

2L3h w 1970 + 465

1463 vw 1095 + 370

1750 w 2 x 875

1366 m 2 x 678

1268 w 600 + 678

933 w 935 mw 2 x 465

912 w 465 + Lk6

(b) n3—Ally1tetracarbonylrhenium

3

The vibrational spectra of several 1--allyl complexes of the

transition metals have been reported and extensive studies carried

out on, for example, [OTB—CBHE)deja x = c1, )22

[(nB-CBHB)Co(CO)BJBOO. The former compound (X = Cl) is of interest

and

in that it was the subject of a recent s'l:udyzoll 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 [(HB-CBHS)Mn(CO)4]40(see Chapter 1, pages 24 - 26).

The evidence presented below shows that unlike [(nq-CBHB)Re(CO)5],
but in agreement with the findings on [(nB-CBHS)Mn(CO)4] , the
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concept of local symmetry cannot be applied to the assignment and
interpretation of the vibrational spectrum of [@13-C3HS)Re(CO)4].
Instead the overall CS symmetry of the molecule must be used with
the comformation of the molecule being that shown in Figure 4.5(a)
(with a . plane) rather than the alternative conformation shown

in Figure 4.5(b) (with a 74 plane).
\ .

b
) av //
8 ' 8 // o
/ d
=%
//’ \\\ /‘\
0C—= Re———CO OC: Re \ co
20
/
/

(a) (b)

Figure 4.5: Alternative conformations of [(UB—C,HE)Re(CO)“]
5 +

(i) The v(CO) region

The v(CO) vibrational modes, infrared and Raman activities and
numbers of polarised bands predicted for several alternative

symmetries of the Re(CO)h unit are listed in Table 4.11.

Tablé 4.11: Predicted Numbers and Symmetries of the v(CO)

Vibrational Modes of the Re(CQ), Unit

Iocal v (CO) Modes Infrared (IR) or Polarised
Symmetry Predicted Raman(R) activity Bands
04v A1 + B1 + E 2IR, 3R Aq

2A
C2V 2A1 + B1 + B2 LTR, 4R =™
cs(aa) 2A' + 2A" LTIR, 4R 24"

cs(av) ZAY + AN LTR, 4R 3AY
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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 4.13. The infrared results are in good agreement with those

quoted previously for [(n3-03H5)Re(co)4] (2091, 1996, 1982, 1963
cm-1)28o.

Table 4.12: Solution Infrared Spectra of [(ﬂ3—03§F)Re(CO)h] (cm_q)
J T

n-pentane chloroform Nujol (solution)  v(CO) Assignment™
2093 m 2090 s 2094 s A

1997 vs 1995 vs 1994 vs At

1983 vs 1978 vs 1980 vs A"

1963 vs 1949 vs 1959 vs Al

1945 w v(13c0)

a Supported by Raman polarisation measurements

Both the infrared and Raman spectra show four v(CO) bands and
therefore a description utilising the concept of 04v 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 Cs symmetry with
the most likely conformation being that containing a . symmetry

plane (Figure 4.5(a)).

Cotton-Kraihanzel force constants were also calculated (K1 = 15.83,
K, = 16.76, K, = 0.33 mdyne 2"). Using literature »(CO)
f:c'equenc:i.esL+O for [CHB-CBHB)Mn(CO)q], the corresponding force
constants were calculated for comparison (K1 = 15.78, K2 = 16.64,
K. = 0.27 mdyne 2Ty, Clearly, as for the [(nq-CBHs)M(CO)5],

1

(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), v(ReC) and v(Re-allyl) region

The infrared and Raman spectra in the 620 - 320 cm_’I 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 C_ symmetries (Figure 4.5) it is again clear that

the results are inconsistent with qu local symmetry. For example,
three polarised Raman bands at 608, 594 and 546 em” | must be
assigned to A' §(ReCO) modes whereas for C4v symmetry only the

single A, vibration of the A1 + A2 + B1 + 32 + 2E 3(ReCO) set

/]
should be polarised. Likewise the presence of at least two

. -1 . '
polarised Raman bands (477, 459 cm ), assignable to v(ReC)
vibration,rules out C4v symmetry since only a single A,I vibration
of the A1 + B1 + E v(ReC) set should be polarised. Since the
evidence from the v(CO) region clearly favours the conformation
involving a T, 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:

T (Reco) = HA' + HA"

—_ 1"
§(ecy = 34+ A
IL(Re-allyl) = 241 + AT

Eleven bands have been observed of which seven are polarised so

clearly A' in type.

Four §(Re CO) bands are observed (three only in the infrared),
whereas eight are predicted for Cs 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_q, are very intense and

polarised so are assigned to A' v(ReC) modes. They have weaker
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Table 4.13: Vibrational Frequencies (cn™ ) of [@13—C7HC)Re(CO)h]
T2 v

Excluding Allyl Bands

Infrared (melt) Raman (melt) Assignment (cs)
209k s 2091 ms, pol v (CO) A
1994 vs 1990 m, pol v (C0) A
1980 vs 1979 mw, dp v (CO) A"
1959 vs 1953 mw, pol v (CO) At
610 vs 608 vw, pol 3 (ReCO) At
591 vs 594 w, pol 8 (ReCO) Al
547 s 546 m, pol 5 (ReCO) Al
501 vw, dp? 5 (ReCO) A"
471 s 497 vs, pol v (ReC) At
455 vw, sh 459 vs, pol v (ReC) At
L2 m v (ReC) Ar?
395 m, sh 394 m, pol que-allyl) A
377 vs 377 w, dp v (ReC) An
332 m 331 s, pol v_(Re~allyl) A!
214 ms, dp vt(Re-allyl) AN
217 ms, pol
142 m, dp 5 (CReC) A"
100 s, pol §(CReC) A

infrared counterparts. The three v(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—1 in

3 Lo
such compounds as [(n -CBHE)MH(CO)4J

125

3 _
y [( —CBHB)PdXJE (x = c1,

Br) °~, [(n3-03H5)CO(co)5]300 and [(ﬂB—CBHs)NiBr]23O1.



128

These vibrations may be described as one stretch vs(Re-allyl) Al

and two tiliting motions vt(Re-allyl) A" 4+ A" (see page 25).
3

Analysis of the spectra of several 1

38

shown

-allyl-metal compounds has
that the frequency of the A" vibration can occcupy any of
the three possible positions in relation to the other two A!
vibrations. On these grounds the bands at 394, 231 and 314 cm-1
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—1 is assigned to the
vt(Re—allyl) A" vibration by analogy with other nB—allyl—metal
38,40,125,

systems in which it also occurs as a medium-weak
infrared and Raman feature. The very strong infrared band at

377 cm-1 is tentatively assigned to the only v(ReC) A" vibration.
These assignments are by no means secure however as the two A"
assignments at 377 and 314 cm-1 could quite conceivably be inter-
changed. A final 7(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 142 and 100 em | are more likely to be due to §(CReC)

deformations.

(iii) ﬂB;Allyl vibrations

Table 1.4 (page 24) and Appendix 3 show that for an ﬂj-allyl group
of CS symmetry there are eighteen normal modes of vibration

(10A' + 8A"). In Table 4.714 nine A' and seven A" modes have been

assigned for [(nB—CBHS)Re(CO)4], no bands being found in the 2950

and 520 cm™ | regions which could be assigned to the v(CHé) A" and

5(CCC) A' vibrations respectively. The v(CHé) A" vibration could

likewise not be found for either [(nB—C H )Co(CO)BJBOO or

35
[(n3-03H5>de32 X =c1, Br) %2, The assignments in Table 4.1k
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are based largely on those presented for [(nB—CBHE)Mn(CO)q]qo

3 125
(see Table 1.5, page 26), [(n —CBHB)PdXJ2

°H)1%2 and whilst general agreement is good with only a

5_cx
and [(n -CBHE)Fe(CO)zNO]
¢H = 'H,
few minor variations in assignments, the approximate nature of the

descriptions must always be kept in mind.

Table L4.14: Allyl Vibrations of [(n3-c3§?)Re(co)h]
‘/ 1

Frequency (ﬁm-q) Assignment
Infrared (melt) Raman (melt) Description Symmetry
3075 w - 3077 vw, dp v (CH,) A"
3015 w 3019 w, pol v (CH) Al
2965 vw 2964 wvw, pol v(CHé) Al
2935 vw v (CH,) Al
1495 m 1495 vw, dp
v(cCC) + s(CH,)  2A"
1397 w 1396 w, dp
1463 m 1463 vw, pol 5(CHé) A
1214 m 1219 m, pol  (CH) A
1140 w 1138 vw, dp? 8 (CH) An
1025 vw 1023 m, pol v (Cce) Ar
1004 m 1003 ms, pol 5§CHE) Al
978 vw p(CH, ) A"
923 m 923 m, pol p (CH,) A
872 m 871 vw, dp e (CH,) A"
797 w 791 mw, pol e (CH,) A
774 vw 762 mw, dp %§0Hé) A"

Perhaps the most obvious difference of opinion arises from the

assignment of the three bands at ca. 1500, 1470 and 1390 e .
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Since the first tentative assignments for allyl-metal systems in

1961126, various authors40’120_125’300

have used all possible
alternatives in assigning these three bands. However, more
recently, the availability of Raman data has led to general
agreement that the band of intermediate frequency (ca. 1470 cm—1)
is polarised and must therefore be assigned to the'5(CHé) Al
vibration. Differences remain however in the assignment of the
two depolarised bands at éé. 1500 and 1390 cm-q. Thus the order
5(CH2)A">6(CH2)A' >v(CCC)A" has been used in the assignments for

]40

3 3 300 3 '
[(n —03H5)Mn(CO),+ y [(n —CBHE)CO(CO)B] and [(n -RCBHL})PdX]a

(R = H, CH?; X = (1, Br)125. For the first of these complexes the
assignments are based mainly on the argument that the high
v (Mn-allyl) frequencies indicate a considerable perturbation of

the bonding within the allyl group and that the 1390 cm-1

frequency band is too low to be assigned to the 6(CH2) AN mode114.

Comparisons with the spectra of coordinated ethene in Zeise's

saltBO2 also support this view. The alternative oxrder

V(CCC)A">6(CH2)A'>6(CH2)A" has been employed in the assignments
"a12

for [(ﬂB-CBHs)Co(CO)BJ 3, [(173-1203HL+)de:|2 (R = H, CHB; X = C1,

122, The major reason for

Br) 2% and [(n7-C,E_)Fe(CO).NO
375 2

assigning the highest frequency band to v(CCC) A" was its

insensitivity to deuteration in the vibrational spectrum of

3 ' 122
((n ~C5Dg )Fe (CO),NOJ =%,

Although no final agreement has been possible between the two
alternative assignments, this is of little importance since
detailed calculationsBO3 show that two bands at ca. 1500 and 1240
cm_1 in ethene complexes must be assigned together to the strongly
coupled v(C=C) and 5(CH2) vibrations. These results indicate that
the v(CCC) A" and B(CHé) 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 [(nB—C HS)Re(CO)uj these modes are

3

assigned together.

In view of these difficulties it is not surprising to find that
minor ambiguities exist in almost all of the reported 1 --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

3-allyl complexes, :the

302

addition to the assignments available for 7

304

spectra of free ethene and coordinated ethene are also

helpful in assisting the assignments given in Table L.1k.

Thus, in agreement with most previous results, the two bands at
1214 and 1140 cm | are assigned to the out-of-plane w(CH)A' and
in-plane §(CH)A" deformations respectively. The next two medium
intensity Raman bands at 1023 and 1003 cm-1 are both polarised and
therefore assigned to the v(CCC)A' and Pt(CHé)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
[(nB-CBHB)Re(CO)hl are similarly assigned as follows:-

PW(CHZ)A', 9233 PW(CHZ)A", 8723 Pr(CHa)A', ca. 7943 Pr(CHz)A", 768
cm_q. Finally the only band of reasonable frequency remaining for
the assignment of the Pt(CHé)A" twisting mode is a very weak
infrared band at 978 cm_1. This assignment is in line with most

122 fo

previous studies apart from that on [(nB-CBHs)Fe(CO)zNOJ T

which a band at 722 cm-1 was so assigned.
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(iv) Overtone and combination vibrations

As with the nq-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 L4.15.
The totally symmétric v(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 co ! in [(n3-03H5)Re(co)4] (Table 4.15).

