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INTRODUCTION



INTRODUCTION

Historical

In recent years, unusually stable organometallic 

derivatives of the transition metals have been prepared in 
which the metal atom utilises π-electrons from a suitable 

organic ligand to achieve, usually, the stable closed-shell 

configuration of the next rare gas. Transition metal com- 
plexes of this nature are known which contain between two 

and eight carbon atoms bonded to the metal. Some examples 

are given in the following table.

Number of 
π-electrons 
utilised Type of complex Example

2 Olefin K+ [C3Η4Ρtcl3] - (1) ethylene
platinum trichloride anion

3 π-Allyl (π-C4H7) Ni (2) bis 
4  2

-(n-methallyl)-nickel
4 Cyclobutadiene ph4C4Fe(CO)3 (3) tetraphenyl- 

cyclobutadieneiron tricarbonyl
5 Cyclopentadienyl (π-C5H5) Fe (4) ferrocene

  2
6 Benzene (CH) Cr (5) dibenzenechromium 6 6 2 
7 Cycloheptatrienyl (π-C7H7)v(π-C5H5) (3) π-cyclo- 

heptatrienyl-n-cyclopentadienyl- 
vanadium

8 Cyclooctatetraene (C8H8)Fe(CO)3(7) cyclo- 
octatetraeneiron tricarbonyl

1
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The olefin complex (1) has a square planar arrange- 

1 2ment of ligands around the platinum atom, ' with the olefin 

perpendicular to the plane of the complex.

Many poly-olefin complexes, such as butadieneiron 
4 tricarbonyl (8) have also been prepared. The complex (3) 

has all four carbon atoms approximately equi-distant from 
5 the iron, and has a structure very similar to all of the

following examples. However, the bonding in olefin-metal 
complexes is more conveniently explained by considering the 

mono-olefin complex (1) . The presently accepted view of the 

bonding in olefin-metal complexes was first formulated by 
6

Dewar for the silver-olefin complexes, and these ideas have 
7been extended by Chatt to the platinum-olefin complexes.

The platinum-olefin bond is believed to consist of 
2a σ-type bond formed by overlap of a vacant dsp orbital of 

the platinum with a filled n-2p orbital of the olefin, and 

a π-bond formed by overlap of a filled dp orbital of the 
platinum with a vacant π*-2p antibonding orbital of the 
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olefin (Fig. 1). The π-bonding tends to remove negative 

charge from the metal which would otherwise accumulate 
owing to the σ-bond.

Fig. 1. A pictorial representation of the bonding 
in platinum-olefin complexes

A very similar type of bonding is believed to occur 

between an allyl group and a metal in the π-allylic com- 
plexes, such as bis-(π-methallyl)-nickel (3) . In other words, 

the allyl group donates its π-electrons to the metal atom in 

a σ-type bond and accepts electrons from the metal into its 

antibonding π* molecular orbitals in a π-type bond. X-ray 
analysis8,9of the complex (3) has confirmed the " sandwich 

type structure, and has also shown that the methyl groups 

are trans to each other. Three carbon atoms in each 

methallyl group are situated at about the same distance from 

the central nickel atom, and the methyl groups are inclined 
towards the metal at an angle of about 12° to the planes of 

the allyl groups.
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The bonding in this complex and in all of the other 

"sandwich” or "half-sandwich" compounds to be described is 

qualitatively very similar, the only real difference being 

in the particular orbitals utilised.

According to molecular orbital theory, square cyclo- 

butadiene in its ground state has two unpaired electrons in 

a doubly degenerate orbital, and it was suggested by 
Longuet-Higgins and Orgel10 that both might be used to form 

π-bonds to a transition metal. The preparation of tetra- 
phenylcyclobutadieneiron tricarbonyl11 (3) has helped to 

show that this prediction is correct. An X-ray structure 
12 13 determination ' has confirmed that the structure is the 

"half-sandwich" one shown.



ph ph

Ph Ph

Fe

CO CO
CO

(3)

Ferrocene (4) was initially discovered in 1951 by 
14 15 two independent groups of workers, , but its "sandwich"

structure was not suggested until the following year, by a 
16

third group of workers. This suggestion was soon con-
17 18 19 20 firmed by X-ray measurements, , , , which also showed

that the cyclopentadienyl rings in the solid are in the 
19 20"staggered" conformation. ,

Fe

(4)

very similar structures are exhibited by 
dibenzenechromium21 (3) , which has all six carbon atoms of 

each benzene ring equivalently bonded to the metal, and by 
22π-cycloheptatrienyl-π-cyclopentadienylvanadium (6) , which 

has all seven carbon atoms of the seven-membered ring
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equivalently bonded to the metal, and all five carbon atoms 

of the cyclopentadienyl ring also equivalently bonded to 

the metal. The five- and seven-membered rings in this 

latter compound are in the "eclipsed" conformation.

(5) (6)

The "half-sandwich" structure has also been found

for cyclooctatetraeneiron tricarbonyl (7) , but the cyclo-
23 24octatetraene ring is bent away from the metal atom, ,

as shown, so that the iron is essentially bonded only to

four of the carbon atoms of the ring.

(7)
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Cyclobutadiene—transition metal complexes

The formation of transition metal complexes of the 

nature described has a great effect upon stability. For 

instance, it has not been found possible to produce any 

stable simple cyclobutadiene derivatives, although much 

evidence for their existence as intermediates in some re- 

actions has been accumulated. A great deal of the more 

recent work in this connection has been carried out by pettit
25 26 27 and his co-workers, , , following their preparation of

28 cyclobutadieneiron tricarbonyl (9) , the first metal com

plex of cyclobutadiene itself to be prepared.

It has been found that the complex (9) , in the 

presence of cerium (IV) (which oxidises the Fe(CO)3 group to 

Fe(III)) and acetylenic compounds, for instance, yields 

products that would be expected from the addition of an 

acetylene to cyclobutadiene, and these reactions are believed 

to occur via free cyclobutadiene as an intermediate.

(9)

The complex (3) is one of the many cyclobutadiene- 
metal complexes now known that have confirmed the suggestion 
by Longuet-Higgins and Orgel10 in 1956 that it should be
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possible to stabilise cyclobutadienes by bonding to a tran
sition metal. One of the first of the cyclobutadiene-metal 

complexes to be prepared was tetraphenylcyclobutadieneiron 
tricarbonyl11 (3) , which was prepared in 16% yield by re

acting diphenylacetylene with iron pentacarbonyl 

temperature (eqn. 1) . The major product of this 

was a tetracyclone complex (10} .

at high 
reaction

PhC=CPh +Fe(C0)5 —y^·*·!··1·"-- > Ph4C4Fe(CO) 
240°/4 hours

(3)

Reactions of acetylenes with metal carbonyls have 

been extensively studied and, in general, mixtures of 

products are obtained, usually difficult to separate, so 

that these reactions are not often useful synthetically. 
However, the reaction of acetylenes with palladium chloride 

29 in ethanol or methanol, first studied by Malatesta et al., 

has yielded interesting results.
The product of the reaction is an ethoxytetra- 

phenylcyclobutenyl-palladium chloride dimer (11), which has 
30 subsequently been shown by X-ray measurements 

(11, R=Ph, R’=C2H5) to have the structure shown, with the 
ethoxy group endo-to (on the same side as) the metal.



The cyclobutenyl complexes (11) react with 

hydrogen halides to give tetraphenylcyclobutadienepalladium 
31halides (12, R=ph, X=halogen) . The complexes (12) react 

with alcohols to give cyclobutenylpalladium complexes (13) , 

isomeric with (11) . This last reaction is reversible upon 

treatment of (13) with hydrogen halides.
An X-ray structure determination30 of

(13, R=ph, R’=C2H5, X=C1) has shown it to have the same 

structure as (11), except that the ethoxy group is exo- to

(14)
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These cyclobutenyl complexes are members of the 
π-allylic group of compounds, the chemistry of which is 

discussed in a later section.

Ligand-transfer reactions
As with most other methods of synthesising cyclo- 

butadiene-metal complexes, the methods described above for 
preparing the complex (12) involve an acetylene in the 

reaction. Such reactions suffer from the disadvantage that 

they are highly specific, both with regard to the metal 

and to the acetylene. Fortunately, however, the synthesis 

of cyclobutadiene-metal complexes, especially of tetra

phenylcyclobutadiene complexes, has been greatly simplified 

by the discovery of ligand-transfer reactions.
The first example of the conversion of one

hydrocarbon-transition metal complex into another by direct 

ligand-transfer was the reaction of tetraphenylcyclo- 
butadienepalladium bromide (15) with iron pentacarbonyl or 

nickel carbonyl to produce tetraphenylcyclobutadieneiron 

tricarbonyl (3) or tetraphenylcyclobutadienenickel bromide
32(16) respectively. This method has since been extended

and Fig. 2 shows some of the main reactions that have been

carried out. 32,33,34,35
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Br

(CO)3Mo

Ph Ph

Ph4C4NiBr2
Ph Ph

Ph Ph Fe(CO) c □
benzene

Co(CO)2Br

Fig. 2. Synthesis of cyclobutadiene-metal complexes by 
ligand-transfer reactions.