Table 4.15: Overtones and Combinations

Observed Frequency Ccm™ 1) Possible Origin
Infrared Raman
2675 vw 2094 + 591, 1463 + 1214
2568 vw 2094 + 471, 1959 + 610
2465 w 2094 + 377, 1994 + 471
2418 w 2094 + 332, 2 x 1214
2193 w 2094 + 100
1840 mw 1463 + 377, 2 x 923
1790 w 1463 + 332, 923 + 872
1745 w 2 x 872
1323 vvw 1326 vw, dp? 872 + L55
1260 vvw 872 + 395

1101 vw, dp? 1003 + 100, 608 + 501
1090 w 1087 vw, pol 2 x 546

1047 w 546 + 501
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(c) Pentacarbonylmethylrhenium

(i) v(co), 5(MCO) and v(MC) vibrations

The solid state vibrational spectra of pentacarbonylmethylrhenium
and its isotopically lalelled analogues, in the v(CO), 8(ReCO)
and v(ReC) regions, are listed in Table 4.16. As expected, the
frequencies observed for the XRe(CO)5 unit (X = bonded C of
methyl) follow a closely similar pattern to those of
[(n1-CBH5)Re(CO)5]. The assignments (Table 4.16).of most of the
bands are therefore based on the same rationale of.Cbrv local

symmetry and warrant little further comment.

13

The C and 2H labélled compounds were originally synthesised in

the hope that the position of the v(ReCm ) stretching vibration

ethyl
could be unequivocally established by examining isotopic shifts in
the vibrational spectra. Unexpectedly, a small shift (ca. 10 cm-1)
with respect to the unlabelled compound is observed for several

bands in the 610 - 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 425 em |, in

130 and 2H labelled compounds respectively.

the spectra of the
This is accompaniedAby concurrent loss of intensity of the band

at ca. 450 em” | 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 )A,I vibration, of unlabelled

methyl
[CHBRe(CO)B], contributes to the intensity of the v(ReC)A,l (ax)
band at 450 cm—q. The new bands at 442 and 425 cm_1 are then
tentatively assigned to the V(Re,IBCHB)A1 and v(ReCDB)A1 vibrations
respectively. However since the 8(ReCO) bands at ca. 590 and

5320 cm—1, and the V(ReC)Aq(eq) band at ca. 470 co | 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 v(ReX) vibration against the reciprocal root atomic mass
(1/Vﬂ;) for the series of compounds EHBXRe(CO)5] X = 12C, 13C, Si,

Ge) (Figure 4.7).

r5oo
[E,CRe (CO),] /
2,0
ta. "?cRe (co)_] o7
P 5
~ [ 4oo
\TS
S
)
8
[0}
= _
[5) @ .
£ 300 [H351Re(CO)5]
]
&
| ©7[H,GeRe(CO)_]
A0 5 103/,
150 200 250 300
i 1 1 [ .

Figure 4.7: Correlation between v(ReX) and 14A/M for [H XRe(CO)_]
X " e
12

(X = Ge, Si, 130, C)

Thus, using the 1iterature305_values of v(ReX), (X = Ge, Si) and

120, 13C) a linear correlation .

the proposed values for ¥ (Re*C) (*C =
is obtained. Such a correlation must naturally be treated with
certain reservations, however it does show that the v(ReC )
methyl
vibrations are expected in the 430 cm"’I region, The corresponding
» (W-CE,) and v(U-CD) vibrations in [(n5-c5H5)w(R)(co)3] (R = CHy,
CDB) were assigned to bands at 430 and 407 o 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 §(CReC) 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 o) cm—1 were polarised in CS solutidn,

2

thereby confirming their assignment as A,I modes.

(ii) Vibrations of the methyl group

The assignment of the methyl modes in [Cn5-05H5)W(R)(CO)3] (R = CH3,

CD3)306’307 indicated that the CH?W group has effective C3v
symmetry. The local symmetry approach was also used sugcessfully
in neutron diffraction structure determinations on [HEX(CO)5J

(M = Mn, Re; X = C, 5i, Ge)>°8310 ang in vibration/rotation
studies on [CH%Mn(CO)5]311 (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 [CH%Re(CO)5] in a similar manner. The vibrational modes

expected (Appendix 3) for a CH?M group of C, symmetry together

3v
with a summary of the frequency ranges in which they occur in

methyl and deuterated methyl derivative5129 are listed in Table L4.17.

Table 4.18 lists the bands observed in the vibrational spectra
(excluding v(CO) bands) of the three methyl complexes, ECH%Re(CO)s],
between 4OO0 - 610 cm-q. Clearly there are more than the five
bands predicted for the internal modes of a methyl group of C3v
symmetry. However using the reported spectra of [(UE-C5HS)W(R)(CO)3]
306’307, L'CH%Mn(CO)5]3,]’l and CH%X X = hafl.og;e'n)sq2 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)5 unit.

Table 4.17: Frequency Ranges for Terminal Methyl and Deuterated

Methyl Modes (em™ )

Mode CH? CD

3
v, 3050 - 2810 2275 - 2035
Ve 2950 - 2750 2175 - 2000
5, 1475 - 1300 1125 - 960
8 1350 - 1100 1000 - 870
P 975 - 620 750 -~ 475

Two V(CH?) stretches are predicted for C, symmetry however all of

3
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 Ié(CHj)E and symmetric vs(CHB)A1 vibrations respectively,
whilst the third medium intensity band in the V(CHé) region is
assigned to the first overtone of the éa(CHB)E asymmetric
deformation. The presence of three bands is almost a universal

312

feature of methyl compounds and the usually weak overtone

probably gains some intensity from a Fermi resonance interaction
with the us(CHB)A,I vibration. The 5a(CH3)E mode is assigned to a
weak infrared band in the 1425 cn” region for the CH? and 1BCH3
compounds but no comparable feature is observed in the spectrum of

the deuterated analogue. However since a band at 2060 cm-1 is

assigned to 26a(CD3)E and by analogy with previous assignments for

307,312

deuterated methyl compounds it is suggested that this band
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occurs at approximately 1031 cm_1 and is coincident with a medium
intensity combination band. The symmetric %KCHE) A, deformation
is more easily assigned to a medium intensity infrared band at

ca. 1190 cm-/l which shifté to 902 cm-’I on deuteration. These bands
all have quite strong Raman counterpafts as expected for such a
mode307. Finally the gr(CHB) E rocking vibration is assigned to a
weak feature at ca. 780 c:m-'/I which is absent in the spectrum of the

deuterated complex, probably as a result of it being obscured by the

very strong &§(ReCO) bands.

A summary of the proposed vibrational assignments for the methyl
vibrations together witi the 1ZCH3/1ZCD3 frequency ratios is given
in Table 4.19. The frequency ratio for H to D substitution

normally lies in the range 1.33 - 1.h{)31’312

thus the suggested
assignments may be viewed with added confidence. It is also
noteworthy that all the bands assigned to methyl vibrations in the
3¢ substituted complex suffer a small (4 - 9 cm-q) shift to lower

wavenumbers when compared with results for the unlabelled complex.

Table 4.19: Summary of Methyl Frequencies (cm-1) for [bH;Re(CO)El
7

120}13 13CH3 CD; Assignment 120}13/1201)3 Ratio
2963 2955 2224 va(CHB) E 1433

2909 290k 2119 vS(CHB) A, 1437

1427 1421 1031 5,a'(01J3) E 1.38

1196 1187 902 b_s_(C}IB) A, 1.33

779 774 not pr(CH3) E

observed
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CHAPTER FIVE

UB—ALLYL COMPLEXES OF MANGANESE AND RHENTIUM

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

11,219 " \hich

are very few. However two very recent publications
report the preparation of phosphine and phosphite derivatives show
that this is an area of some current interest, particularly since
the combination of n3—allyl and phosphine or phosphite ligands

has proved to be especially effective for oxidative-addition
reactionsqq’16. For example, the corresponding allyl-cobalt
complexes are highly selective catalysts for the cis-hydrogenation

10,316,317 33k

of arenes « The mechanism proposed for these reactions

involves a rapid T &= ¢ interconversion as the first step (eq. 5.1).
3 a 1
[ —CBHS)CO{P(OMe)B}BJ—— [(n CBHB)CO{P(OMe)B}B] 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. 5.3).

;
L(n -C3H5)CO{P(OMe)3}3] +H, = [(n1-03H5)CoH2{P(OMe)3}3] 5.2

;
C(n -03H5)COH2{P(0Me)3} ] — G+ [HCo{P(OMe) 5.3

3 3}3]

However in the presence of arenes it is thought that two moles of
P(OMe)3 dissociate, allowing the complex to interact with the arene

molecule (eqs. 5.4 and 5.5).

[(n'-c HE)CoHa{P(OMe)3}3] = [(n3-03H5)COH2{P(0Me)3}2] + P(OMe),

3
== [(no_ .
[ 03H5)COH2P(0Me)31 + P(OMe )3 5.4

[(n°-C H5)C°H2P(OM9)3] + arene =

3
[(ﬂ1-03ﬂs)CoH2(nh-arene)P(OMe)3] 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 eg. 5.1.

At the time of these reports the related allylcarbonyl manganese
complexes. described in this Chapter, had already been isolated and
fully characterised. In addition the first two examples of ligand
substituted allyl-rhenium complexes have been prepared and a

single crystal X-ray structure determination on a representative
manganese complex, namely [IUB—CBHB)Mn(CO)Z{P(OMe)3}2], carried

out.

EXPERTMENTAL

Details of the physical methods employed for the preparation and
characterisation of the complexes described below are given in
Appendix 1. The starting materials [(nB—CBHS)Mn(CO)4]93'118
(Appendix 2) and [(773—03

described previously and their purity checked by infrared and

H5)Re(CO)4] (Chapter 4) were prepared as

1H NMR spectroscopic measurements. Iiquid phosphines and phosphites
were stored over molecular sieves and vacuum distilled before use.

Solid ligands were used without further purification.

3 171,219

I. 7”-Allyltricarbonyl(triphenylphosphine )manganese(I)

3

2 mmol) in cyclohexane (25 cmz) was heated under reflux for 3 h.

A solution of [(1°-C B )Mn(C0),] (0.2 g/2 mmol) and PP, (0.52 8/

The solvent was removed (25°C/15 mm) and the pale yellow solid

residue dissolved in the minimum volume of a 12:1 light petroleum

(60° - 80°C) - diethyl 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 immedizte removal of the solvent,

gave pale yellow crystals of the complex [(nB‘C3H5)Mn(CO)3PPh3]

II. ﬂ3-A11y1tricarbonyl(triphenylarsine)manganese(I)

Reaction between lKnB-CBHB)Mn(CO)ul (0.42 g/2 mmol) and AsPh
3
),

3
(1.20 g/ 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.

IIT. nB—Allyltricarbonyl(tricyclohexylphosphine)manganese(I)

The reaction between [(nB—CBHS

(0.84 g/3 mmol) in refluxing cyclohexane (25 cm3) for L4 h,

)Mn(CO)h:] (0.42 g/2 mmol) and PCy;

followed by work-up procedures similar to those above gave

product IIT as pale yellow crystals.

Iv. n3—Allyltricarbony1(tri—n—buty}ph0§phine)manganese(I)

A mixture of [(nB—CBHs)Mn(CO)q] (0.42 g/2 mmol) and PBug (041 g/
2 mmol) was heated in refluxing cyclohexane for 20 minutes.
(Ionger reaction times led to mixtures of
[(n3-c3H5)Mn(co)4_x(PBu’31)X] (x = 1 - 3) as indicated by infrared
spectra in the v(CO) region). The solution was reduced in volume
to ca. 5 cm3 and initially chromatographed on a Florisil column
using cyclohexane as eluant. Removal of the cyclohexane left an
0ily 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. ﬂ3

-A1lyltricarbonyl (methyldiphenylphosphine )manganese (1)

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 [CWB_CBHE)Mn(CO)4]

(0.42 g/2 mmol) and PMePh2 (0.40 g/2 mmol) in cyclohexane (75 cm3)
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. Chaﬁging to a 12:1 light petroleum (606 -
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. nB—Allyldicarbonylbis(methyldiphenylphosphine)manganese(I)

A similar photolysis reaction to that above using 1.60 g (8 mmol)
of PMePh2 and a reaction time of 72 h, followed by removal of the
solvent,gave an oily residue. This was dissolved in n-pentane
(300 cmB), 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

(VI), which were filtered off, washed with n-pentane and dried in

VaCuOe.
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VII. "3-A11y1dicarbonyl{bis(diphenylpho§phino)methane}ma@ganese(l)

A mixture of [(n3-03H5)Mn(co)4] (0.83 g/t mmol) and dppm (1.54 g/
4 mmol) was heated in refluxing light petroleum (80° - 100°C
boiling range, 50 cm3) for 18 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 (VII). -

3

VIII. n”-Allyldicarbonylbis(trimethylphosphite)manganese (I)

A solution of [Kn3-03H5)Mn(co)4] (0.63 g/3 mmol) and P(OMe)3
(0.75 g/6 mmol) in cyclohexane (25 cm3) was heated under reflux
for 1.5 h. The solvent was removed and the resulting yellow oil
transferred to a column packed with Florisil. EKlution 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 (VIII) as pale yellow platelets.

X. n3-A11y1dicarbony1bis(triethylphosphite)manganese(I)

Using a similar procedure to that above for the P(OMe)3 complex,
the product (IX) 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 —7800.

X. ﬂB—Allyltricarbonyl(triphenylphosphine)rhenium(I)

A mixture of [@13-03H5)Re(co)4] (0.34 g/1 mmol) and PPh3 (0.52 g/
2 mmol) was heated under reflux in cyclohexane (25 cm3) for 85 h
during which time tﬁe v(CO) region of the infrared spectrum was
monitored. The intensity of the v(CO) bands of the tricarbonyl

product (X) reached a maximum after 85 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. nB—Allyldicarbonylbis(triphenylphosphine)rhenium(I)

A mixture of [(nB-CBHs)Re(co)lJ (0.34% g/1 mmol) and PPh3 (1.57 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 so0lid 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

vacCuoOe.

The yields, melting points and analyses obtained for all the
complexes I - XI appear in Table 5.1. Their infrared and 1H NMR

spectra are listed in Tables 5.3 and 5.4 respectively.

Structure Determination

A sample of [(nB—CBHB)Mn(CO)a{P(OMe)3}2], 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 0.5 x 1.5 mm was mounted
with the (101) planes perpendicular to the instrument axis of a
General Electric XRD 5 diffractometer, which was equipped with a
manual goniostat, scintillation counter and pulse-height
discriminator. Zirconium filtered molybdenum X-radiation was
used. 1742 independent reflections with 26 <'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 (I)_> 24¢(I) 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: C,]1H23Mn08P2, M = 400.19, Monoclinic, a = 18.618(11),

b = 9.218(7), ¢ = 10.607(11) &, B = 102.1(1)°, U (volume of the unit

cell) = 1780.0 ﬁB, DC = 1.49, Z = 4 (number of molecules in the
unit cell), (MoK ) = 0.7107 3, B (absorption factor) = 9.90 cm-q,
F(ooo) (number of electrons in the unit cell) = 832, space group

P21/é from systematic absences hOl, h = 2n + 13 0kO, k = 2n + 1.

Solution and refinement

The positions of the manganese atoms were obtained from the
Patterson map and subséquent Fourier syntheses gave all the
remaining non-hydrogen atom positions. These were refined and then
a difference Fourier map was calculated which enabled all the
hydrogen atoms to be located. The positions of the allyl hydrogen
atoms were allowed to refine, whilst those of the methyl groups

were fixed in tetrahedral positions. Isotropic 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 = 0.059. The weighting
scheme employed was chosen to give similar values of wA? over
ranges of F_ and sin 6/\ and was fw = 1 for F6(40 and 40/F° for
Fé>40. Calculations were made using the Shelx 76318 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 5.6 and the
bond lengths and angles appear in Table 5.7. 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 5.17: Yields, Melting Points and Analytical Data

Complex (Ref No.) Yield M.p. Analysis
found
(%) °c) ¢ H
[("2-C_H_)Mn(CO)_PPh.] (I) 53 1592 65.2  h.67
35 53 (65.2) (4.56)
[(n3-c H_)Mn(CO)_AsPh_] (II) 31 1572 59.1 4,02
32 S (59.3) (4.15)
[ (712-C_H_)Mn(CO)_PC (111) 33 1782  62.6  8.24
35 CREEL. (62.6) (8.32)
[(ﬂB-CBHB)Mn(CO)BPBug] (1V) 49 56.2 8.5k
(56.5) (8.4k4)
[(n3-c H_)Mn(CO) PMeth] (V) 36 61.0 4.83
35 3 (60.0)  (4.77)
3 a
[(n”-C_H_)Mn(CO)_(PMePh.).] (VI) 32 154 66.8 5.58
35 272 %2 67.4) (5.66)
[(n3-c H )Mn(CO)zdppm] (V1iI) 25 2042 66.4 5.16
35 67.2) (5.07)
[(n°-C_H_)Mn(co). {P(oMe).}. ] (VIII) 66 46 33,5 5,80
32 2! 52 (33.0) (5.79)
((”-c_H_)Mn(co)_{P(oEt).}. ] (IX) L4 2l 42,0 7,01
35 2{ 3}2 (4k2.2) (7.28)
[(n3-c H_)Re(CO)_PPh_] (X) 35 168 50.6 2.94
32 33 (50.3) (3.51)
[(nB-c H_)Re(CO).(PPh.).] (XI) 56 260% 60.9 L 4o
35 2722 (61.0) (4.37)

a Melting occured with decomposition
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RESULTS AND DISCUSSION

General Properties

The complexes [(n3—03H5)M(CO)3L:](M = Mn, L = PPh,, AsPh,, PCyB,

3 3

n * — — 3 —
PMeFh,; M = Re, L = PPhB) and [(n —C3H5)M(CO)2L2] (M = Mn,

3’
L = PMePh

PBu

3 P(OMe)B, P(OEt)B, Zdppm; M = Re, L = PPhB) have been

prepared by carbonyl displacement reactions employing the readily

available [(ﬂB—CBHs

3
these complexes only [(n —CBHS)Mn(CO)BPPh3

[(UB—CBHS)Mn(CO)E{P(OMe)B}2]11 have been previously reported.

)M(CO)h] complexes as starting materials. Of
]171,219 and

There are considerable disparities in the melting point of the

PPh3 complex, reported as 120 - 125°C (d)ZII9 or 140 - 142°%¢ (d)171
in the literature but found to be 15900 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.

In agreement with recent observationsqq, 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 XTI 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. 1In a number of similar reactions, infrared

evidence from the v(CO) region indicated the formation of several
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analgous products. Thus [(WB—CBHS)M(CO)BL] (M = Mn, L = unidentate
dppm, unidentate dppe, P(OMe)}; M=Re, L = PCyB, P(OMe)3 , N
[(n3—03H5)M(co)2L2] (M=Mn, L= PBug. 3dppe; M = Re, L = PCy )
P(QMe)B) and [(nB—CBHs)M(CO) (PBug)B] 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 v(CO) infrared bands attributed to
them. Apart from the preparation of [(nB—CBHs)Mn(CO)BAsPhB], 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 ¢ -donor and
w-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)3> P(0Bt); > PBu; > PMePh, > dppm > PPh, & PGy, >

APh -
SH3

The manganese complexes I, IT, IIT, VIIT 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 [(n1—c H

35

appropriate phosphorus donor ligand in refluxing cyclohexane.

)Mn(CO)5] and the

Thus it would appear that prior decarbonylation of the ﬂq—allyl
complex and isolation of [(nB_CBHS)Mn(CO)hJ is not essential since

facile decarbonylation in situ probably precedes the carbonyl

substitution step when using [(ﬂ1-C )Mn(CO)5]. The corresponding

305

reactions between [(ﬂq-C )Re(CO)S] and phosphorus donor ligands

55
did not however lead to the formation of substituted ﬂ3—a11yl-
rhenium analogues. Presumably this is because [(ﬂ1—CBH5)Re(CO%;
can only be successfully decarbonylated photolytically to give
[(nB—CBHB)Re(CO)q] as found previously (Chapter 4, page 96). 1In
view of the rather 1eﬁgthy 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
[Rea(CO)B(PPhB)é]§13 as starting material (Appendix 2) in the
attempted preparation of the [Re(CO)4PPh3]- anion. However in
contrast to the corresponding manganese compleszo—322 but in
agreement with previous observations - the [Re2(00)8(PPh3)2] 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

3
experienced in cleaving the Re-Re bond of Rea(CO),IO (see Chapter

k, page 95).
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The second route investigated attempts to synthesise [Re(CO)B(PPh3)2]—
by reduction of zgg;[Re(CO)B(PPhB)EBr]314’315 (Appendix 2) again
using a variety of reaction conditions and reducing reagents.

Although analogous reactions employing manganese complexes are

known to proceed to the desired anions323 the reactions involving
iggffRe(CO)B(PPhB)Br] 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
allyl-rhenium derivatives is limited by the availability of suitable
anionic species. One group of anions which were not investigated
but do look promising however are the recently :c‘eported32}+'325
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 PhBPAu01 or MeBSnC1 forming
325

neutral seven-coordinate derivatives or disubstituted monoanions

(egs. 5.6 and 5.7).

HMPA
NaB[Re(CO)L}] + 3Ph3PAuCl —~[(Ph3PAu)ERe(co)L;I + 3NaCl 5.6
HMPA
NaBEMn(co)LJ + 2Me35nc1 Ph, ASCl[PhhAs][(MeBSn)zMn(CO)L}] + 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 »(CO) band patterns (Table 5.3) may be rationalised
if the complexes are considered to be pseudo-octahedral with the
ﬂ3-a11y1 group acting as a bidentate ligand with a small normalised

bit611 339154’577336

. (The '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
[(,,3_c3H5)Mn(co)2{P(0Me)3}2]. 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 nB-allyl group, shows that the tricarbonyl complexes

(1, 11, I1II, 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 [(n°c )Mn(co)3P0y3] (ITT) and [(ancsz)Mn(CO)BPBu;]

35
(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, [(nB—C H_)Re(CO)_PPh_ ], is
35 373

illustrated in Figure 5.1.

A1l the dicarbonyl complexes (VI, VII, VIII, IX, XI) display two
strong v(CO) absorptions consistent with a cis-dicarbonyl
arrangement. In all the complexes, except [(ﬂB—CBHE)Mn(CO)adppm],

the lower frequency asymmetric stretching made is the more intense
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Table 5.3%: Infrared Data

v(C0),s01ia®

Complex v (CO), solution™ V(allyl)c Approximate
Number (cm™ | (cm 1) (cn™ 1) Angle (26°)
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
11T 2002 m 1996 s 1501 vw
1926 w, sh 1912 s, sh
1916 s 1899 vs
1903 s 1882 vs
TV 2003 s 1997 s ¥ 1501 vw
1929 s 1921 s
1921 m, sh 1898 s
1905 vs
v 2011 s 1996 s i 1502 w
1931 s 1919 s
1909 vs 1889 s
VI 1917 s 1901 s 97
1851 vs 184h 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 s 1937 s 1496 w 102
1867 vs 1866 vs
X 2026 s 2015 s 1497 w
1940 s 1934 s
1915 s 1897 s
1870 w, sh
XI 1926 s** 1931 s 99
1849 vs 1856 vs

2 Determined for n-pentane solutions except *CClq and **CHClB.

P Determined for Nujol Mulls except:Fliquid films.

¢ Determined for hexachlorobutadieéne

mulls.
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band. Thus for these compounds the OC-M-CO angle must be greater
than 90o since the relative intensities of the two bands are
dependent upon the angle 28 between the two CO bond5326_328,
according to Ia/Is = tan°f. The intensities of the symmetric (Is)
and asymmetric (Ia) 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 1020 was calculated for
[(UB—CBH5)Mn(CO)2{P(OMe)3}2] and compares with the value of 97.7°
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

n3-a11y1 moiety (Cq—Mn—C angle, 67.0°), so it is to be expected

>

that 26 will exceed 900. There is no reason to suppose that this

stereochemistry is different for the other dicarbonyl complexes,
3 1. . .

apart from [@I-—03H5)Mn(CO)2dppm Certainly multinuclear NMR

evidence/l’I favours this ligand arrangement for

[(nB-CBHS)Mn(co)a{P(opri)3}2]. In the complex [(n>-c )Mn(CO)adppm]

5%
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 Ph2P moiety whilst the other is essentially trans

3

to a terminal carbon of the M7-allyl ligand. Therefore the angle
20 will be expected to be smaller than for the other dicarbonyl
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 26 value of less than 9OO and
a value of 80° was determined from 0014 solution data. Both the

solution and solid state infrared v(CO) frequencies are listed in

Table 5.3, together with weak bands at ca. 1500 cm_1 which, when



161

N

L 3 1 L 1 ke

Figure 5.1: Solid state infrared spectra (4000 - 200 cm—1)

A, [(@P-c )Mn(CO)z{P(OMe)BiQ](VIII)

B. [°-¢C

&

)Re(co)ZPPhBJ(x)

observed, are found at frequencies characteristic of ba(CH)2 +
Va(CCC) in.n3-a11y1 groups (see Chapter 4, pages 129-131). The
analozous allyl bands of [CnB—CBHS)M(CO)q] are found at 1500 cm—1

M = M) ana 1495 cm! (M = Re).