In general, the cyclobutadiene group is transferred 

from palladium on to another metal. However, reaction of 
tetraphenylcyclobutadienenickel bromide (17, M=Ni) or 
tetraphenylcyclobutadienepalladium bromide (17, M=Pd) with 

cyclopentadienyliron dicarbonyl bromide (18) leads to 
transference of the cyclopentadienyl group rather than the 
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] + FeBr4 -

tetraphenylcyclobutadiene group, and the respective 

products are π-cyclopentadienyl-tetraphenylcyclobutadiene- 

nickel tetrabromoferrate (19, M=Ni) and n-cyclopentadienyl- 
36 37 tetraphenylcyclobutadienepalladium tetrabromoferrate , 

(19, Μ=Pd).

ph4C4MBr2 + C5H5Fe (CO) 2Br --- > ph4C4MC5H5
   

(17) (18)(19)

These ligand-transfer reactions are usually carried 

out under heterogeneous conditions, and no meaningful data 

on their mechanisms have yet been obtained. However, in 

the reactions illustrated in Fig. 2, where the metal 

carbonyls function as dehalogenating agents, two main steps 

can be envisaged, which can be described in general terms. 

The first step is probably complex formation between the 

metal carbonyl and the cyclobutadienepalladium halide, 

possibly with loss of carbon monoxide, and the second step 

must be transfer of the cyclobutadiene from the palladium 

on to the other metal, with loss of carbon monoxide. However 

the formation of organic side-products in some of these 

reactions suggests that while the first step leading to the 

break-up of the palladium complex is always efficient, the 

second step is sometimes very difficult.

Apart from the formation of (19 M=Pd or Ni)
described above, many other examples of transfer of the 
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cyclopentadienyl ligand from one transition metal to

another are known. For instance, the transfer of the cyclo- 

pentadienyl ligand from iron on to palladium, nickel, cobalt 

and titanium, as well as the reverse reaction from titanium 
36to iron, has been reported. The cyclopentadienylating 

agents used have been cyclopentadienyliron dicarbonyl 

bromide (18) and cyclopentadienyliron dicarbonyl dimer (20) .

The reactions appear to go particularly well when 
the reactant has a π-bonded hydrocarbon ligand such as 
tetraphenylcyclobutadiene, and a number of n-cyclopentadienyl- 
π-(tetraphenylcyclobutadiene)-metal complexes have been 

prepared.

Allyl-transition metal complexes
On the basis of their nmr spectra, four different 

types of allylmetal systems have been distinguished. The 
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first type are very similar to the σ-alkylmetal compounds, 

and have a conventional σ-bond between the metal and the 

allyl group; such compounds are known as σ-allylmetal com

pounds, a good example being σ-allylmanganese penta-
39 40carbonyl , (21), prepared by treating allyl chloride

with sodium manganese pentacarbonyl.

Na+ [Mn(CO)5 + ClCH2CH=CH2 CH2=CHCH2-Mn (CO) + NaCl   5

(21)

The σ-allyl complexes of transition metals are 

usually yellow oils, insoluble in water, but very soluble 

in non-polar solvents. Irradiation of any of the reported 

σ-allylmetal carbonyl complexes with ultra-violet light 

results in the displacement of carbon monoxide from the 

metal and formation of a π-allyl derivative (22) , as in 
eqn. 2.41

CH, 
II

 j jl 1. y 11 u *

(21) CK2 CH2=CH - CH2Mn(C0)5 KC  Mn(CO). + CO 2
(22)

The proton nmr spectra of σ-allylmetal compounds 
show four resonances,40 which arise as follows; the 

aliphatic CH2 is coupled with the vinyl CH to give a doublet; 

the hydrogen atoms in the vinyl CH2 group are non-equivalent 
and each is split by the vinyl CH into doublets; the vinyl
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CH hydrogen atom gives rise to a multiplet due to coupling 

with the aliphatic CH2 and vinyl CH2 hydrogen atoms.

Allylmagnesium bromide (23), expected to be a 
σ-allyl complex, gives an nmr spectrum containing only two 

signals — a quintet and a doublet, with intensity ratio 

1:4. This must mean that the protons of the CH2 groups are 
. 42indistinguishable, and this can only be interpreted if 

the equilibrium between the forms (23a) and (23b) is 
assumed to be very rapid.

BrMg-CH2-CH=CH2 -.. CH2=CH-CH2-MgBr 

(23a).............. (23b)

Thus, the two possible covalent forms of the 

Grignard reagent are in dynamic equilibrium, and the life

time of each form is long enough to permit rotation around 

its 1,2 carbon-carbon bond. More of these so-called 

"dynamic" allylmetal compounds have subsequently been pre

pared, usually of the main group metals.
A third type of allyl-metal bonding occurs in the 

π-allylmetal compounds, where the allyl radical may be 
regarded as contributing three electrons to the metal-allyl 

43 bond. In 1958, Jonassen et al. prepared a compound from 
the reaction of cobalt hydrocarbonyl with butadiene, which 

they formulated as Co(CO)3(C4H7), but no speculation upon 
44its structure was offered. Later, Smidt and Hafner 
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reacted palladium chloride with allyl alcohol and obtained 

a chloro-bridged complex (24), but again the bonding of 

the allyl group to the metal was not discussed.

PdCl2 + CH2 = CHCH2OH  (C3H5)Pd pd(C3H5)
Cl

(24) 
45 The complex (24) was also obtained from the 

reaction of palladium chloride with allyl chloride in 50% 
46acetic acid. Subsequently, Heck and Breslow reported the 

preparation of allylcobalt tricarbonyl (25) from the 

reaction of sodium cobalt tetracarbonyl with allyl bromide 

in ether. On the basis of the nmr spectrum of the 
product, which showed three signals with intensity ratio 

1:2:2, it was suggested that the allyl group was bonded 

symmetrically to the metal atom, although the evidence was 

not sufficient to distinguish unequivocally between (25a) 

and (25b). However, the structure (25a) was favoured.

Finally, Dehm and Chien47 carried out an nmr study 

of allylpalladium chloride (24) and found three types of 
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protons with intensity ratio 1:2:2. They proposed a "non- 

classical" structure in which the allylic group is 

symmetrically bonded to the palladium atom in a delocalised 

fashion, in similar manner to the proposed structure (25a) 
for the cobalt complex.

48,49 50 X-ray structural analyses , , of π-allyl-

palladium chloride have confirmed that the allyl groups are 

symmetrically bonded to the metal, with the carbon atoms of 

each allyl group in a plane perpendicular to that containing 

the palladium and chlorine atoms (26) .

(26)
51It has been pointed out that in π-allyl compounds 

there should be considerable energy barrier to rotation 

about the carbon-carbon bonds in the allylic group, and 

therefore two isomers (27) and (28) should be possible in a 

terminally substituted π-allyl group.



This has been borne out experimentally. For

instance, the complex C4H7Co(CO)3 mentioned earlier, is 

formed as a mixture of geometrical isomers of π-crotyl-

cobalt tricarbonyl (29, a=anti isomer, b=syn isomer).

(29a) (29b)
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The fourth kind of allylmetal complex is obtained
from the reaction of triphenylphosphine with n-methallyl- 

palladium chloride (30) in benzene or acetone solution,
52when the reactants are present in a ratio of 1:1.