Figure 5.1 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. By
comparing their infrared spectra, it is clear that below 1600 cm-1
most of the intense absorptions occur at frequencies closely
similar to those of the uncoordinated ligands. ZFor example, the
complex [KUB_CBHS)Mn(CO)2{P(OMe)s}EJ displays medium-strong bands
at 2980, 2945, 2840, 1455, 1174, 1017 br, 776, 718, 517 cm” ' due
to coordinated P(OMe)B, and [(nB-CBHB)Re(CO)BPPhEJ exhibits similar
intensity bands at 3050, 1480, 1435, 1094, 846, 795, 524, 425 em T,

which can be assigned to coordinated PPh Thus apart from the

3°
very weak feature at ca. 1500 cm_1 and the strong v(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 700 - 500

cm  region in every case can probably be attributed to a metal-

carbon-oxygen deformation.

1H NMR Spectra

Details of the 100 MHz 1H NMR spectra of these complexes, measured
at ambient temperatures, are listed in Table 5.4. 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

syn- (H ) and anti- (H ) protons or between 3'p muclei 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 5.4: 'H NMR Data

Complex No. Chemical Shift Assignment* Coupling Consts;*
(Solvent) (5 ppm) (Rel.Int.) (Hz)
I(CDClB) 7.38 a PPh3 (15) Jp, = 12.0
3.85 m H, &D) J . = 12.0
2.21 d Hﬁ ) Jam = 7.0
1.80 da H (2) Ipy = 4,0
I(CSZ) 7.35 d PPh3 (15) JPa = 12.4
3.78 m H (1) J . = 12.0
2.08 qt** H 2) I = 7-2
1.69 qt H_ (2) Ipy = 3.8
Jpy = 1+2
J =d = 1.2
mx mx
II(CDClB) 7.36 s AsPh3 (15) Iy = 12.0
L.o2 tt Ha 1) I = 7.0
2.42 g H 2)
1.84 4 B (2)
X
III(CDZClZ) L.56 m Ha 1) JPa = 12.2
2.59 dd H (2) J = 12.0
m ax
2.20 da Hx ) Jém = 7.0
1.26 m, br J?m = 1.0
IV(CDCIB) 3.92 m H (1) o = 12.0
2.38 dd Hm @) Jam = 7.0
1.73 dd H ) Jp, = 50
1.39 m, br B(CHE)3 (18) Iy = 140
0.92 m, br 3(CH3) 9

eees/cont'd
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Complex No.

Chemical Shift Assignment*

Coupling Constsf

(Solvent) ‘( ppm) (Rel.Int.)
v(csz) 7.34 m PPh2 (10) 12.0
3,60 m Ha (1) 11.8
2.03 dq Hm ) 7,0
1.63 4 PCH3 (3) = 7.0
1.62 gt H 2 5.0
J _, = 1.2
mx
1.0
VI(CDClB) 7.25 m 2(PPh2) (20)
3,80 m H (1)
2.20
1.65}m 2(CH;),H ,H , (10)
VII(CD2012) 7.40 m 2(PPh2) (20)
L Ly m CH, 2)
3.70 m Ha (1)
2.46 m B 2)
1.80 m H (2)
X
VIII(CDCIS) L.56 m H 1) 14.0
3,60 t 2(00H3)3 (18) 12.0
2.18 dm Hﬁ ) - 115
1.38 m H 2) = 10.5
7.0
1.0
Jﬁx, = 0.5
IX(CDClB) L.sh m Ha 1) 12.0
3.96 m 2(OCH2)3 (12) 7.0
2.13 4, br H (2)
1.26 m

HX + 2(CH‘3)3 (20)

e.../cont'd
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Table S.4: Cont'd

Complex No. Chemical Shift Assignment* Coupling Consts.*
(Solvent) (3 ppm) (ReleInt.) (H2)
x(CDc13) 7.32 d PPh (15) J . = 12.0

3.82 m H_ (&P I, = 10.8

2.32 dt, br H 2) Ipy = L.o

2.06 am H (2) J =d _, =12

x mx mx

XI(CD2012) 7.57 m 2(PPh3) (30) Jém = 7.0

Loih m H 1)

1.99 4, br Hm (2)

0.84 m H& ()

* The allyl protons are labelled according to Figure 1.7 (page 18).
i.e« m and m' are the syn- protons and x and x' are the anti-
protons.

*All spectra display the simple AM2X2 or AMM'XX' patterns when
broad-band phosphorus decoupled.

** Two sets of triplets overlape.

The room temperature spectra show the characteristic features of

3 3

. 1
a 97 -bonded allyl ligand which is coupled to “ P and may be

3

analysed as either AM2X2 or AMM'XX' spin systems on 1P decoupling

(see pages 18-20). A typical example, [(n3—c )Mn(CO)BPPhB], is

H
35
illustrated in Figure 5.2. As expected, Jax (ca. 12 Hz) is always

larger than Tom (ca. 7 Hz).

For the phosphine complexes strong coupling (ca. 5 Hz) between
3

1P and H% is also observed whereas me is much weaker (gg, 1 Hz).

These couplings are of the opposite order to those found for the

Group VI complexes [(n3-c3H5)mc(co)2L2] (M = Mo, W; X = Cl, Br;

L, = dppm, appe) 88 ana [(,,3_c3H5)Mocl(co)2{P(OMe)3}2]34 where

JPx values are less than 1 Hz and often not observed at all,

whereas JPm values are all ca. 3 Hz. The central allyl proton Ha



166

™S

a
impurity

solvent

‘JL{“ } - decoupled
L\AP {H } ~ decoupled

<~
=

T 0
- \O
- M
—
NN =1 o~
N~
— ©O
1 o
4o
—
e, = nmm,
ny [aN] =
N " < »
N N
~—— 3 ~——— <

Figure 5.2: 'H R Spectrum of [(nB—CYHE)Mn(CO)7PPh1] (CS, solution)
55 > 2
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31

is also strongly coupled to P (gg, 12 Hz), however detailed measure-

ments were also hindered by the complexity of this resonance.

Analysis of the spectra of the two phosphite derivatives (VIII and
IX) is not quite so straightforward and they differ from the
phosphine compounds in a number of respects. Although well
resolved spectra were obtained for both compounds, detailed
analysis for the P(OEt)3 complex (IX) was not possible because the

CH, resonances of the ethyl groups obscured most of the region of

3

interest. However it is reasonable to assume that the following
comments on the spectrum of [CnB—CBHB)Mn(CO)zfP(OMe)3}2] (VIII)

are also applicable to that of Ct”-c H5)Mn(co)2{P(0Et)3}2] ().

3

The 100 MHz 1H NMR spectrum of VIII, measured at 2900, is illustrated
in Figure 5.3. The first notable difference compared with the

phosphine analogues is the magnitude of (ca. 14 Hz) which is

Ipx

greater than JaX and much greater than JPX of the phosphine

complexes. Secondly Figure 5.3 shows the methoxy protons as a

slightly split, deceptively simple triplet. It has been shownm -’

that for an X9AA'Xé (X = H; A=pP) spin system of this type, with the
X nuclei magnetically equivalent, a simple 1 : 2 : 1 triplet will

be observed when JAA'>> IJAX - JAX"' Thus initially it seems

reasonable to explain this feature on the basis of virtual coupling

with the two mutually trans-phosphorus nuclei coupling strongly with

31

each other and the methoxy protons coupling equally with both = P

nuclei. The spectra of several bis-phosphine and bis-phosphite

2]330’331 (M = Cr, Mo, W) and

complexes €.g. trans-[M(CO)q{P(OMe)B}
trans—[MXz(PMe3)2]332 (M = Pd, Pt; X = halide) have been assigned
in this manner. The methoxy protons of the closely related complex

[Mn(CO)Z{P(OMe)B}a(oxinate)] (oxine = 8 - hydroxyquinoline) also
333

appear as a triplet .
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Figure 5.3: 'H NMR spectrum of [(UB—C7H,__)Mn(CO),3{P(OMe)7}2]
55 2 Fe=

in CDC1l, solution
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A more detailed study of the spectrum of VIII however, suggests

that virtual coupling need not be invoked. Thus the 31P—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 n3

-allyl group, in agreement with the
solid state structure (vide infra). Furthermore, a 60 MHz spectrum,
measured at ambient temperature (Figure 5.4), is composed of two

1 : 1 doublets for the methoxy protons (BJPOMe = 10.5 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 1H NMR spectrum of VIII Qas determined at several
temperatures within the range -80° to +50°, with the methoxy
resonances proving to be the most temperature dependent as shown
in Figure 5.4. 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 +50°C. Also at +50°C in the
3"P—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

3

TP nucleus (BJPOMe = 10.5 Hz), and each line being further split

by coupling to the more distant 31P nucleus, (5JP e = 2 Hz). On

OM
warming, the phosphite ligands tend to lose their inequivalence
with respect to the n3—ally1 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 +50°C. Thus this complex is probably
stereochemically non-rigid above room temperature, but a study
above +50°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 5.5, together with
the observed metastable ions. FEach 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 L4) the

185 187

rhenium-containing ions are easily identified by the Re : Re
isotopic ratio of 1 ; 0.59, but this is not possible for the
manganese ions as 22Mn 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
[(WB—CBHS)Mn(CO)Z(PMeth)E] (VI), but is of high relative intensity

only for [(ﬂ3-03H5)Re(CO)3PPh3] x).

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 [(C3 )MnL1* fragments, which are by far the most

H
5
abundant metal-containing ions for each complex. Also there is no
evidence for [Mn(CO)B-xL]+ (% = 0 -~ 2) fragment ions, so it seems

that loss of allyl prior to carbonyl fragmentation is not a

favoured process.
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3 b
I. [( -0355)Mn(co)3pph}l_
m/e R.I. Ton
+
Lo 7 [CBHBMn(CO)BPPhB]
+
358 100 [CBHsMnPPhBJ
317 b7 (PP, ]"
Metastables®: 258 - 317; m* = 281.0(280.7)
IT. [KnB—c H_)Mn(CO)_AsPh ]b
25 3
m/e R.I. Ton
+
486 5 [CBH5Mn(CO)3AsPh3]
+
458 5 [CBHEMn(CO)EASPhBJ
+
Lo2 100 [CBHBMnAsPhBJ
+
381 12 [CBHSMn(CO)ZAsPhEJ
361 33 [MnAsPh3]+

Metastables: 486 - L4023 m* = 332.0(332.5)

ITT. [(1°-C_H_)Mn(C0),PCy_1°
J > 7

m/e R.T. Ton
+
460 L [C3H5Mn(CO)3PCy3]
+
376 100 [CBHSMnPCyBJ
335 10 [MnPCy3]+
V. [(17-C,H_ )Mn(CO)_ PBul7°
S P .
m/e R.I. Ton
n.+
382 10 [CBHsMn(CO)BPBuBJ
n .+
298 100 [C3H5MnP3u3]
257 8 DWnPBu§]+
Metastables: 382 —~ 298; m* = 232.5(232.5)
298 «~ 257; m* = 221.5(221.5)
298 ~ 2563 m* = 220.0(219.9)
298 - 255; m* = 218.0(218.2)

3
the Complexes [(7 -03§5)M(co)#_ L ]

eees/cont'd
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5 b
v. [ ~C,H, )Mn(CO), PMePh, ]
m/e R.I. Ton
+
380 10 [CBHSMn(CO) 3PMePh2 1
+
224 3 [CBHSMn(CO)PMeth ]
+
296 100 [03H5MnPMePh2]
255 28 [MnPMePn, 1+
Metastables: 380 - 22L4; m* = 276.0(276.2)
324 - 2963 m* = 270.5(270.4)
296 = 255; m* = 219.5(219.7)
255 = 2003 m* = 157.0(156.9) (m/e 200 = PMeth)
P b
vi. [(n -C7H,;)Mn(CO),,(PMePh§_22]
any = T
m/e R.I. Ton
552 not obs. [CBHSMn(CO)2(PMePh2)2]+
+
496 0.1 [C,H Mo (PMePh, ), ]
+
481 0.1 [CHMn(PPh, ) (PMePh, )]
4s5 0.1 [Mn(PMeth)]+
1440 0.1 [Mn (PPh,, ) (PMePh,,) T*
+
380 5 [CBHsMn(CO)BPMePha]
+
32k 5 [CBHSMH(CO)PMethl
+
296 100 [CBHSMnPMePh2]
255 18 [MnPMePh2]+
VII. [(°-C.H_ )Mn(CO) dppm]b
5 2
m/e R.I. Ton
+
536 1 [CBHSMn(CO)adppm]
+
L80 100 [CBH5Mndppm ]
439 18 [Mndppm]*
Metastables: 536 -~ 4803 m* = 430.0(429.8)
480 + 43%9; m* = 401.5(401.5)

eee./cont'd
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3 b
VIII. [(n -czgggyn(co)z{P(OMe)ngl

m/e R.I. Ion
+
400 11 [CBHSMn(CO)E{P(OMe)B}Z]
+
269 2 [CBHsMn(CO)E{P(OMe)B}{P(OMe)Z}]
+
3l 8 [C,Hln {p(ome )3}2 ]
313 9 [CBHSMn{P(OMe)BH P(OMe)Z}]+
303 1 Dm{p(oMe),}, 1
288 1 [Mn{P(OMe)B}{PO(OMe)z}]+
+
248 1 [CBHSMn(CO)P(OMe)B]
+
220 100 [CBHBMnP(OMe)BJ
179 37 [MnP(OMe)3]+
Metastables: 40O - 369; m* = 340.5(340.4)
4OO = 3h4l; m* = 295.5(295.8)
369 ~ 3133 m* = 265.0(265.5)
34« 2203 m* = 140.5(140.7)
220 ~ 1793 m* = 145.5(145.6)
3 b
X. [(7-c,E )in(co) {p(oBt).} ]
m/e R.I. Ton
+
48l 9 [CBHBMn(CO)2{P(OEt)3}2]
+
439 2 [CBHsMn(CO)Z{P(OEt)E}{P(OEt)B}]
+
428 7 [CBHEMn{P(OEt)B}Z]
387 1 [n {P(0EE),}1*
+
383 4 [c;HMn P(OEt)z{P(OEt)B}J
35k 1 [383 - Et]
309 1 [383 - OEt]
+
262 100 [C3H5MnP(OEt)3]
221 14 [MnP(OEt)3]+
Metastables: U484 + L428; m* = 379.0(378.5)

L28 - 2623

m* = 160.5(160.4)

262 ~ 2213 m* = 187.0(186.4)

cees/cont'd
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X. [ -c.B )Re(CO),Pthlé

5
m/e R.I. Ion
+
574 90 [CBHSRe(CO)BPPhBJ
4
546 97 [CBHSRe(CQ)ZPPhBJ
533 100 [Re(CO)BPPh3]+
+
518 61 [CBHSRe(CO)PPhBJ
+
505 22 [Re(CO)zPPh3]
504 23
+
Lgo 28 [cBBERePPhBJ
Lk 4z
LLg 88 [RePPh3]+
448 66
AN 23
302 30 [RePPh2]+
Metastables: 574 — 5463 m* = 519.0(519.3)
574 - 5333 m* = 495.0(494.9)
546 - 5183 m* = 491.5(491.4)
533 - 505; m* = 478.5(478.5)
518 = 490; m* = 463.5(463.5)

XI. [(HB—CYHE)Re(CO)q(PPh )12
A z

3=
m/e R.TI. Ton
+
808 3 [CBHsRe(CO)a(PPhB)Z]
+
767 7 [Re(CO)z(PPh3)2]
739 8 [Re (CO) (PPh,),T"
+
711 L [Re(PPh3)3]
634 3 [Re(PPhZ)(PPhB)]+
+
574 38 [03H5Re(CO)3PPh3]
+
546 100 [CBHsRe(CO)EPPhEJ
533 Ly [Re(CO)BPPhBJ

eees/cont'd



176

Table 5.5: Cont'd

m/e R.I. Ton
+

518 40 [CBHSRe(CO)PPhBJ

+
505 16 [Re(CO)aPPh3]
504 18

+
XeTo) 38 [CBHSRePPhBJ
Lk 39
L9 50 [RePPh3]+
LL8 58

Metastable: 739 = 711; m* = 684.0(684.1)

2 Metal containing ions only.

b Tons at m/e 96 [MnCBH5]+ and 55 [Mn]* always highly abundant and
often linked by m* = 31.5, they are not tabulated because they
undoubtedly contain contributions from ligand fragments.

€ Calculated position in parenthesis.

187

d 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:-

+ + .
[(c3H5)MnL] — [MnL]" + CBHB

This is confirmed by the observation of the appropriate metastable

peaks.

The mass spectrum of [(nB—C )Re(CO)BPPhBJ is however markedly

H
35
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,

[(CBHS)RGL]+ is not the most abundant metal-containing ion, the
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base peak in this case being [Re(CO)EL]+. The appearance of the

appropriate metastable ion shows that the allyl loss,
+ + .
C_H_)Re(CO)_PPh —= [Re(CO)_PPh C
K 3 5) e( )3 3] (Re( )3 3] + BHs )

is a major fragmentation process in competition with that of
initial carbonyl loss. Subsequent stepwise loss of carbonyl groups
then occurs. Thus the highly abundant [RePPh3]+ ion arises from
two alternative fragmentation pathways. ILigand fragmentation
whilst still attached to the metal is not a favoured process for
these tricarbonyl complexes although [(C3H5)Mn(CO)2AsPh2]+ is
observed as a moderately abundant peak in the spectrum of the AsPh

3
complex IT.

Consideration of the metastable ions detected in the spectra of the
manganese dicarbonyl complexes [(nB—CBHB)Mn(CO)2L2J (L = PMePh,,,
P(OMe)B, P(OEt)B), indicates that initial simultaneouus loss of both
carbonyl groups, followed by loss of one ligand molecule before
final elimination of the allyl group, is the major fragmentation
pathway. The ion [(CSHS)Mn(CO)L2]+ was not detected in any of the
spectra. As for the tricarbonyl complexes, the most abundant
metal-containing ion in each of these three spectra is E(C3H5)MHL]+
showing that loss of only one mole of ligand is a favoured process.
However there is evidence for other ions such as [(CBHB)Mn(CO)L]+,
albeit in low abundance, showing that carbonyl and ligand loss may

be competitive processes. The following scheme summarises the

fragmentation processes (unbroken arrows indicate the major

pathway):~
+ +
[(03H5)N{n(00)2L2] [(CBHB)MnLa] + 2CO
i N .
[(CBHB)Nin(CO)zL] + L - [(03H5)MnL] + L

’ + //”’ + .
[(CBHS)Mn(CO)L] + CO [MnT]™" + 03H5
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The mass spectrum of [(nB-CBHS)Mn(CO)depm] 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:-

[(CBHB)Mn(CO)depm]+ _— [(CBHS)Mndppm]+ + 2CO

|

+ [ ]
[Mndppm]" + 03H5

As for the tricarbonyl series, the rhenium dicarbonyl complex
Z
[(n’-CBHE)Re(CO)E(PPhB)a] (XI) does not follow the same

fragmentation pattern as the manganese dicarbonyl complexes. The

base metal-containing peak is [(C )Re(CO)aPPh3]+ and generally

H
35
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
[Re(CO).. (PPn.).TY (x = 0-2) ions as well as [Re(CO).(PPh. )]’ are

2-x 372 2 3
detected. In contrast to the tricarbonyl rhenium complex, X,
initial loss of carbonyl groups appears to be insignificant for

. . +
= 2
this complex as the ions [(CBHS)Re(CO)2—x(PPh3)2] (x =1, 2) are

not detected. The suggested fragmentation sequence is summarised

in the following stheme:-

+ +
[(C B )Re (CO), (PPR,), " —s [(03H5)Re(co)zpph3] + PPy
[Re(CO)a(PPh3)2]+ + G5B [(03H5)Re(co)PPh3]+ . co

[Re(CO)(PPh3)2]+ + CO [(c H5)RePPh3]+ + CO

3

\ + + .
[Re(PPh3)2] + CO [RePPhB] + Gl



179

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 IKCBHS)Mn(CO)Z_XP(OR)BP(OR)zj (x = 0, 23

R = Me, Et) are of at least moderate relative intensity. The

fragmentation pathway,
+ + .
[(CBHs)Mn(CO)z{P(OMe)B}zl —= [(C,H; Min(CO),P(OMe ) P(OMe),T* + Olle
+
[(C3H5)MnP(OMe)3P(OMe)2] + 2C0,
is established for the complex VIII by observation of the appropriate

metastable ions.

Finally, it is noticeable that no ions are observed whic¢h correspond
to the loss of two hydrogen atoms from the allyl group whilst still

bound to the metal. Such ions, e.g. [(CBHB)Re(Co)x]+ (x = 0-2),are

however of high abundance in the mass spectra of both

[(n“—cBHE)Re(co)5] and [XnB—CBHS)Re(CO)4] (see Chapter k).

The Crystal and Molecular Structure of[KnB—C,HE)Mn(CO)q{P(OMe)j} ]
T = 2=

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 [InB-CBHS)Mn(CO)a{P(OMe)3}2]
separafed by the usual van der Waals contacts and a diagrammatic view
with the atom numbering scheme is given in Figure 5.5. Table 5.6
lists the final atomic positions whilst the important bend lengths

and angles are presented in Table 5.7.

The metal atom is bonded to two mutually trans phosphorus atoms
[Mn-P 2.175(5), 2.219(5) %], two cis carbonyl groups [Mn-C 1.75(2),

1.83(2) %) and a no-allyl ligand [Mn-C 2.223(17), 2.114(14), 2.229(13) k1.
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OA) a

Plate 5.1: The_Structure of [(T?A-CAH*)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 oﬁe coordiﬁation site often applies. For example, the Group VI
cgmplexes [(WB-RCBHﬁ)MX(CO)alb] discussed in Chapter Two possess a

pseudo-octahedral structure only if the allyl group is monodentate.

The distortion in the present comflex is considerably greater than
| that found in the related compound [Mn(co)z(PPh3)2(02CCH3)]335,
which contains a chelating acetato-group, even though the O-Mn-O
angle in the acetate is only 61.6(3)° compa:r:ed with C(12)-Mn-C(14)
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). waeyer in the former complex the allyl hydrggens
and indeed C(13) are close to the coordination sphere of the metal
whilst in the latter complex only the two oxygen atoms éf the
acetate group affect the position of the other atoms. A further
cause of distortion from octahedral symmetry is derived frém 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 I~-Mn-P-0O are different
for the two phosphorus atoms, the three smallest all involving P(2)
rather than P(1) i.e. [C(8)-Mn-P(2)-0(6) -6.0, C(12)-Mn-P(2)-0(4)

17.1, C(13)-Mn-P(2)-0(4) -17.5°].

It has‘already been mentioned that the 1H NMR spectra of the
complex at several temperatures (page 169) indicate that the
P(OMe)3 ligands are in different environments. Likewise in the

solid state, as illustrated qualitatively in Plate 5.1, the methoxy



182

@
: @
()
=0
. 0(2) % 3) C(1) \:‘.
:" o //
N\ O\ /
P(1 113 3-8 ¢
Q ¢ ( %";“Qi;&‘!.
4V) c(13) /
c(l) 6’1 . 4
® h :/ =N "'/ (7
c(12) A, e > LR o(7)
,/}., Mniég'[:‘,“,
@ 4 X
f 4 Ny
/ 8)
e (C(5) B SR
s\ >
o) ey, C
/' o(5) '
4 0(6) oo /,
Y, a9
O C(‘*) A)c(6)
® D

Figure 5.5: Diagram of the molecule with atom numbering scheme

groups of the 'lower! P(OMe)3 ligand, P(1), 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(14)
[P(1)-Mn-C(12) 96.0(5), P(1)-Mn-C(14) 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, C(7) and C(8)) is
closer to P(1) [P(1)-Mn-C(13) 81.9(5)°] than P(2) [105.1(5)°].

The P(1)-Mn-P(2) angle of 172.8(2) also shows that the phosphite
ligands are forced away from the allyl group,bei?g reduced from the

ideal trans angle of 180°.