The product of this reaction, a stable crystalline 
monomeric complex PdCl(methallyl)(PPh3) , gives an nmr 

spectrum showing three broad doublets and one sharp singlet, 
with intensity ratio 1:1:2:3. It was suggested that this 

compound has a structure approximating to (31), inter- 

mediate between a π- and a σ-methallyl complex, with two 
carbon atoms only weakly bonded to the palladium. This 
structure has subsequently been confirmed by an X-ray 

 53analysis.
If the reaction between (30) and triphenylphosphine 

is carried out in chloroform solution with a 2:1 ratio of 
52 triphenylphosphine: palladium, the product gives an mnr 

spectrum containing only two sharp singlets, indicating the 
formation of a "dynamic" allyl complex. This transition 

from π-allylmetal complex to "dynamic" allylmetal complex 
is not the only transition that has been reported for the 
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allylmetal complexes. The nmr spectrum of tetrakis-(allyl)· 

zirconium, Zr (allyl)4, in CFC13 solution over a range of 
temperatures from -74°C to 0°C, changes from one typical 

of a π-allyl complex to one typical of a "dynamic" allyl 

complex. It is suggested that this complex is really a 

π-bonded "dynamic" allyl complex, and differs from the 

usual π-allyl complexes only in having hindered rotation 

of the CH2 groups about the carbon-carbon bonds linking 

them to the central carbon atom — a rotation that occurs 

at a rate dependent on the temperature.
55 It has been suggested that the relative ease of

internal rotation in Zr(allyl)4 (in contrast to the 

majority of π-allylmetal complexes) is explained by the 

absence of d-electrons available for back-donation to the 

allyl groups.
The chemistry of π-allylmetal complexes has ex

panded rather more rapidly than that of any of the other 

allylmetal types, and several general methods are available 

for preparing π-allyl or the more simply substituted 

π-allylic complexes.
One method has already been mentioned: the 

preparation of σ-allylmanganese pentacarbonyl (21) , 

followed by u.v. irradiation to form the π-allyl complex 

(22) (eqn. 2). Many other π-allyl complexes have been 

obtained in this fashion, in some cases, for instance in
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the preparation of π-allylcobalt complexes, only the π-allyl 

complexes being isolated, the intermediate σ-allyl complexes 

being very unstable and easily decomposing at low tempera- 
tures.

The reaction of palladium chloride with allyl 
chloride in 50% acetic acid45 to produce π-allylpalladium 

chloride has also been extended to other allyl halides.

Olefin-metal complexes have been found in some
cases to function as intermediates in the formation of 
π-allylmetal complexes. Examples are given in eqn. 3 56 

and eqn. 4.57

2CH_CH=CH + 2PdCl42-
32 4 temperature

CH3
\
CH +2C1
II-----PdCl2
CH2

- 2

heat
v

ch2
HC+---- pdCl +2HC1 3

ch2
- 2
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2+ (phCN> 2PdC12 low__ 
temperature

pdCl2

+2PHCN

heat

A number of methods for the preparation of

π-allyliron tricarbonyl halides have been reported. The 

reaction of butadieneiron tricarbonyl (8) with anhydrous
hydrogen chloride yields π-crotyliron tricarbonyl chloride58

(33, X=C1).

(32) (33) (34)

π-Methallyliron tricarbonyl iodide (33, X=I) can be 

prepared by the reaction of methallyl iodide with iron
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ο 59 pentacarbonyl at 40 C. The reaction of iron nonacarbonyl, 

Fe2(CO)9, with allyl or crotyl halides at 40°C60 also leads 

to the corresponding π-allyliron tricarbonyl halides 
(32, X=Cl,Br,I) or π-crotyliron tricarbonyl halides 

(33, X=Cl,Br,I) respectively. All of these latter compounds 

can also be prepared by u.v. irradiation of pentane solu- 
tions of iron pentacarbonyl with the allylic halides, at 

 61room temperature.

The properties of π-allylmetal complexes cover a 

wide range; for instance, the thermal stability of π-allylic 

complexes varies from the very stable complexes of 
palladium, which are often stable above 200°C, to the very 

unstable and incompletely characterised tris-(π-allyl) 

complexes of chromium and iron. Host π-allylic complexes 

are oxidised by atmospheric oxygen, especially in solution, 

though in some cases decomposition only occurs after 

several hours exposure. Not surprisingly, in view of their 

stability, the largest series of π-allylic complexes of any 

metal is formed by palladium. The majority of these, most 
of them readily prepared, are chloro-bridged complexes of 
the type [pdCl (all)]2, where "all" = allylic group.

One of the general methods utilised for the pre- 

paration of these chloro-bridged palladium complexes is the 

reaction of the allylic chloride with sodium chloropalladite 
62 and carbon monoxide in aqueous methanol. Recently, a
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6 3 mechanism has been proposed for this reaction, which

suggests that the water present is directly involved in 
the reaction. One molecule of carbon monoxide is found to 
be oxidised to carbon dioxide, per palladium atom, and the 
mechanism proposed is the following:-

Cl
ί CH

H - 0 - pd---H
| CH
C |
III CH Cl 
o

(35)

The allyl chloride, carbon monoxide and water all 
coordinate to the palladium, but since coordinated water 

is quite acidic, some of the hydroxo-species (35) will be 
formed. Hydroxyl migration (or carbon monoxide insertion) 
then gives the carboxylate complex (3(5) which breaks down 
as shown. The π-allyl complex formed, immediately 
dimerises.
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Reactions of metal carbonyls with organic halides

It is a long-established fact that certain metal

carbonyls react with halogenated organic compounds. 
·· 64Criegee and Schroder took advantage of the known ability 

of nickel carbonyl to remove the chlorine from allylic 

chlorides, to prepare tetramethylcyclobutadienenickel 

chloride (38) from 3,4-dichlorotetramethyl-cyclobutene (37) .

(38)

Recently,65 it has been found that the organic 

fragment trimethylenemethane, unstable in its free state, 
can be stabilised in similar fashion to cyclobutadiene by 

bonding to a transition metal. The compound trimethylene- 

methaneiron tricarbonyl (40) has been prepared by reaction 
of 3-chloro-(2-chloromethyl)-propene (39) with excess iron 

nonacarbonyl.
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Fe2^O) 9

(39)

CH2C1

66 In 1963, Bauld reported the reaction of nickel 

carbonyl with benzoyl chloride, benzoyl bromide, and a 

number of aryl iodides. The products obtained are 
dependent upon the solvent used, but are all postulated to 

arise from the same non-isolable organometallic inter- 

mediate (41). The full scheme of reaction is shown in 

Fig. 3.
Aryl iodides are converted to aroate esters (42) in 

alcoholic solvents (R= methyl, ethyl or iso-propyl), the 
yields being almost quantitative. In aprotic solvents 
(e.g. THF) the products are arils (43) , again obtained in 

excellent yield. Benzoyl chloride and benzoyl bromide are 

converted to 1,2-dibenzoyloxystilbene (44, Ar=ph) via the 

compound benzil (43, Ar=ph) in the aprotic solvents THF 
and hexane. All of the observed products can bo viewed as 

arising from transformations of the postulated inter

mediate (41) ,
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Ari 
phCOCl 
PhCOBr

Ni(CO)4
ROH or 
THF

OX O
II I ROH *1ArC---Ni(CO)n > ArC - OR+HX+Ni(CO)n

(41) (42)

THF

ο 0II II
ArC - CAr + NiX7 + CO

(43)

Ni(CO)4
PhCOCl(or phCOBr)
THF

V

ArCOO OCOAr
I I

ArC = CAr

(44)

Fig. 3. Reactions of nickel carbonyl with some organic halides

67Coffey has reported the reaction of iron penta

carbonyl with gem-dihalides of the type R2CX2, where R is 

phenyl, cyano, carbalkoxy or halogen, and X is chlorine or 

bromine. With R = p_-R’C6H4 (where R’ = hydrogen, methyl 

t-butyl, methoxy, chloro or nitro) the reaction gives 
tetrasubstituted tetraphenylethylenes, (p_-R’C6H4) C= 

2
C(p_-R’C6H4)2
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e.g. 2Fe (CO) 5 + 2ph2CCl2 --- > ph2C=CPh2 + 10 CO + 2FeCl2

With other R groups the reaction products are more complex.

From the series of reactions carried out, it has 
been found that iron pentacarbonyl reacts with organic 

halides (in refluxing benzene) if two conditions are met: — 

(1) the halide is activated by at least one, and preferably 

two, groups such as cyano, carbalkoxy, phenyl or halogen. 
(2) there are at least two halogens on the same carbon atom 

or in very close proximity to each other.

The second condition suggests that the reaction 
with gem-dihalides involves a carbene intermediate. How

ever, treating dichlorodiphenylmethane with iron penta

carbonyl in the presence of cyclohexene does not produce a 

carbene-cyclohexene addition product.

Summary
Ligand-transfer reactions of cyclobutadiene- and 

π—cyclopentadienyl-metal complexes have been shown to occur 

quite readily, and often in good yield. Many other organo

metallic complexes, such as the π-allylmetal complexes or 
benzene-metal complexes, which have similar bonding between 
the metal and the ligand, might therefore be expected to 

undergo ligand-transfer reactions.
The decision to attempt some ligand-transfer 

reactions of π-allylmetal complexes was made after some early 

work on the reaction of diiron nonacarbonyl with endo- 
ethoxytetraphenylcyclobutenylpalladium chloride (11,R=ph, R’=Et) 
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had produced some evidence of a ligand transfer from palladium 
to iron. Thus the first part of the following work describes 

some attempts to transfer π-allyl groups from one metal to 
another, and offers some conclusions on the reactivities of 
various substituted π-allyliron tricarbonyl chlorides.