Table 5.6: Atomic Coordinates (x 10l+) with Estimated Standard

Deviations in Parenthesis

Atom X Y Z

Mn 1454(1) 1852(3%) 2540(2)
P(1) 760(2) 2893(5) 3688(4)
P(2) 2040(2) 620(5) 1266 (4)
o(1) -91(5) 2438(12) 3199(10)
o(2) 918(5) 2683(13) 5213(9)
0(3) 731(6) 4632(12) 3793(11)
o(k) 2848(5) 1140(13) 1256 (10)
0(5) 2111(7) -1106(13) 1416(11)
0(6) 1688(6) 609 (14) -259(9)
c(1) ~-653(9) 2972(23) 3819(17)
c(2) 920(11) 1263(24) 5741 (17)
c(3) 463(11) 5512(20) 2659(19)
c(4) 3297(10) Lol (26) 452 (18)
c(5) 2448 (12) -1810(23) 2576 (20)
c(6) 1014(10) -196 (24) -776(17)
c(?7) 988(8) 242(18) 2738(13)
0(7) 669(7) -824(14) 2876(13)
c(8) 812(9) 2529(17) 1112(16)
0(8) 426(7) 2974 (14) 227(11)
c(12) 2254(9) 3664(18) 2665(17)
c(13) 2485(8) 2981(18) 3835(14)
c(1k) 2460(8) 1520(18) Lo7L (14)
H(11) -1179(9) 2537(23) 3342(17)
H(12) -670(9) b2 (23) 3764(17)
H(13) ~-535(9) 2640(23) 4818(17)
H(21) 1035(11) 1229 (24) 6781(17)
H(22) 1337(11) 617(24) -5429(17)
H(23) 389(11) 766(24) 5404 (17)
H(31) L86(12) 6643 (20) 2928(19)
H(32) -98(12) 5216(20) 2244(19)
H(33) 800(12) 5331(20) 1961(19)
H(41) 3824(10) 1033(26) 617(18)
H(42) 3028(10) 608(26) -5L49(18)
H(43) 3377(10) -643(26) 685(18)
H(51) 2428(12) -2971(23) 2430(20)
H(52) 2161(12) -1532(23) 3228(20)
H(53) 3014 (12) -1467(23) 2855(20)
H(61) 871(10) -66(24) -1811(17)
H(62) 574(10) 212(2k) -357(17)
H(63) 1100(10) -1334(24) -545(17)
H(121) 2615(68) 3447(89) 2322(8L)
H(122) 2094(65) 4854 (89) 2738(83)
H(13) 2155(65) 3636(88) 4290 (8%4)
H(141) 2414(58) 1055(81) 5071(80)
H(142) 2784(67) 1050(87) 3753(83)
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Table 5.7: Interatomic Distances and Angles with Standard

Deviations in Parenthesis

Distance (R) Angle (°)

Coordination sphere

Mn-P(1) 2.175(5) P(1)-Mn-P(2) 172.8(2)

Mn-P(2) 2.219(5) P(1)-Mn~-C(7) 86.6(6)

Mn-C(7) 1.75(2) P(1)-Mn-C(8) 87.2(6)

Mn-C(8) 1.83(2) P(1)-Mn-C(12) 96.0(5)

Mn-C(12) 2.223(17) P(1)-Mn-C(13) 81.9(5)

Mn-C(13) 2.114(15) P(1)=Mn-C(14) 99.2(4)

Mn-C(14) 2.229(13) P(2)-Mn-C(7) 87.6(6)
P(2)-Mn-C(8) 89.4(6)
P(2)-Mn-C(12) 90.6(5)
P(2)-Mn-C(13) 105.1(5)
P(2)-Mn-C(14) 85.9(%)
C(7)-Mn-C(8) 97.7(7)
c(?7)-Mn-C(12) 166.1(6)
c(7)-Mn-C(14) 99.1(6)
c(8)-Mn-C(12) 96.1(7)
C(8)-Mn-C(14) 162.4(7)
c(12)-Mn-C(14) 67.0(6)

Allyl ligand

c(12)-c(13) 1.38(2) c(12)-c(13)-c(1h) 124.5(15)

c(13)-c(1k) 1.40(2)

Carbonyl groups

c(7)-0(7) 1.17(2) Mn-C(7)-0(7) 179.1(15)

c(8)-0(8) 1.13(2) Mn-C(8)-0(8) 178.3(15)

e.../cont'd
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Table 5.7: Cont'd

Distance (R) Angle (05

Trimethylphosphite ligands

P(1)-0(1) 1.62(1) Mn-P(1)-0(1) -111.3(4)
P(1)-0(2) 1.59(1) Mn-P(1)-0(2) 120.6(4)
P(1)-0(3) 1.61(1) Mn-P(1)-0(3) 120.7(5)
P(2)-0(k4) 1.58(1) Mn-P(2)-0(4) 116.1(5)
P(2)-0(5) 1.60(1) Mn-P(2)-0(5) 119.2(5)
P(2)-0(6) 1.61(1) Mn-P(2)-0(6) 117.8(5)
o(1)-c(1) 1.43(2) P(1)-0(1)-c(1) 121.6(10)
0(2)-c(2) 1.42(2) P(1)-0(2)-c(2) 119.7(10)
0(3)-c(3) 1.45(2) P(1)-0(3)-c(3) 120.7(10)
o(k)-c(h4) 144 (2) P(2)-0(4)-c(h) 123.3(11)
0(5)-c(5) 1.42(2) P(2)-0(5)~C(50 123.6(11)
0(6)-Cc(6) 1.46(2) P(2)-0(6)-c(6) 121.0(11)
0(1)-P(1)-0(2) 104.7(6)
0(1)-P(1)-0(3) 103.6(6)
0(2)-P(1)-0(3) 93.0(6)
0(4)-pP(2)-0(5) 104.0(7)
o(4)-P(2)-0(6) 100.5(6)
0(5)-P(2)-0(6) 95.8(6)

Probably as a result of different O...C contacts the two Mn-P
distances (Table 5.7) differ significantly [Mn-P{1)>Mn-P(2)] by
0.044(5) %. Furthermore both are appreciably shorter than those
found in a number of other manganese(I) bis-phosphine and bis-
phosphite complexes e.g. 2.260(3), 2.275(3) R in
[Mn(CO)2(PPh3)2(0200H3)3335; 2.278(5), 2.279(5) R in
[Mn(CO)Z(PPh3)2N0]336; 2.260(8), 2.279(8) % in fac-
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[Mn(CO)BBr{P(OMe)ZPh}2]231. Such shortening of Mn-P bond lengths
may be attributed to the greater Lewis acidity of the trimethyl-

phosphite ligandszsq.

The Mn-C(carbonyl) bond lengths [Mn-C(7) 1.75(2), Mn-C(8) 1.83(2) %]
fall within the expected range for manganese(I) carbonyl complexes
and may be compared with similar distances in, for example,

335
[Mn(cO), (PPh OZCCHgﬂ (1.70 - 1.76)7%7, [Mn(C0);(PPh,INO] (1.76 -

),
1.83% 8)>°7, [Mn(CO)4(PPh3)(SnPh3)] (174 - 1.85 i)338,

[Mn(C0),, (PPR,)C1] (175 - 1.86 R)77, [(n7-C B2 )Mn(00),, (PPh. )]

(174 - 1.77 $)2* ang gig;[Mn(CO)a{P(OMe)aPh}4]+.(1.78)341. 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. 89.3(5)° in [Mn(CO),(PPh,), (0 CCH,)]) as predicted from

322

infrared v(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 [1.17(2), 1.13(2) R] are typical of metal

carbonyls generally.

The Mn-C(allyl) bsnd lengths [2.223(17), 2314(15), 2.229(13) 1]
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(13). The C(12)-Mn-C(1k)

angle of 67.0(6)° and the C(12)-C(13)-C(14) angle of 124.5(15)°
57

are typical of many nB—allyl complexes”’ and may be comparéd with,

for example, analogous angles of 69.5(2)° and 118.8(5)° found in

]3h2

the complex [(n3_C3H5)Co(CO)2(PPh3) . The plane of the allyl
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carbons [C(12), C(13), C(14)] 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' angle,X,

is 109.0° as shown in Figure 5.6.

Figure 5.6: Schematic drawing of the coordination sphere in

[(n2-C_H_Mn(co) {P(oMe)_} T showing the 'allyl tilt!
5 2 o2

. : . 3
In the solid state the allyl group in [(1 —CBHS)Mn(CO)E{P(OMe)B}ZJ
is slightly twisted with respect to the equatorial plane. Thus
c(12) lies 0.07 R below the Mn, C(7), C(8) plane whereas C(14)
lies 0.21 3 below. The central allyl carbon lies 0.47 ﬁ above the

plane.

Although there are no structure determinations involving the
3
-C,H

[(n 5Hs

lengths and angles, the features described above are common amongst

)Mn] unit available for direct comparison of the bond

ﬂ3-a11yl complexes in general57 (see Chapter 1, pages 5 - 10).
343

The only other crystal structure determination reporte in which
an nB—moiety is bonded to manganese is for the complex
[Mn2(00)6(A53Me6F504)]. The structure is illustrated in Figure 5.7.
This complex has Mn-C(allyl) bond lengths of 2.09(2), 2.07(2)

and 2.13(2) R and the angle subtended at the central carbon atom

3

is 122(2)°. However the g~ -moiety in this compound is substituted
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(by two As atoms, two F atoms and a CF3 group) and is also part of

a cyclic system and therefore comparison with the bis-phosphite

complex under discussion is not strictly valid.

———-CF

(CO) Mn// *

As Mn(CO)3

Me2

Figure 5.7: The structure of [an(CO)ﬁ(ASBMeSC!FB)J

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 [(ﬂB-CBHS)Mn(CO)Z{P(OMe)3}2] 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

1
"'H NMR Spectra

1H NMR 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 5-10% solutions and held in 4 mm
silica tubes. The spectrograde solvents CDZClE’ CDClB, CClq, 082

and 802 were used as received without further purification.

Infrared Spectra

Infrared spectra in the 4000-200 cm-’I 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 CsI plates
or as solutions in a Beckmann-RIIC FS 125 0.1 mm KBr cell. Wave-
numbef 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-L4O cm-1 using
a Beckmann-RIIC 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 1401 spectrometer in conjunction
with a Spectra-Physics He-Ne laser having an output of ca. 50 mW

at 632.8 nm. Spectra were calibrated by means of several lines

in the neon gas emission spectrum202 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 AETI MS 12 instrument using direct
insertion probes or an all glass heated inlet system (AGHIS).
Tonisation energies of 70 eV and gé, 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 1.56 cm—1 was determined by measuring the

conductance of 0.1 M KC1l (1\M = 128.96 < om® molfq).

Melting Points

Melting points were recorded on a Kofler 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 110°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 STARTING MATERIALS

Solvents

A1l 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: CHCl3 (100 cm3), which had been routinely treated

as above,iwas passed down an alumina column (Brockman 1, basicy

2 x 30 cm x 1.5 cm) to remove alcohol impurities. The freshly
eluted solvent was stored in dark glass, nitrogen filled containers

and used soon after purification.

Nitromethane: CHBNOa, for conductance measurements, was heated
under reflux with P205 for several hours. The solvent was then
distilled from fresh P205 and the fraction boiling between
99-10000 (P = 750 mmHg) was collected. Finally, to remove traces
of P205, the nitromethane was.distilled from %A molecular sieves
in a closed nitrogen flushed system. In this way the conductance
of the solvent could be reduced to 1 x 10_7 S  but strict

exclusion of moisture was necessary to maintain this figure.

Tetrahydrofuran: THF was distilled twice from LiAlHﬁ, 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: PthI was precipitated from agqueous
Ph4P01 by a stoichiometric quantity of aqueous KI. The solid
product was filtered, washed with distilled water and dried in

VaCuOe

3-Bromocyclohexene: After initially inducing vigorous reaction by
gentle warming, a suspension of N-bromosuccinimide (7.4 g) in
cyclohexene (20 cm3) and carbontetrachloride (30 cm3) was heated
under reflux for 0.5 h. On cooling the precipitate of succinimide
was filtered off and the solvents removed (15 mm/25°). The product,
3-bromocyclohexene (70%), was carefully collected by vacuum
distillation (10 mm/64-67°) and its purity checked by NMR

spectroscopy. {(5.86 q, 2H), (4.86 dt, 1H), (2.3-1.7 m, 6H)}.

Sodium-Mercury Amalgam: In order to obtain 0.5% Na/Hg amalgam,
sodium (1.0 g) was added to mercury (200 g/15 cm3) as follows.
Small pieces of sodium metal were impaled on a glass rod and held
bengath 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.

Starting Materials

Group VI transition metal tetracarbonylSEOB’aoq

Mo(CO)4L2, (Ié = bipy, phen): Mo(CO)6 (2.64 g/10 mmol) and the
bidentate ligand L2 (10 mmol) were heated under reflux in toluene
(50 cmB) for 2 h. The product which separated on cooling was filtered

washed with toluene and dried in vacuo. Yields>90%.
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W(CO)AL , (I = bipy, phen): w(co)6 (1.76 g/5 mmol) and the bidentate
ligand L2 (5 mmol) were heated under reflux in xylene (50 cm3) for

16 h. The products were obtained as above. Yields>80%.

Group VII11alogenopentacarbony15205-2o9

Mn(CO)5Cl: M:f12(CO),]O (1.0 g/2.56 mmol) was suspended in CCly,

(75 cm3) and cooled to OOC. A slow stream of chlorine was passed

through the suspension until no further reaction could be detected
(approximately 1 h). The solvent was removed (15 mm/25°) and the

yellow product sublimed (0. 1mm/40°) onto a water cooled finger.

Yield >90%.