The ligand-transfer reactions were usually carried 

out under heterogeneous conditions, which is also generally 

the case with the ligand-transfer reactions of cyclobutadiene- 

and π-cyclopentadienyl-metal complexes. In order to see if 

homogeneous conditions could lead to further elucidation of 
the mechanisms of reactions involving organometallic com- 

pounds , a number of reactions between a purely organic 
ligand, phthaloyl chloride, and metal carbonyls such as iron 

pentacarbonyl and nickel carbonyl, were also studied.
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I. Ligand-transfer reactions

One of the first ligand-transfer reactions to be 
reported was the reaction of tetraphenylcyclobutadiene

palladium chloride (12, R=ph, X=C1) with iron pentacarbonyl 

in refluxing xylene to give an 88% yield of tetraphenyl- 
cyclobutadieneiron tricarbonyl (3) . Thus the reaction of 

(12, R=ph, X=C1) with diiron nonacarbonyl (this being 
generally the most reactive of the iron carbonyls) might 

also be expected to give a good yield of the complex (3) . 

The reaction was first carried out in benzene solution at 
room temperature for three hours and gave back the starting 

materials; when carried out in benzene solution at room 

temperature for 48 hours, the expected complex (3) was 
obtained, but only in 11% yield. This was raised to 16% 
by use of tetraphenylcyclobutadienepalladium bromide (15) 

instead of the chloride (12, R=ph, X=C1) .
The first step in this reaction is probably complex 

formation between the diiron nonacarbonyl and the palladium 
complex. The next step, however, is not certain since there 
are two main mechanisms by which the reaction may proceed. 

The first is the possibility of transient formation of free

29
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tetraphenylcyclobutadiene, which then attaches itself to the 
iron. The second possibility is that the tetraphenylcyclo- 
butadiene does not become completely detached from the 
metal at any time, but rather that it forms an intermediate 
in which both metals are attached simultaneously to the 
ring.

25 Pettit et al. have obtained evidence to show that 
free cyclobutadiene, obtained by oxidation of its iron 
tricarbonyl complex with cerium (IV), is capable of existence 
even though only for a short time. Free tetraphenylcyclo- 
butadiene, which would be expected to be more stable than 
cyclobutadiene itself, might also be capable of existing for 
a short time and might, therefore, be an intermediate in the 
above reactions.

If, on the other hand, the tetraphenylcyclobutadiene 
does not become detached from the metal at any time, it 
might be possible to detect an intermediate containing both 
metals. For this purpose, the reaction of (15) with diiron 
nonacarbonyl was tried at 0°C and at -25°C for four hours, 

taking an infra-red (i.r.) spectrum of the reaction mixture 
every thirty minutes; all attempts to detect an intermediate 
were unsuccessful, unchanged reactants being obtained even 
after four hours. A similar negative result was obtained 
using iron pentacarbonyl instead of diiron nonacarbonyl.

The complexes (12, R=ph, X=halogen) arise from 

reaction of hydrogen halides with both endo-ethoxytetra-



31

phenylcyclobutenylpalladium chloride (11, P=ph, R’=Et) and
31 exo-ethoxytetraphenylcyclobutenylpalladium chloride (14) . 

Attempted transfer of the cyclobutenyl group from
(11, R=Fh, R’=Et) and (14) to iron was tried, by reaction of 

each of the complexes with diiron nonacarbonyl. Ether was 

found to be the best solvent for these reactions, giving 

slightly more of the product than hexane. When the reactants 

were stirred together overnight in ether, both the endo- 

complex (11, R=Ph, R’=Et) and the exo-complex (14) gave the 

same products. A yellow solid, containing no trace of either 
metal, was isolated; it decomposed rapidly at 108°C and gave 

sharp peaks in its i.r. spectrum (see appendix) , but thin 

layer chromatography (TLC) in cyclohexane gave two spots, 

which were found to be inseparable by any other means. A 

molecular weight measurement in benzene of the product from 

the reaction of the endo-isomer (11 R=ph, R’=Et) gave 765,whilst 
the one of the product from the reaction of the exo- 

isomer (14) gave 818. It is quite probable that the two 

derivatives obtained in each case are isomers of the same 

organic compound; this compound is probably a dimer, since 

the mixture of products analysed for C27H25O3. However, as 
the product of the reactions was a mixture, no further 

speculation is possible.
Break-down of the palladium complex in these re

actions occurs quite readily, but apparently the second step 

that would be expected for a ligand-transfer reaction — 
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that of transfer of the cyclobutenyl group to the iron — 

does not occur. However, evidence for the transfer from 
palladium to iron was observed when reaction of the endo- 

complex (11, R=ph, R’=Et) with diiron nonacarbonyl was 
carried out for only two hours. The product in this case 

was again a yellow solid, giving the same i.r. spectrum as 

the product above, except that two very strong peaks were 
now observed in the metal carbonyl region (see appendix) . 
The melting-point of this product was 97°C, and TLC in 

cyclohexane gave three spots, two of them identical with 

those obtained for the organic product above. Again, the 
compounds could not be separated preparatively. A molecular 

weight measurement of the mixture in benzene gave 645, and 
it analysed for C35H29FeO5, but no further speculation is 

useful at this stage.
Reaction of the exo-complex (14) with diiron non

acarbonyl for only two hours resulted in the same two 
inseparable (except by TLC) organic derivatives as those 
previously obtained, with no trace of a metal carbonyl 

derivative.
Although no definitely characterised products were 

isolated from the reactions of the cyclobutenyl complexes 
with diiron nonacarbonyl, the results were interesting 

enough to suggest that ligand-transfer reactions could profit- 
ably be applied to π-allylmetal compounds. Accordingly, a 
number of π-allylpalladium complexes were prepared, and 
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reacted with diiron nonacarbonyl in an attempt to transfer 

π-allyl groups from palladium on to iron.
One of the simplest π-allyl complexes of palladium 

is π-allylpalladium chloride (26) , which has been prepared 
6 2 in high yield from the reaction of allyl chloride with 

sodium chloropalladite and carbon monoxide in aqueous 

methanol. It has been found by D. F. pollock, working in 

this laboratory, that use of bis-(benzonitrile)-palladium 

dichloride, (phCN)2PdCl2, (prepared by the method of 
6 8 Kharasch ) instead of sodium chloropalladite gives even 

better yields of π-allylpalladium chloride. This latter 

method was also used to prepare the methyl-substituted allyl 
derivatives, π-methallylpalladium chloride (30) and 

π-crotylpalladium chloride (45) .

(45)

The reactions of these three compounds with diiron 
nonacarbonyl have produced some interesting results. With 
π-allylpalladium chloride (26) transfer of the allyl group 

to the iron took place quite readily to produce π-allyliron 
tricarbonyl chloride (32, X=C1) (Eqn. 5).
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(26)

Fe2(CO)9

CH2
HC ---- Fe (CO) 3C1

CH2

(32, X=C1)

. .5

The reaction proceeded in a variety of solvents, the 

yield obtained being 30% in benzene, 35% in petrol ether, 
36% in hexane, and 39% in ether. The previously reported 
best yield (35%) of (32, X=C1) , by Murdoch and Weiss,60 was 

obtained from the reaction of allyl chloride with diiron 

nonacarbonyl in hexane.
An attempted ligand-exchange reaction between 

π-allyliron tricarbonyl chloride and tetraphenylcyclo- 

butadienepalladium chloride (12/ R=Ph, X=C1) was unsuccess
ful, unchanged reactants being obtained in all cases.

The reaction of π-methallylpalladium chloride (30) 

with diiron nonacarbonyl produced a red-green gum, fron 

which a red gum sublimed under vacuum at room temperature, 
leaving behind a dark green solid, which was identified by 
its i.r. spectrum as triiron dodecacarbonyl. The red gum 
was identified as π-methallyliron tricarbonyl chloride 
(34, X=C1) by comparison of its i.r. spectrum (see appendix) 

61 with that obtained for an authentic sample. The red gum 
could not be crystallised due to the presence of a small 
amount of an impurity; this was probably some triiron
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dodecacarbonyl which, as described later, sublimes slowly 

under vacuum at room temperature.

The product from the reaction of π-crotylpalladium 

chloride (45) with diiron nonacarbonyl was obtained as a red 

gum in the same way, but the yield was so small that nothing 
could be inferred from the i.r. spectrum.

As methyl-substituted π-allylpalladium complexes 

were found to give non-crystallisable products when reacted 
with diiron nonacarbonyl, it was decided to try π-allyl 

complexes containing a larger substituent, such as a phenyl 

group, in the hope that crystalline products could be 

isolated.

π-phenallylpalladium chloride (46) has previously 
56been prepared by the reaction of palladium chloride with 

β-methyl-styrene in 50% acetic acid. The reaction of 
palladium chloride with allylbenzene (47) should also 

produce the complex (46), and this has been found to be the 

case, the reaction proceeding quite readily in benzene 

solution, although the yield (23%) is less than that pre- 
viously reported in acetic acid56 (42%).

(46)
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The i.r. and n.m.r. spectra of (46) are both reported, 

for the first time, in the appendix. The n.m.r. spectrum 

shows that the phenyl group in (46) is cis to (48) rather 
than trans (49) , since the coupling constant for Η4 being 

split into a doublet by H1 is 12.2 cycles per second; this 
is about the normal value for trans-protons in a π-allyl 

group, whilst the normal value for cis-protons is between 6
and 7 cycles per second.

ph PdCl H3
2

(£8) (£9)

The reaction of (46) with diiron nonacarbonyl pro- 

duced a red-green gum, from which the dark green triiron 

dodecacarbonyl sublimed slowly under vacuum at room tempera- 
ture, leaving behind a red gum which could not be crystallised, 
probably because all of the triiron dodecacarbonyl could not 
be removed. The metal carbonyl bands in the i.r. spectrum 

of the red gum are compared with those in triiron dodeca- 
carbonyl, diiron nonacarbonyl, and π-allyliron tricarbonyl 
chloride (32, X=C1) in the following table.
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w=weak, m=medium, s=strong, vs=very strong, sh=shoulder.

Red gum 
(liquid film)

Fe3(CO)12 
(KBr disc)

Fe2(CO)9 
(KBr disc)

<-Fe(CO)3Cl 
(KBr disc)

2083m (cm-1) 2028w 2083s 2091vs
2041w 1953vs 2020s 2013vs
1992vs 1795m 1832s 1985sh
1938vs 1767m

The i.r. spectrum of the red gum is reported in full 

in the appendix, but without any other evidence it is 

impossible to decide whether or not the previously unreported 
π-phenallyliron tricarbonyl chloride (50) has been prepared.

ph

HC

CH
Fe(CO) 3C1

CH2

(50)

All of the π-allyl complexes so far described have 

had purely hydrocarbon allyl groups, but many π-allyl com- 

plexes containing other substituents are also readily 
obtainable. The following three π-allylpalladium complexes 

were all prepared by methods reported in the literature: 
di-μ-chlorodi-(4-chlorobut-2-enyl>dipalladium(II)69 (51, X=C1) 

di-μ-chlorodi-(4-methoxybut-2-enyl)-dipalladium(II)57
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(51, X=OMe), and di-μ-chlorobis-(2,5-dimethylhexa-2,4- 

dienyl)-dipalladium (II) (52).

(51)

MeO —C —CH

(52)

Each of these three compounds was reacted with

diiron nonacarbonyl in either hexane or ether, and each of 

them gave the same decomposition products — iron penta- 

carbonyl, triiron dodecacarbonyl and metallic palladium — 

along with an unidentified and non-crystallisable oil. 

Similar results were obtained when iron pentacarbonyl was 

used instead of diiron nonacarbonyl. Side-reactions 

probably occur here between the iron and the chlorine or 

oxygen in the side-chains of the palladium complexes, giving 

complex mixtures of products.
The main conclusion to be drawn from all these

attempted ligand-transfer reactions seems to be that diiron 

nonacarbonyl is surprisingly poor as a ligand-transfer agent. 

This may well be due to the temperatures at which these 
reactions are carried out; above 40°C, diiron nonacarbonyl 

decomposes very rapidly, so that these reactions are usually 
carried out at either 40°C or at room temperature. On the 
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other hand, ligand-transfer reactions with iron pentacarbonyl 

are usually carried out in refluxing benzene or refluxing 

xylene, and it seems that these higher temperatures are 

required in most cases to cause the ligand-transfer to occur.
An excellent example of these ideas is afforded by 

the reactions of tetraphenylcyclobutadienepalladium chloride 
(12, R=ph, X=C1) with iron pentacarbonyl in refluxing xylene, 

and with diiron nonacarbonyl in benzene at room temperature. 

In the first case, an 88% yield of tetraphenylcyclo- 
32 butadieneiron tricarbonyl (3) was obtained, whilst in the 

second case, the best yield of (3) obtained was only 11%.

Another reason for keeping the temperature below 
40°C in the reactions of the π-allyl complexes is that many 

π-allyl compounds are unstable at higher temperatures.

II. Reactions of organic halides with metal carbonyls 
6 7Coffey has found that iron pentacarbonyl reacts 

with organic halides if (a) the halide has an activating 
group such as phenyl, and (b) there are at least two halogens 
in very close proximity to each other. The readily-available 

organic compound phthaloyl chloride (53) meets both of these 
conditions, and it was reacted, under various conditions, 

with iron pentacarbonyl.
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The reaction was tried in cyclohexane, benzene, 

petrol ether, tetrahydrofuran, and without any solvent; the 

same products, in varying amounts, were obtained in all 

reactions, the major products being inorganic materials and 

phthalic anhydride. This latter compound probably arose by 

hydrolysis of phthaloyl chloride, possibly during the work- 

up procedures since dried solvents were used in all re

actions. However, the most interesting product to arise 

from these reactions was biphthalide (54) , the best yield 

(19%) of this being obtained when no solvent was present.

The product was identified by analysis, melting- 

point and the i.r. spectrum; the latter also showing that 

the biphthalide obtained was the trans-isomer (54) , since 

the less symmetrical cis-isomer (55) would have absorption 
around 1667 cm-1 for the bridging double bond, and this was 

not observed. The mechanism of formation of biphthalide in 

these reactions is discussed later.
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Reaction of phthaloyl chloride with diiron 

nonacarbonyl in the same solvents as above, and also re- 

action of phthaloyl chloride with disodium iron tetra- 
70 carbonylate in either tetrahydrofuran or ether, yielded 

inseparable mixtures in every case. However, reaction of 

phthaloyl chloride with nickel carbonyl led to the formation 

of biphthalide, the best yield (16%) being obtained in tetra- 

hydrofuran. phthalic anhydride was only produced in sparing 

amounts in cyclohexane, cyclohexene and petrol ether, and 

not at all in tetrahydrofuran, carbon tetrachloride or 

benzene. Apart from nickel chloride and nickel metal, the 

other product, or mixture of products, in these reactions 

was a non-crystallisable yellow oil.
The biphthalide produced in these reactions 

probably arises either via a carbene intermediate such as 

(56) , or via a metal complex, such as those described later.

An intermediate such as (56) could form biphthalide 

easily by dimerisation, and it has been proposed by Ramirez 

et al. to occur in the preparation of biphthalide from 
phthalic anhydride and triethyl phosphite; it has also been 
proposed to occur in the preparation of biphthalide by
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72 photodimerisation of benzocyclobutenedione.

If a free carbene intermediate is produced in these 

reactions, it should be possible to trap it with a compound 

containing a double- or triple-bond. However, all attempts

to do this, either with cyclohexene or diphenylacetylene,

were unsuccessful, suggesting that a free carbene is not

produced in the reactions.

Another possible intermediate in the production of 

biphthalide in these reactions is a metal complex, which 
73 could be one of two kinds. The preparation of such com

pounds as (57) (R=R’=H, Me, Et, Ph or R=H, R’=Me, Et, Bu, Ph) 

from oxidation of (58) in acidic media, and (59) from a 

Diels-Alder reaction of (57) (R=R’=H) with cyclopentadiene, 

seem to suggest that a structure such as (60) (M=Ni or Fe) is 

plausible for the intermediate in the reactions of phthaloyl

chloride with either nickel carbonyl or iron pentacarbonyl.

IIRC — C
II ^Fe(CO)4

R’C-—C

(57)

(59)
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Many other examples of compounds which form such 

heterocyclic five-membered rings with a transition metal 
74have been described in the literature. However, another 

possibility for a metal complex as intermediate in the 

reactions of phthaloyl chloride with nickel carbonyl and 

iron pentacarbonyl is the complex (61, I4=Fe or Ni) .

(61)

This is very similar to the structure found 
75(62) for the compound of empirical formula Co2(CO)g.HC=CH, 

76prepared by treating dicobalt octacarbonyl with acetylene

at elevated temperature and pressure.