M.n(CO)5Br: A solution of bromine (0.60 g/3.75 mmol) in CClL,, (4o cm)
was added dropwise to a stirred suspension of MnZ(CO)10 (1.0 g/
2.56 mmol) in CCLy, (40 cm’). After 1 h the solvent was taken off
(15 mm/250) and the residue washed with distilled water to remove
MnBr. impurities. The orange product was sublimed twice (0.1 mm/

2
60°) onto a water cooled finger. Yield >80%.

Mn(CO)5I: an(co)10 (0.50 g/1.28 mmol) and iodine (0.33 g/1.30 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 82%.

Re(CO)BCl: A slow stream of chlorine was passed through a

suspension of Re2(00)10 (1.0 g/1.53 mmol) in CClh (4o cm3) for 1 h.
The product, which precipitated during the reaction, was collected
on a sinter in essentially quantitative yield, washed with CClh and

dried in vacuo.

Re(CO)5Br: To a stirred suspension of Rez(CO)qo (1«0 8/1.53 mmol)
in 0014 (4o cm3) a solution of bromine (0.28 g/1.75 mmol) in CClu

(4o cmz) was added slowly. The colourless product was filtered,
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washed with more solvent and dried in vacuo. Yield:>90%.

Re(CO)sI: An evacuated glass tube containing ReZ(CO),lo (0.50 g/
0.77 mmol) and iodine (0.20 g/0.79 mmol) was sealed and maintained
at 13000 for 16 he The colourless crystalline product was isolated

by sublimation (0.1 mm/80°) onto a water cooled finger. Yield 74%.

Dihalogenotetracarbonylmanganate (1) anion5210’211

Et4N[Mn(co)4012]: Mn(CO)SCl (0.23 g/1 mmol) and Et) NC1 (017 g/

1 mmol) were heated under reflux in CH,CL, (10 em’) for 1 h.
n-Heptane (50 cm3) 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.

Et4N[Mn(CO)4Br2]: Mn(CO)sBr (0.28 g/1 mmol) and Bt NBr (0.21 g/
1 mmol) in absolute ethanol (10 cm3) were maintained at 40°C for
1 h. The solvent was removed (15 mm/40°), the residue diséolved
in CH'2(312 (20 cm3) and filtered. Heptane (100 cm3) 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 in vacuo.

EtuN[Mn(CO)qIé]: This material was prepared in a similar manner to
the bromoc-analogue except that the reaction temperature employed

was 550 .

All of the above anions were also produced with Ph4P+and Ph4As+as
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 v(CO) region and by

comparison with authentic samples.
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3 )93,118

n--Allyltetracarbonylmanganese (I

A solution of Mna(CO),]o (3.9 g/10 mmol) in tetrahydrofuran (100 cmB)
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 Li[Et,BE] (30 cm® of a 1 M solution in THF) with stirring.

After thirty minutes the required [Mn(CO)SJ- had formed according

to the equation.
Mna(co)1O + 2L1[Et33H3—————2L1(Mg(co)5] + 2Et33 + K,

To this solution nitrogen saturated allyl chléride (1222 g/160 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 [Mn(CO)s]_ had been consumed (IR) according to the equation:

) 1 ,
Ll[Mn(CO)SJ + 03H501-———~>[(n -cBHB}Mn(co)Eg + LiCl

Removal of the solvent (15 mm/20°C) followed by vacuum distillation
(0.1 mm/30°C) afforded a yellow liquid [(ﬂ1-03H5)Mn(CO)5] which was
usually converted immediately to the n3-a11y1 derivative either by
heating in a sealed tube (80°C/4 h) or by photolysing in n-pentane
solution (75 cmB/WOO W Hg vapour lamp) in a conventional, water

cooled, quartz photochemical reactor for four hours. The product
[(nB—CBHS)Mn(CO)qJ was purified by vacuum sublimation on to a co,
cooled finger. Yield: 3.10 g, 75%, meD. 56°C.

Infrared spectrum v(CO) (n-pentane): 2072 m, 1997 vs, 1980 vs, 1964 vs.

R spectrum (CDClB): Chemical shift (§ppm) Coupling constant (Hz)

H(a); L4.75 (tt) I = 12.5
2H(m); 2.76 (dt) Iy = 75
2H(x); 1.78 (at) I = I = 12

102,118

The spectral data agree well with those reported previously .
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[Re_(CO)o(PPh_)_ 1717
= \9; "

A solution of ReZ(CO)qo (0.90 g/1.4 mmol) and PPh3 (1.08 g/h.1 mmol)
in xylene (40 cmB) was heated under reflux for 20 h. On cooling
(—EOOC, overnight) pale yellow crystals were separated, washed with
xylene and dried in vacuo. TYield: 1.27 g, 82%.

Infrared spectra v(CO);(decalin): 1988 w, 1962 s

(Nujol): 2000 w, 1980 w, 1970 vs, br

Fac-[Re(CO)_(PPh_) Br)> 1 *315

> =
A solution of Re(CO)sBr (0.20 g/0.5 mmol) and PPh3 (0.26 g/1 mmol)
were heated in refluxing light petroleum (100-120°C) - benzene
(1:1) mixture (25 c) for 2.5 h. On cooling and reducing the
volume of solvent to ca. 10 cm3 the colourless crystalline product
was filtered off, washed with light petroleum and dried in vacuo.
Yield: quantitative.

Infrared spectra, v(CO); (CHClB): 2036 s, 1961 s, 1905 s

(Nujol): 2018 s, 1950 s, 1893 s
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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
is well documented226-228 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)BQEJ; C_ Symmetry

Both fac- and mer- isomers (Figure 2.1) belong to the C, point
group and the reducible representation for the v(CO) vibrations
in both cases is:-

C I E o
s

Fv(CO) ’ > !

which on application of the formula ai(I&) = %E:X(R)Xi(R)n

reduces to:

Pv(CO) = 2A' + A", all modes are infrared and Raman active.

2. The Aniong [M_.(CO), (u-X)_]1": D_h Symmetry
ol U J ~

A total representation for the molecular motions of an isolated
[M2(CO)6(p-X)3]_ anion (Figure 3.2) may be obtained using a set of
51 vectors (3 Cartesian coordinate vectors x, y and z for each of
the N atoms; N = 17) 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 C3 operator involves rotation through 120° and the
derivation of X(C3)’ which is not so clear, is now outlined:
The C3 operation displaces all but the two metal atoms and so the

submatrix for each metal atom is:-

203 x J z 9 = 120°%; cosb = -
x! cosf sing 0
y! -siné cosé 0
z! 0 0] 1

The character of any matrix is the sum of the leading diagonal and

so in this case X(CB) = O. Thus the total representation is given

by :-
Dzh | E ¢, 3¢, 7y 28, 3a,
I‘3N I 51 0 -1 3 0 9

IBN includes translational (Ikrans) and rotational (I}ot)

descriptions which must be subtracted to give the vibrational

representation:-

D3h E ZC3 302 Ty 2S3 30v

PBN 51 0 -1 3 0] 7
trans 3 0 -1 1 -2 1
rot 3 0 -1 -1 2 =1
T 45 0 1 3 0 7

This is clearly a reducible representation which gives the

following irreducible representations:-
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— t " 1" Al
Fvib = 6A1' +2A2 + 8E' + 2A1 +5A2 + 7E

Since A2' and A1" 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

N 7
\\/\//
/TX7\

X

Figure A3.71: Linear distortion vectors for the Djk anion
Ll
Doy, E 20, 3C, o 25, 3q,
IL(CO) 6 0 0 0 0 2
r 2
»(MC) 6 0 0 0 0
r 2
y (MX) 6 0 0 0 0

These representations reduce to give:-

IL(CO) = A"+ E + A"+ E (1)
FV(MC) = A+ B+ A+ B (2)
IL(MX) = At + E' 4+ A+ B (3)

For the 6(MCC) bending modes it is necessary to define two
orthogonal angular distortion vectors for each MCO group

(Figure A3.2).
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Figure A3.2: Angular distortion vectors for the D,

anion
-3h

'D3h | E 203 302 o 28 34

@)
O

F& (MCO) 12 0 0 0

I%(MCO) reduces as follows:~-
r&(MCO) = A"+ 2B' + A" + 2F" (%)

Independent descriptions for the skeletal deformations &(XMX),
8(CMC) and 8(CMX) are difficult to ascertain, however an
approximate representation of the 4(XMX) vibrations may be
distinguished by considering the [MZ(_u-X)B] unit in isolation

(Figure A3.3):-

Figure A3.3: The [M.(m-X)_ Junit
z o

The vibrational representation for this unit follows the same

reasoning as for the complete molecule:-
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Dy 1T E '2‘(53‘ .36, e, 28 30,
Loy 15 0 -1 3 0 3
trans 3 0 -1 1 -2 1
oot 3 0 -1 -1 2 -1
vib 5 0 ! 5> 9 3
"

—_ t 1 1"
Thus Fvib = 2A1 + 2E' + A2 +

This description includes the IL(MX) (3) representation already

derived and so subtraction of these gives:-

Tsom) = &' +

(5)

If the vibrations accounted for in representations (1) - (5) are

subtracted from the total I;ib then the remainder gives the

skeletal vibrations 6(CMC) and §(CMX):-

I:S(CMC)

I;S(CMX)

3. The [XM(CO)_] Unit : C) _Symmetry
/ L)

- ] 1 n i
= A1 + 2E' + A2 + 2E

0

0

FigureA3.4: The [XM(C0)_] unit
o~

4 2z
0

C\L/C
N

oY

™ x

An overall vibrational representation of the [XM(CO)B] unit may be

derived as described in the preceding section by considering the

effect of the C4v symmetry operators on the 3 Cartesian coordinates
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associated with each of the 12 atoms, thus:-

C4v | 2 d
PBN 36 i -4 8 in
rtra#s - 3 1 -1 1 1
Toot : 3 1 -1 -1 -1
Coip 20 2 =2 8 L

Reduction of I}ib gives the following result:-

Fvib = 7A; + A, + 431 + 2B, + 8E

A1 and E modes are both infrared and Raman active, B,I and B2 modes

are Raman active only whilst the A2 mode is formally inactive.

The vectors generated by the linear distortion of the CO and MC

bonds give rise to the following descriptions for »(CO), v(MC)

and v(MX):-

Chyoy E 2¢, ¢, 29 20,
Doeowy| M 3 3 7 ®
T, (co) 5 1 1 3 1
T, ae) 5 1 1 3 1
Fv(MX) 1 1 1 1 1

These representations reduce to give:-

T _

y(co) = 2fy + By + B
r _

sy = 2A; + By + E
r _

yx) = M

As pointed out previously the §(MCO) 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:~
Chv I E 20,+ 02 20v 2aa
r -

5(MCO) 10 0 2 0 o]
Thus, FB(MCO) = A + A, +B +B, +3E

Figure A3.5 shows four of the eight_vectors for the carbon-metal-

carbon deformations §(CMC):-

0
l
O C 0
C ~c”
c/ | \c
o X o

Figure A3.5: Vectors for the §(CMC) vibrations

These vectors give rise to the reducible representation:-

Chv I E 20,+ 02 20& aaa
I ,

5(CMC) 8 0 0 2 2
Thus, ra(CMC) = 2A1 + B1 + B2 + 2B

However in this reduction one of the A, modes corresponds to an

1

impossible vibration (i.e. all angles increasing simultaneously)

228

and is therefore redundant .

Finally the remaining E mode in FBN must be due to the CMX

deformation:-

r _
S(CMX) ~ B
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L, The nq-Allyl Group: C  Symmetry

HH'!N]“'“C/ H

H-—""

“llnnul

Figure A3.6: The nq-allyl group with o, plane

The total representation for the qq-allyl group is as follows:-

Cs E o'h
r
3N 24 6
trans > 1
r -
rot 3 L
r
vib 18 6
On reduction:- T .. = 12A' + 6A"
vib

The representation of the stretching vibrations, obtained in the

usual way, reduces as follows:-

c | E o
S

r

ir 7 5 = 6A' + A"

Since A' modes are symmetric and A" modes are asymmetric with
respect to the 2N plane the stretching descriptions follow by
inspection:-

V(=CH2) 2A"

v(~CH,-) A" + A"

v (=CH-) Al

v (C=C) A

v (C-C) Al
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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)

Figure A3.7: Arepresentation for the symmetric deformations
Thus:- T = SA!

sym
Approximate descriptions of these modes are:-

b(scissors)(=CH,) A
p (rock) (=CH, ) A
p(rock) (=CH-) A
5 (scissors)(-CH,-) A!