HC----C = 0

(CO) 3Co---- Co (CO) 3 
^C^

II 
0 
(62) 

77It has also been found that by treating acetylene

in methanol with carbon monoxide in the presence of dicobalt 
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octacarbonyl, the compound (63) is obtained, and this can 

reasonably be supposed to arise via the intermediate (62) . 

In similar fashion, biphthalide could be imagined to arise 
via the intermediate (61) .

HC = CH CH—CH
1 ^C = C^ I

0= c — 0^ ^0—c=o

(63)

The reactions of phthaloyl chloride with various 

other reagents were investigated, in the hope of improving 

the yield of biphthalide, but the yields obtained were still 

low.

The preparation of a highly active zinc/copper 
78 couple has proved extremely useful in the preparation of 

cyclopropanes from olefins and either diiodomethane or 

dibromomethane. Such a zinc/copper couple was refluxed with 

phthaloyl chloride in benzene, cyclohexane or ether; the 
best yield of biphthalide (14%) was obtained in benzene. 

The other product of the reaction was a non-crystallisable 

brown oil.
The preparations of di-[l, 2-bis-(diphenylphosphino)· 

ethane]nickel (£4, M=Ni) and di£l,2-bis-(diphenylphosphino)· 

ethane^-palladium (64, M=pd) have been described by Chatt 

et a1.79 In both of these complexes the metal is in the 

zerovalent state, thus these compounds should react readily
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with a halogen-containing compound such as phthaloyl chloride.

(64)

Reaction of (64, M=Ni) with phthaloyl chloride gave

a very small yield of biphthalide, the major product being 
ethane-l,2-bis-(diphenylphosphine oxide) (65) .

ph2pCH2CH2pph2

0 O

(65)

Reaction of (64, M=pd) with phthaloyl chloride led
to a 9% yield of biphthalide and a 37% yield of [l,2-bis-

ph0

ph2

(66)
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Finally, the reaction of benzoyl chloride, phCOCl, 
rather than phthaloyl chloride, with diiron nonacarbonyl 
and iron pentacarbonyl, was studied. In all cases the same 

red oil was obtained, showing metal carbonyl peaks in its
80i.r. spectrum identical with those in iron pentacarbonyl; 

the oil was found to be non-crystallisable.
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Experimental Procedures

Melting-points
These were determined using a Thomas Hoover capillary 

melting-point apparatus, and are uncorrected. Melting- 

points of all organometallic compounds were measured in 

sealed capillaries evacuated to about 20mm. pressure.

Molecular weight measurements
These were made on a vapour pressure osmometer 

(Mechrolab Inc.) .
Infra-red spectra

These were recorded as potassium bromide discs (unless 

otherwise stated) on a Beckmann IR5 spectrometer.
Nuclear magnetic resonance spectra

These were run in deuterochloroform on a varian A60

60 M/c spectrometer.

Reagents
The petroleum ether used was the fraction b.pt. 30-60°C. 

Tetrahydrofuran was freshly distilled from lithium aluminium 

hydride; ether was freshly distilled and sodium-dried; 
benzene and cyclohexane were both sodium-dried; methylene

47
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chloride and chloroform were both dried over anhydrous 
sodium sulphate. Chromatography columns were made up of 
silica gel (Fisher Scientific Co. 28-200 Mesh) or Florisil 
(Fisher Scientific Co. 60-100 Mesh). Thin layer chromato- 
graphy was carried out on silica gel G (E. Merck AG, 
Darmstadt, Germany). All reactions involving organometallic 
compounds were carried out under an atmosphere of nitrogen.

I. Ligand-transfer reactions
Tetraphenylcyclobutadieneiron tricarbonyl (3)

81 Tetraphenylcyclobutadienepalladium bromide
(1.13 gms., 0.0018 moles) and diiron nonacarbonyl (0.66 gms. 

0.0018 moles) were stirred for 48 hours at room temperature 
in benzene. The dark brown precipitate was filtered off 
and shown to be a mixture of palladium and iron salts.
Removal of solvent from the filtrate gave tetraphenylcyclo
butadieneiron tricarbonyl as a yellow solid (0.147 gms., 
16%) m.pt. 230-231°C (Lit.11 234°C) . The i.r. spectrum was 

identical with that reported in the literature.
81 Reactions of tetraphenylcyclobutadienepalladium bromide 

(15) with diiron nonacarbonyl at low temperatures

The reactions were carried out, using the same 
amounts of reactants as above, in an ice-bath at 0°C, and in 
a carbon tetrachloride slush bath at -25°C. The solvent 

used was ether, and a small amount of the solution was 
removed every thirty minutes, filtered to remove any solid,
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and an i.r. spectrum taken of the liquid. Even after four 
hours, the same i.r. spectrum was being obtained, and was 
identical to that of the starting complex (15).

Reactions of endo-ethoxytetraphenylcyclobutenylpalladium
81 chloride (11, R=ph, R’=Et) with diiron nonacarbonyl

(a) The complex (11, R=ph, R’=Et) (1.3 gms., 0.0024 

moles) and diiron nonacarbonyl (0.87 gms., 0.0024 moles) 

were stirred for two hours in ether at room temperature. 
The metallic palladium formed was filtered off, and removal 
of solvent from the filtrate gave a green solid, soluble in 

petrol ether, from which it was re-precipitated as a yellow- 
green solid at -78°C. Further recrystallisation from petrol 
ether at -78°C yielded yellow crystals m.pt. 97°C (decomp.). 

The i.r. spectrum showed absorption in the metal carbonyl 

region and is reported in the appendix. TLC in cyclohexane 
gave three different spots, but the mixture could not be 
separated preparatively. The yellow compound analysed for 

C 70.97%, H 4.76%, Fe 9.84%, and the molecular weight in 

benzene was determined to be 645.
(b) Using the same amounts as above, the complex 

(11, R=ph, R’=Et) and diiron nonacarbonyl were stirred to
gether overnight in ether at room temperature. The product 
was isolated, in similar fashion to the previous reaction, 
as a yellow solid m.pt. 109°C (decomp.). The i.r. spectrum 

showed no absorption in the metal carbonyl region, and is 
reported in the appendix. TLC in cyclohexane gave two 
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different spots, but again the mixture could not be 

separated preparatively. The yellow compound analysed 
for C 82.06%, H 6.15%, and the molecular weight in benzene 

was determined to be 765. The analysis gave the composi- 

tion C27H25O3 for product.

Reactions of exo-ethoxytetraphenylcyclobutenylpalladium 
31 chloride (14) with diiron nonacarbonyl

(a) The complex (14) and diiron nonacarbonyl, in the 
same amounts as the reactants above, were stirred in ether 

at room temperature for two hours. The product was iso- 

lated, in similar fashion to those above, as a yellow solid 
m.pt. 108°C (decomp.). Its i.r. spectrum was identical to 

that obtained for the product of reaction (b) above. TLC 
in cyclohexane gave two spots, but again the mixture could 

not be separated preparatively.
(b) The reaction was repeated for a longer length of 

time (overnight) and gave a yellow solid m.pt. 108°C (decomp.), 

with an i.r. spectrum identical to that obtained in the 
previous reaction. TLC in cyclohexane gave two spots, and 

again the mixture could not be separated preparatively. A 
mixed melting-point of this product with that from reaction 
(b) above, gave 108°C (decomp.). A molecular weight deter- 

mination in benzene gave 818, similar to the value obtained 
(765) for the product of reaction (b) above. 
π-Allylpalladium chloride (26)

68Bis-(benzonitrile)-palladium dichloride (5gms., 0.013

MILLS MEMORIAL LIBRARY. 
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moles) was dissolved in 200 mls. methanol, then allyl 

chloride (5 gms., 0.065 moles) and 5 mls. water were added. 

Carbon monoxide was bubbled through the solution for 25 
minutes, and the resulting yellow suspension poured into 

500 mls. water, which was then extracted repeatedly with 

150 ml. portions of chloroform. The yellow chloroform ex- 

tracts were combined and dried over anhydrous sodium 

sulphate for three hours. Removal of solvent yielded 

π-allylpalladium chloride as yellow crystals (2.2 gms., 
93%) m.pt. 157-158°C (decomp.) Lit.62 158°C (decomp.)_ ; 

mixed melting-point with an authentic sample,62 156-157°C 

(decomp.). The i.r. spectrum was identical with that 
62 reported in the literature.

π-Methallylpalladium chloride (30)

This was prepared in 74% yield in an analogous 

manner to the above, substituting methallyl chloride for 
allyl chloride. The product was obtained as yellow crystals 
m.pt. 165-168°C (decomp.) Lit.62 166-168°C (decomp)]. The 

i.r. spectrum was identical with that reported in the 
 62literature.

π-Crotylpalladium chloride (45)

This was prepared in 65% yield in an analogous 

manner to the above, substituting crotyl chloride for allyl 

chloride. The product was obtained as yellow crystals m.pt. 
l38-139°C (decomp.) Lit.62 136-l37°C (decomp.)]. The i.r. 

spectrum was identical with that reported in the literature. 
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π-phenallylpalladium chloride (46)

Bis-(benzonitrile)-palladium dichloride (5 gms., 0.013 
moles) and allylbenzene (6 gms., 0.052 moles) were refluxed 

overnight in benzene. The black residue was filtered off, 
and the dark brown filtrate collected. The residue was 

washed with benzene, until the washings being collected were 
colourless; the combined washings were then added to the 
filtrate, and the solvent removed to leave a dark brown 

residue, which was dissolved in methylene chloride, filtered, 
and the filtrate chromatographed on a Florisil column. A 
brown fraction was eluted in methylene chloride, and the 
solvent was removed to leave a brown solid. This was re- 

crystallised twice from benzene — petrol ether (1:1) to 
yield π-phenallylpalladium chloride as yellow crystals 
(0.78 gms., 23%) m.pt. 196-199°C (Lit.56 195-200°C) 

Found: pd 41.77%, C9H9PdCl requires Pd 41.13%. The i.r.  
and n.m.r. spectra are reported in the appendix. 
π -Allyliron tricarbonyl chloride (32, X=Cl)

π-Allylpalladium chloride (0.5 gms., 0.0027 moles) 

and diiron nonacarbonyl (0.995 gms., 0.0027 moles) were 
stirred overnight in ether at room temperature. The metallic 

palladium formed was filtered off, and removal of solvent 
from the filtrate gave a green residue, soluble in petrol 

ether, from which it was re-precipitated as yellow-green 
crystals upon cooling to -78°C. Two further recrystallisations 
from petrol ether at -78°C yield π-allyliron tricarbonyl 
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chloride as a yellow solid (0.114 gms., 39%) m.pt. 86-89°C 
(Lit.60 88-89°C) ; mixed melting-point with an authentic 

sample,66 86-89°C. The i.r. spectrum was identical with 

that reported in the literature.60 

Reaction of π-allyliron tricarbonyl chloride with tetra- 

phenylcyclobutadienepalladium chloride (12, R=Ph, X=C1) 

Reaction was carried out with a 1:1 mole ratio of 
reactants, in refluxing benzene for three hours, and un- 
changed reactants were obtained. Analogous negative 
results were obtained when the reactants were refluxed in 

benzene for 48 hours. 
π-Methallyliron tricarbonyl chloride (34, X=C1) 

π-Methallylpalladium chloride (0.5 gms., 0.0017 moles) 
and diiron nonacarbonyl (1.86 gms., 0.0051 moles) were 

stirred overnight in hexane at room temperature. The metallic 
palladium formed was filtered off, and removal of solvent 
from the filtrate gave a red-green residue. This was 
vacuum-sublimed at room temperature, and a red gum rapidly 
sublimed on to the cold finger, leaving most of the dark 
green triiron dodecacarbonyl (identified by its i.r. spectrum) 
behind. The red gum could not be crystallised, but gave an 
i.r. spectrum (liquid film — reported in the appendix) 
identical to the one obtained for an authentic sample61 of 

π-methallyliron tricarbonyl chloride. TLC of the product in 
benzene-petrol ether (1:3) gave only one spot, which had the 
same Rf value as that obtained for the authentic sample.
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Reaction of π-crotylpalladium chloride (45) with diiron 

nonacarbonyl

This was carried out in exactly the same manner as 

the previous reaction, but gave so small a yield of product 

that nothing could be inferred from the i.r. spectrum. 
Reaction of π-phenallylpalladium chloride (46) with diiron 

nonacarbonyl

π-phenallylpalladium chloride (0.5 gms., 0.0019 moles) 
and diiron nonacarbonyl (0.7 gms., 0.0019 moles) were stirred 
overnight in hexane at room temperature. The metallic 

palladium formed was filtered off, and removal of solvent 

from the filtrate gave a red-green residue. This was 
vacuum-sublimed at room temperature, and the dark green 

triiron dodecacarbonyl (identified by its i.r. spectrum) 

sublimed slowly on to the cold finger, leaving a red gum 
which it was found impossible to crystallise. The i.r. 

spectrum (liquid film) of the red gum is reported in the 

appendix.
Reactions of diiron nonacarbonyl or iron pentacarbonyl with

69 di-μ-chlorodi-(4-chlorobut-2-enyl)-dipalladium (II) (51,X=C1), 
57 di-μ-chlorodi-(4-methoxybut-2-enyl)-dipalladium (II)

(51, X=OHe), di-μ-chlorobis-(2,5-dimethylnexa-2,4-dienyl)· 

dipalladium (II)57 (52)

All of these reactions were carried out in the same 

manner as each other in either hexane or ether, and all gave 
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the same decomposition products along with an unidentified 

oil, thus only one reaction is described as an example.

The complex (51, X=C1) (0.6 gms., 0.0026 moles) and 
diiron nonacarbonyl (1.42 gms., 0.0039 moles) were stirred 

overnight in hexane at room temperature. The black residue 

was filtered off, and a dark brown material washed out from 

it in acetone, leaving metallic palladium. Removal of 

solvent from the dark brown solution gave a brown oil, 

which was completely non-crystallisable. Removal of solvent 

from the original filtrate gave a green residue, soluble in 

petrol ether, from which it was re-precipitated as a dark 
green solid upon cooling to -78°C. Its i.r. spectrum showed 

it to be triiron dodecacarbonyl.

II · Reactions of organic halides with metal carbonyls 
Reactions of phthaloyl chloride (53) with iron pentacarbonyl 

The reaction with no solvent present, which gave the 

best yield of biphthalide, is described.
Phthaloyl chloride (4.06 gms., 0.02 moles) and iron 

pentacarbonyl (3.92 gms., 0.02 moles) were stirred together 
overnight at 60°C, and a dark green solid mass was obtained; 

it was digested for one hour with 200 mls. boiling chloro- 

form, then the remaining dark green solid was filtered off 
and shown to be a mixture of iron salts. The dark orange 
filtrate was chromatographed on a silica gel column; a deep 

yellow solution was eluted in benzene, and pale yellow
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solutions in ether and ethanol. Removal of solvent from the 

ether fraction gave phthalic anhydride (0.98 gms., 33%) m.pt. 
128-130°C (authentic sample 130-131°C). The i.r. spectrum 

was identical to that for the authentic sample. Removal of 

solvent from the ethanol fraction gave a very small yield 
of o-phthalic acid m.pt. 203-206°C (authentic sample 
205-208°C) . The i.r. spectrum was identical to that for the 

authentic sample. Removal of solvent from the benzene 
fraction, and recrystallisation of the yellow solid from 
chloroform gave biphthalide (1 gm., 19%) m.pt. 337-338°C 
(Lit.82 335°C). Found: C 72.72%, H 3.35%, C16H8O4 requires 

C 72.73%, H.3.05%. A mixed melting-point with an authentic 
71 sample gave 337-339 C; the i.r. spectrum was identical to 

83 that reported in the literature.
Reactions of phthaloyl chloride with diiron nonacarbonyl 

In all cases, inseparable mixtures were obtained.

Reactions of phthaloyl chloride with iron tetracarbonylate 

dianion
In all cases, inseparable mixtures were obtained. 

Reactions of phthaloyl chloride with nickel carbonyl
The reaction in tetrahydrofuran, with a mole ratio 

of 2:1 of nickel carbonyl: phthaloyl chloride, in which the 
best yield of biphthalide was obtained, is described.

phthaloyl chloride (2.03 gms., 0.01 moles) and nickel 

carbonyl (3.4 gms., 0.02 moles) were stirred at room tempera
ture for one hour in 25 mls. tetrahydrofuran, during which 
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time a pale yellow solution formed. It was then wanned 

slowly until gently refluxing, the colour darkening all the 

while through orange to red; heating was continued until 

the solution was at the reflux temperature of the solvent. 