3 (in-plane)(C-C=C) A’

The remaining vibrations are described by the vectors shown in

Figure A3.8.

asym

Figure A3.8: A representation for the asymmetric deformations

Thus:- [ = A' + BA"
asym

Again only approximate descriptions of these vibrations can be

suggested as follows:-
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p(twist ) (=CH,) A"
p(wag) (=CH,) A"
p(wag) (~CH,~) At
P (twist)(-CH,-) A"
p(rock)(-CH, ) A"

7 (out-of-plane) (CCHC) A

5. The n3

-Allyl-Metal System: C Symmetry
IS)

Figure A3.9: The n3

-allyl group with o, plane

The total representation for the planar allyl group alone is:-

C E 'z

s h
T
2N 24 2
trans 3 1
rrot 5 -7
T
vib 18 2
On reduction:- I .. = 104' + 8av
vib v

These modes may be represented by appropriate vectors in much the
same manner as the preceding nq-allyl system thus arriving at the
approximate descriptions of the vibrations given in Table 1.k4.

If the metal atom is included in FBN then the vibrational

description becomes:- r;ib = 12A' + 9A" Clearly this description
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now includes the three allyl-metal vibrations VS(A'), Vt(A') and

Vt(A") (depicted on page 25).

6. The CH_M Unit: C_ Symmetry
” A

¢y
t L 4
ﬁlx ","H
! oH
[
C
zZ
/'y
MC -»X

Figure A3.10: The CH_M unit
~

A total representation of the unit shown in Figure A3.70 and its
subsequent reduction according to the usual procedure is summarised

in the table below:-

Csy ~E 26, 3q
LN 50 3
trans 3 0 !
rrot 3 0 -1
Foib > 90 3
I‘v ( CH}) 3 0 1
Fv (MC) ! ! !
Pdef 5 =1 1

On reduction:- rvib = 31-\,| + 3E

PV(CH.j,) =4, +E
L) =4

Iaef = A1 + 2E
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APPENDIX 4

THE SOLUTION OF SECULAR 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

232,233

in 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:

A, = 5.8915 x 10‘7(vi)2

M(c) + M(0))/M(C) x M(0)) = 0.1457583

r
]

1. Fac-Tricarbonyls: C_ Symmetry

0
K2|C ] . aar: | K, -a/w 2K, =0
N
e,
L’//// \\\\\C\\K1 A" K, = Nu + K,
X 0

Figure Alt.71: Parameters and secular equations for fac-[M(CO)_ L. X]
-

Let MA')/u = X,
MA')/u = T,
NA") /= Z,

and K_, = K_/s.

Thus: (K, - X)(K, - X + K ) = 2K, = 0 1)
(K, - T(K, - Y+ K) - 2K, =0 )

K, =% +K, (3
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Substitute in (1) and (2) for K1 and Kc

(K, - X)(Z + 2K - X) - 2Ki/52 =0 (4)
(K, - 1)z + 2K_- 1) 2K/5° = O (5)
Subtract (5) from (4):

K(Y - %) + ¥(Z+ 2K - ¥) - X(Z+ 2K - X) =0 - (6)
Rearranging:

T-XE + T-X(@+2K)-F +X =0

(T - 0K, + (FT- 0@+ 2K) - T-DT+X) =0

Thus: K, = X + ¥ - Z - 2K (7)
Combining (4) and (7):

(- 2-2K)(2Z + 2K - X) - 2Ki/52 =0

Rearranging:

(4 +2/8)KC = 2(X + ¥ - 22)K_+ (X = 2)(¥ - 2) = O @)

Equation (8) is a quadratic in K,; the solution of which is given by:

K, = 2(X+Y-22) % /[2(X + Y- 2z)]2 -4 +2/8)X - 2Z)(Y - Z)
24 + 2/38)

The remaining constants follow:

=
Il

K./8

)
]

K + 2
c

N
]

L+Y-2-~2K
C
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20 the value of § is estimated from

In the method of Dalton et al.2
maximum orbital overlap considerations and is calculated from the

equation:
6= X +7Y-22)/2(X - Y)

Also a 'best fit' solution may be obtained by an iterative
procedure where § is varied between certain limits. Alternatively
the problem may be reduced to that of the C-K approximation by

putting Kc, = Kc’ thus making § = 1.

2. Sguare- Pyramidal Pentacarbonyls: Chv,Symmeth

Figure Ak.2: Force field for sguare pyramidal [M(CO)51

Using three infrared frequencies to fix five parameters (Figure Ak.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

In this case the secular equations are:-

2h,: | K, - Mp 2K, =0

- A
2K, K, + 1+Ki /n
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B,: K, = i (redundant)
E : KZ - 2Ki =\N/u
1
)\E/p.: Y
AA1(2)/ﬁ =2

rearranging the secular determinants gives:

(K, - W)(K, + 4K, - W) - 4Ki2

Il

2

(K1 - z)(Ké + 4Ki - 2Z) - 4Ki
Ké =Y + 2K,
i

Subtraction of (2) from (1) and

K

=W+Z-Y‘6K.
1 i

(1)

@)

(3)

substitution of (3) gives the result:-

(&)

K, may be eliminated from (1) and (2) by multiplying each by the

other's coefficients of Kﬁ and subtracting thus:-

(Ké +»4Ki - W)(Z)(Ké + 4Ki - Z)

- (Ké + 4Ki - Z)(W)(Ké + 4Ki -W) - 4Ki2(Ké + 4Kﬁ - Z)

Substituting (3) for K, gives:-

2
+ 4Ki (K2 + 4Ki - W)

(6K, - W + Y)(Z)(6K, - Z + ¥) + QKiz(exi - W+ ¥)

- (6K, - Z + Y)(W)(6K, - W + ¥) - 4bK.2(6K. - Z + ¥)
1 1 1 1

Expanding:

(36K.°Z - 36K.°W + 4K.°Z - LK.2W) + (<6K.Z° + 6K.YZ + 6K.YZ + 6K.W°
1 1 1 1 1 i 1 1
~6K,TW - 6K, TW) + WP = YZ° + Y% - WZ + WY = TU) = O



213

Rearra'nging and factorising (Z - W) gives:-
KOK,® - 6K, (W + Z - 2Y) + (¥ - W)(¥ - 2) = O (5),

a quadratic equation in Kﬁ which may be solved to give two roots,

only one of which is likely to make 'chemical sense'.

If the B,I mode is detected then a further check is obtained by

calculating its position using K1, K2 and Ki thus:-

VB,| (calc) = [(Y + 2Ki).u
5.8915 x 10~

The three C-K force constants are summarised below:-

6(W + 2 - 2y) ¥ \/Es(w + 27 - 20)1° - 160(Y - W)(Y - Z)
80

~
1

al
I

W+ 2 -7~ 6K,
r

N
"

Y + 2K.
1
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COMPUTER PROGRAMMES

1. Force Constant Calculation for Tricarbonyls of Fac-C Symmetry

5J03

600

610

70
710

75

30
700

0CC3DLP5W .WHITE J W

THIS PRUGRAM CALCULATES C-K FORCE CONSTANTS FOR TRICARBONYLS OF
CS SYMMETRY USING THE MAX ORQITAL OVERLAP APPROXIMATION
THE A' MNMOIIE IS RRHEHAREEINHED Y V(1)
THE A* MODE IS REPRESENTED CY V(2
THE A" MODE IS REPRESENTED BY V(3
REAL INTKC9),K (9)IL(9)V(9)
M=0.14503
F=5.8915/(10.0**7)
WRITE(6,60n)
format(1HI, T10,'SAMPLE', T22,-V(1)',T33,'V(2) ', T44,'V(3) ', T66, "Kd)
2',T77,"K(Z)',T36,"INTX(1)',796,'INTK(2)',T107,*DELIA")
URITE(6,610)
PORMATMII ,TBPR, ' FREQUENCY IN WAVENUyBERS 1/CM' ,T71, 'MI LLIDYNES PER
2 ANGSTROM UNIT",/)
READ/!
DO 80 1=1,N
RCAD,V(1),V(2),Y(3)
Ld)=F*Vd)*Vd)
LC2)=F*V(2)*V(2)
LC3)=F*Y(3)*V(3)
D=(L(1)*L(2)-2,C*L(3))/((Ld)-L(2))*SORT(2,0))
A=4.0+2.0/(D*D)
3=2,0*(L(2)*L(1)-2.0*L(3))/H
C=(Ld)-L(3))*(L(2)-L(3))/(M*M)
E=B*B-4,0*A*C
IF(C)70.72,72
INTKd)-(D*SQRT(E))/(2,0*A)
INTK(2)=(B-SQRT(E))/(2,0*A)
GOTO 75.
URITE(6,710) |
FORHATdHO,*FOR SAMPLE', 12,'INTK(2) IS NON REAL')
PRINT,E
INTKC1)=0.0
INTK(2)=0.0
continue
INTK(3)=INTK(1)/0
INTK(4)=IMTK(2)/D
Kd)sL(3)/M+INTKd)
K(2)s(L(2)+Ld)-L(3))/M-2.0*1MTK(1)
K(3)=L(3)/M*INTK(2)
K(4)s(L(2)*Ld)-L(3))/M-2.0*INTK(2)
WRITE(6,700) I,yd),V(2),V(3),Kd),K(2),INTKd),INTK(3),D
uRITE(6,700)I,Vd),V(2),V<3),K(3),x<4),INTKC2),IMTK(4),D
FORUATAd HO,TI2, 12,2X,3(4X, F7.1) ,T60, 2(4X, F7.3),2(4X, f6.3),4X,F5.2)
STO®
END
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2. Force Constant Calculation for Pentacarbonyls of G*_ Symmetry

LSRN N

W~

sjubD

0O0000 0

600

610

30

60

50
640

70

90
650
100

20
620
40

10
630

occ:dlp7w

PRUGHAH FOR G4Y PEHTACAF.SONYiS RM(CQ)5 CY TiiE C-K

THE A1 (i) mOjE is REPRESENTED SY V (1)
THE CI(1) nuCE IS REPRESENTED CY Y(2)
THE £ MODE IS REPRESENTED BY V(3)
THE A1(2) MODE IS REPRESENTED CY V(4)

THE 31 I:UOE IS ReCUnNDAMT in this CALCULATION 5UT

REAL INTKd) ,K(9),L(95»M V(?), GlK(9)
4=0.1457523

F=5.3915/(10.0**7)

G=F/M .

W:ITE(6,600)

FORMAT (LHI,T10,"SAMPLE"', T22,'V(1)+,T33'V(2)",T

ITa2, '"CHECK(vC)) ',T81,'K(1)',T92, 'K(2) ',T10Q, '
v;niTE(6,u10)
FORMNTCI 110#T26» ' FREQUENCY IN WAVENUMBERS 1/CM'
1 ANGSTROM CMIT",/)
REAOfN .
oJ 10 1=1,N
READ.V(i),Y(2> fV(3),V(4)
w=G*y (1)*v (i)
=G*Y(31*V(3)
Z=G*V(4)*V(4)
A=4G.0
Q=6.0*(W4.Z-2.0*Y)
C=(Y-W)*(Y-2)
D=3*0-*,0*A*C
IF(D)20,30,Z0
INTi;(1 )=(B*SORT(D) )/ (2.0*A)
i:;Tr.(2) =(B-SQRT(D) )/ (2.0*A)
K(1 )=W*2-Y-6.0*I,HTK(1 )
K(2)=Y+2.0*INTK(1)
K(3)=W*2-Y-6.0*INTK(2)
K(A)=Y+2,C*IMTK(2)
n=(CY*2.0*INTK(1)))/G
S=((Y*2.0*INTK(2)))
1F(R) 50,60,60
CHK(1>=SORT(R)
GO TO 30
URITE(6,v40)1
FuRMATd HO, 'FOR SAMPLE ',12,’ CHK(1) IS NON REAL
CONTINUE
1F(S)90,70,70
CliK(2)=S0nT(S)
GO TO 100
URITE(6,65Q7I
FORHAT(IHO,'"FOR SAHPL:"',12/*CHKC2) IS NON REAL
CONTINUE
GO TO 40
URITE(61620)1
FORHAT(i110, ' FOR SAMPLE'» 12f’ INTK 1s NON RgAL')
CONTINUE
FRITE(6,u30)1,V(1),V(2),Y(3),V(4),CHK(1),K(1),
WRITE(0i63ri) 1,Yd ),V(2) ,Y(3) ,V(4) , CHK(2) ,K(3),
FORMAT(1;]0, T12 12, 2x 5(4%, p7.1),T77,2(4x,F7.3)
STOP
END

WHITE J w

IIETHOD

IS USE0 TO CHeCk y(2)
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APPENDIX 6

CALCULATED AND OBSERVED STRUCTURE FACTORS AND THERMAL PARAMETERS
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