A dark brown precipitate formed, which was filtered off, and 

removal of the solvent from the filtrate gave a yellow oil, 

which proved to be non-crystallisable. The dark brown 

residue was digested for one hour with 100 mls. boiling 

chloroform, then the remaining dark brown solid was filtered 

off and shown to be a mixture of nickel chloride and nickel 

metal. Removal of solvent from the yellow filtrate gave a 

yellow solid, which upon recrystallisation from chloroform 
yielded biphthalide (0.42 gms., 16%) m.pt. 340-342°C; mixed 
melting-point with an authentic sample,339-342°C. The 

i.r. spectrum was identical to that reported in the 
literature.83

Reactions of phthaloyl chloride with nickel carbonyl in the 

presence of cyclohexene or diphenylacetylene
A 2:2:1 mole ratio of nickel carbonyl:cyclohexene or 

diphenylacetylene:phthaloyl chloride was used, in carbon 

tetrachloride, and the reactions were carried out in the 
same manner as the previous reaction. Essentially the same 
results were obtained, the only differences being that the 
non-crystallisable oil obtained was brown rather than yellow, 

and the yield of biphthalide was reduced to approximately 9%.
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7 8 Reactions of phthaloyl chloride with a zinc/copper couple

phthaloyl chloride (4.06 gms., 0.02 moles) and a 

zinc/copper couple (4 gms., 0.025 moles) were refluxed over- 

night in benzene. The dark brown residue was filtered off, 

and removal of solvent from the filtrate gave a brown oil, 

which was re-dissolved in benzene and chromatographed on a 

silica gel column. Two fractions were eluted, one with 

benzene, and one with ether; removal of solvent from the 

ether fraction gave a brown oil, which proved to be non- 

crystallisable. Removal of solvent from the benzene fraction 
gave biphthalide m.pt. 343-345°C; the i.r. spectrum was 

83 identical to that reported in the literature. The 

original dark brown residue was digested with 200 mls. 

boiling chloroform for one hour, then filtered. Removal of 

solvent from the filtrate gave more biphthalide m.pt. 
340-343°C; the i.r. spectrum was identical to that reported 

in the literature. Total yield of biphthalide = 

0.74 gms., 14%.
Reactions of phthaloyl chloride with di -[l,2-bis-(diphenyl- 
phosphino)ethane]nickel79 (64, M=Ni)

The complex (64, M=Ni) (1 gm., 0.0012 moles) was 

dissolved in 50 mls. warm benzene, and the solution then 
cooled to room temperature, phthaloyl chloride (0.24 gms., 

0.0012 moles) was added slowly, and the mixture stirred for 

two hours at room temperature. The brown residue was
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filtered off, and shown to be a mixture of nickel salts. 

Removal of solvent from the filtrate gave a yellow mixture 

of solids, which was dissolved in chloroform. Upon Glow 
evaporation of the solvent, a white solid precipitated out 

and was filtered off. It was shown to be ethane-1,2-bis- 
(diphenylphosphine oxide) (65) from its m.pt. 267-270°C 
(lit. 269-270°C84 273-275°C85). Removal of solvent from the 

remainder of the filtrate gave mainly biphthalide (shown by 

its i.r. spectrum) but still with some of the phosphine 

oxide present; it was not found possible to separate them 

completely.
Reactions of phthaloyl chloride with di-[l,2-bis-(-diphenyl- 
phosphino)-ethane]-palladium79 (64, M=Pd)

The complex (64, M=Pd) (1 gm., 0.0011 moles) and 

phthaloyl chloride (0.22 gms., 0.0011 moles) were stirred in 

50 mls. benzene at room temperature for two hours. The 

white precipitate was filtered off, and found to be partially 
soluble in hot water; this soluble portion was shown to be a 

mixture of palladium salts. The remainder of the precipitate 
was dried under vacuum and gave [1,2-bis-(diphenylphosphino)· 

ethane]palladium dichloride (66) (0.24 gms., 37%). Its i.r. 

spectrum was identical to that obtained for an authentic 

sample. Removal of solvent from the original filtrate gave 

a yellow solid, which was dissolved in chloroform; the 

solvent was slowly evaporated off, and yellow crystals of 
biphthalide (0.03 gms., 9%) precipitated out and were filtered 
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off. The crystals gave m.pt. 339-341°C, and an i.r. spectrum 

83 identical to that reported in the literature. Removal of 

solvent from the remaining pale yellow filtrate gave an 

inseparable mixture of what appeared, from its i.r. spectrum, 

to be more biphthalide and an unidentified compound.

Reactions of benzoyl chloride with iron carbonyls

The reaction of benzoyl chloride with diiron nona- 

carbonyl is described; the reaction with iron pentacarbonyl 

yielding the same results.

Benzoyl chloride (0.5 gms., 0.0036 moles) and diiron 
nonacarbonyl (1.3 gms., 0.0036 moles) were stirred overnight 

in 30 mls. benzene at room temperature. The brown residue 

was filtered off, and shown to be a mixture of iron salts. 
Removal of solvent from the filtrate gave a red oil, which 
was dissolved in petrol ether and chromatographed on a Florisil 

column; the red compound was eluted in petrol ether-benzene 

(1:1), and the solvent was removed to' leave a red oil, which 
could not be crystallised. Its i.r. spectrum (liquid film) 

showed metal carbonyl peaks identical with those in iron 
80 pentacarbonyl.
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Infra-red maxima for the product of (a) the reaction 
between endo-ethoxytetraphenylcyclobutenylpalladium chloride 

(11, R=ph, R'=Et) and diiron nonacarbonyl for two hours, 

(b) the reaction between (11, R=Fh, R'=Et)and diiron nonacar- 

bonyl overnight, or the reaction between exo-ethoxytetra- 
phenylcyclobutenylpalladium chloride (14) and diiron nona- 

carbony] either overnight or for two hours.

(a) cm-1 (b) cm-1

3067w 3077w
2994vw 3003vw
2049vs ——
2033vs ———
1880w ———
1835w ——
—— 1757vw
1667w 1667w
1600m 1603m
1493m 1493m
1447m 1447m
1389w 1391w
1255m 1253m
1111m 1114m
1074m 1075m
1030m 1032m
915w 917w
761m 761m
694s 694s

vw = very weak w = weak

m = medium s = strong

vs = very strong
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Infra-red maxima (cm-1) for π-phenallylpalladium

chloride (46).

sh = shoulder

3067m
2941sh
1517w
1493s
1460w
1433s
1387w
1282w
1182m
1075m
1030w
972m
950w
874m
818w
756vs
690vs

w = weak

m = medium

s = strong

vs = very strong
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Nuclear magnetic resonance spectrum of π-phenallyl- 

palladium chloride (46).

(49)(48)

From theoretical considerations, the spectrum ex- 

pected for the complex (48) would be the following: H3 to 

be split by H1 into a doublet with a coupling constant of 

about 12 cycles per second (c.p.s.) (usually found for trans- 
protons in a π-allyl group); H2 to be split by H1 into a 

doublet with a coupling constant of between 6 and 7 c.p.s. 

(usually found for cis-protons in a π-allyl group); H1 to be 

split by both H3 and H4, to a lesser extent by H2, and also 

possibly by the phenyl protons, into a multiplet; H4 to be 

split by H1 into a doublet with a coupling constant of about 

12 c.p.s.
For the complex (49) , the following spectrum would be 

expected: H3 and H2 to be split into doublets as above; H1 

to be split by H3, to a lesser extent by H2 and H4, and also 

possibly by the phenyl protons, into a multiplet; H4 to be 

split by H1 into a doublet with a coupling constant of between 

6 and 7 c.p.s.

The actual spectrum obtained is summarised in the 
following table:-
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T values
Relative
Intensities Assignment

Coupling Constants 
(c.p.s.)

6.96 (d) 1 H3 J13 =12.5

6.05 (d) 1 H2 J12 = 6.4
5.39 (d) 1 H4 J  = 12.2 14
4.18 (m) 1 H1 —

2.68 (m) 5 ph —— —

d = doublet, m = multiplet

The multiplet at 2.68T is typical of phenyl protons, 

and the multiplet at 4.18T must be assigned to H1. Only one 

doublet is obtained with a coupling constant in the region 

of that for cis-protons, and thus the doublet at 6.05T must 

be assigned to H2. This also means that the complex (48) 

must have been prepared, rather than the complex (49). The 

doublet at 5.39T is assigned to H4, and that at 6.96T to H3.
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Infra-red maxima (cm-l) for π-methallyliron

tricarbonyl chloride (34 X=C1)

2941m
2101s
2028vs
1969vs
1681w
1618m
1447m
1376m 
1110w
1029w
887m
847w

w = weak
m = medium

s = strong

vs = very strong
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Infra-red maxima (cm-1) for the product of the 

reaction between π-phenallylpalladium chloride (46) and 

diiron nonacarbonyl.

3040m
2976m
2083m
2041w
1992vs
1938vs
1592m
1488m
1445w
963m
909w
865w
754m
690s 

w = weak 

m = medium 
s = strong 

vs = very strong
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